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1.1 INTRODUCTION

At present, treating extracranial tumors with stereotactic body radiation therapy (SBRT) delivered in a single
high dose or a small number of fractions is considered a standard form of treatment. Initially, this type of radia-
tion delivery was only feasible for treating cranial tumors using stereotactic radiosurgery (SRS). Initially, SRS
was used to treat arteriovenous malformations (AVMs) which are an abnormality in the brain caused by poorly
formed blood vessels. Brain AVMs are known to cause major dysfunction between arteries and veins and often
require medical management. Studies suggest that SRS can obliterate 50% to 90% of AVMs depending on its
volume, location, and the prescribed radiation dose [1-4]. After the successful implication of SRS for treating
AV M, this technique is now being used for the treatment of brain tumors and metastases.

Recent advancements in radiation therapy with image guidance and treatment planning have made treating
cranial and extracranial tumors easier with SRS and SBRT, respectively. Several preclinical and clinical studies
have had a high rate of success using these techniques to treat a variety of tumors [5—8]. Classical deoxyribo-
nucleic acid (DNA)-damage response is recognized as one of the well-known effects of radiation therapy [9][10].
However, it has since been recognized that radiation delivered at a high dose in addition initiates a signaling
cascade that generates a pro-apoptotic sphingolipid known as ceramide. The biosynthesis of ceramide starts
with the hydrolysis of sphingomyelin by acidic sphingomyelinase (ASMase) on the outer leaflet of endothelial
cell membranes. The clustering and aggregation of ceramide molecules on the cell membrane stimulate endo-
thelial cell apoptosis. The addition of ASMase and/or ceramide inhibitors halts this entire process. These phe-
nomena have been reported in numerous xenograft models including fibrosarcoma and melanoma transplanted
in wild-type and ASMase knockout mice and are now established as predictive of a preclinical response [8].
The role of ceramide endothelial cell apoptosis has been elusive in clinical studies with few studies suggesting
ceramide as a marker to distinguish between responding and non-responding patients. A study by Satiskumar
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et al. demonstrated that substantial increases in serum secretory sphingomyelinase (S-SMase) activity and
ceramide levels in patients treated with a single high dose of 15 Gy were correlated with good clinical outcomes.
Conversely, non-responding patients did not exhibit any increment in serum S-SMase and ceramide [11].
Similarly, patients with liver and lung oligometastases of colorectal cancer origin exhibited significant elevation
in plasma ceramide levels subsequently resulting in reduced tumor volume. In contrast, the non-responding
patients exhibited a drop in plasma ceramide and an increase in tumor volume [12].

The preclinical and clinical experiences with SRS/SBRT show remarkable outcomes. However, the
biological mechanisms leading to these outcomes are not fully understood. High-dose radiotherapy can
destroy tumor vasculature as a result of gross endothelial cell apoptosis that leads to additional indirect/sec-
ondary tumor cell death [8, 13]. Such indirect tumor cell death can further enhance an anticancer immune
response, which is activated by the release of tumor antigens from dying tumor cells [14-17]. Thus, due to
the enhanced cell kill and antitumor effects observed following SRS and SBRT, there has been a paradigm
shift in standard radiobiological understanding.

1.2 CHALLENGES IN RADIOBIOLOGICAL MODELING
FOLLOWING HIGH RADIATION DOSES

In 1975, Rodney Withers introduced four factors that determine the response to fractionated radiotherapy
known as the 4R’s of radiobiology: repair, repopulation, redistribution, and reoxygenation [18]. The 4R’s of
radiobiology can link to the success or failure of conventional fractionated radiation therapy. However, the
model becomes ineffective when tumors are treated at high doses with SRS or SBRT. Repair: At higher doses,
the repair of sublethal DNA damage rates reduces due to the saturation of repair mechanisms [19]. Also, a
higher radiation dose delivered over a short duration can lead to increased DNA damage which might cause
more complicated alterations making it difficult to repair [20]. Repopulation: SRS and SBRT treatments are
typically given over the course of a week. The repopulation of tumor cells is almost impossible during this

short time. Redistribution: When cells are exposed to extremely high doses (e.g., 20 Gy), cell cycle progres-
sion is interrupted resulting in an immediate cell cycle arrest. This causes the cells to die at the cell cycle phase
they were in at the time of irradiation. This is different from when cells are treated with a low dose that causes
the cells to preferentially die at G2/M-phase [21]. Reoxygenation: A radiation dose higher than 10 Gy per
fraction causes severe vascular damage which can elevate the hypoxia level in the intratumoral microenviron-
ment and halt the reoxygenation process for hypoxic cells due to the short overall treatment time of single-
dose radiotherapy. With each fraction of conventional fractionated radiation therapy, the death of oxic tumor
cells at the tumor periphery allows the reoxygenation of hypoxic cells deeper within the tumor, restoring
radiosensitivity, unlike radiation delivered at high doses, which causes both oxic and hypoxic cells to undergo
secondary cell death [22]. Thus, the 4R’s of radiobiology are generally ineffective at modelling the response to
the high doses of radiation given with SRS and SBRT. Another radiobiological model was introduced in 1989
by Fowler known as the linear-quadratic model (LQ model), which estimates the prediction of tumor survival
in response to varying radiation doses [23]. It is reported that the LQ model can accurately predict cell kill
resulting from DNA damage at conventionally fractionated doses. However, the model may overestimate cell
kill at high doses due to the occurrence of both direct and indirect cell deaths [24]. The tumor cell survival
curve based on the LQ model depicts a sharp bend in the curve in response to increasing radiation doses
because of the additional tumor cell death that appears only at doses higher than 10 Gy. The LQ model is
generated largely based on in vitro data that incorporates doses lower than what is used in SRS/SBRT making
its utility inappropriate at high doses per fraction [25]. Therefore, while the 4R’s and the LQ model of radio-
biology can easily be implemented to estimate the response of conventional fractionated radiation therapy, the
use of these principles for predicting the outcome of SRS and SBRT remains up for debate.

1.3 RADIOBIOLOGICAL DETERMINANTS OF HIGH-DOSE
RADIOTHERAPY

The progression and metastases of cancer depend on the homeostasis of the tumor microenvironment,

which comprises different cell populations [26, 27]. It is evident that cancer treatments, including
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chemotherapy and radiation therapy, target not only the tumor but also other cellular components like
vascular endothelial cells and immune cells. The surge in interest in the contribution of endothelial cells

to the tumor response began in 1971 when Judah Folkman first recognized that the growth and survival
of tumors depend on angiogenesis [28, 29]. The process of angiogenesis relies on the proliferation, migra-
tion, and remodeling of endothelial cells [30, 31]. Endothelial cells are known to be the primary target for
radiation-induced cell death because they are enriched (20-fold as compared to other cells) in secretory
ASMase [32]. An increase in ASMase-induced ceramide generation is mandatory to achieve the endothelial
apoptotic effect [8, 13, 33, 34].

A study by Garcia-Barros er al. demonstrated that endothelial cell apoptosis occurs as a primary event
and is followed by secondary tumor cell death, which contributes to the overall radiation-induced tumor
response. Experiments conducted with mice deficient in ASMase and Bcl-2-associated X protein (Bax),
implanted with MCA/129 fibrosarcomas and B16F1 melanoma tumors, resulted in enhanced tumor
growth by 200% to 400% compared to their wild-type counterparts. Wild-type (ASMase+/+) mice
exhibited a significant increase in endothelial cell death within 1 to 6 hours following a dose of 15-20
Gy, while the tumor cells in the same mice remained intact for 2 to 3 days. The occurrence of tumor cell
death days later, subsequently, led to increased tumor growth delay and overall tumor cure by 50% [8].
The mechanism regulating the endothelial cell apoptosis that contributes to the overall tumor response
is known to be dependent on the activation of the ASMase—ceramide pathway. Within a few hours of
irradiation, the accumulation of ceramide in the endothelial compartment causes its rapid destruction
followed by an avalanche of tumor cell death. A study conducted by Santana ez a/. reported that lympho-
blasts from Niemann—Pick patients who are ASMase-deficient abrogated the process of radiation-induced
ceramide formation and apoptosis. A retroviral transfer of human ASMase cDNA reversed this phenome-
non by inducing ceramide-dependent apoptosis. Furthermore, exposure of fibrosarcoma-bearing wild-type
(ASMase+/+) mice to 20 Gy in a single dose demonstrated significant apoptotic cell death in the lung and
thymic tissue. In (ASMase-/-) mice, the same radiation dose failed to induce ceramide generation and
apoptosis in endothelial cells [34]. Pena and colleagues reached a similar conclusion demonstrating signifi-
cant endothelial cell apoptosis in a dose- and time-dependent manner following irradiation of the central
nervous system (CNS) of C57BL/6 mice with a dose of 5 to 100 Gy. It was found that endothelial cell
death accounted for up to 20% of radiation-induced apoptosis in CNS specimens, peaking at 12 hours
within a window of 4 to 24 hours after irradiation. Intravenous injection of fibroblast growth factor
(FGF) and basic endothelial growth factor (bFGF), before and after giving the dose of 50 Gy, inhibited
endothelial cell apoptosis [35]. Thus, these studies suggest that endothelial cell death happening after a
high dose is primarily responsible for overall tumor response mediated by the ASMase—ceramide pathway.
Some studies contradict these findings and emphasize that tumor cells are responsible for enhanced radia-
tion response.

To determine the role of tumor cells in the radiation response, severe combined immunodeficiency
(SCID) mice deficient in the DNA double-strand break repair gene DNA-dependent protein kinase (DNA-
PKcs-/-) were inserted with a functional (DNA-PKcs+/+) gene. Exposure to a single dose of 30 Gy or
4x5 Gy fractions delivered over 2 days resulted in a substantial tumor growth delay of 1.5-fold in (DNA-
PKcs-/-) mice compared to their (DNA-PKcs+/+) counterparts. Thus, the inoculation of the functional
DNA repair gene into tumor cells restored radioresistance resulting in a reduced radiation response [36].
Furthermore, Moding and colleagues incorporated a dual recombinase technology to generate primary
sarcomas in genetically engineered mouse models with targeted mutations in both endothelial cells and
tumor cells. The study showed that primary sarcoma with Bax, a pro-apoptotic gene, and ataxia telangi-
ectasia mutated (Atm), a DNA damage response gene, removed from mouse endothelial cells and tumor
cells exhibited different outcomes. The removal of the Bax and Atm gene from mouse endothelial cells did
not impact the primary sarcoma response to radiation therapy of 20 Gy. On the contrary, the same genes
removed from mouse tumor cells resulted in a significant increase in tumor cell death and growth inhibi-
tion of primary sarcoma. Thus, the study revealed that tumor cells, but not endothelial cells, are the prime
determinants of radiation response [37]. An interesting observation from Ogawa ez /. indicated that tumor
cells in nude mice are crucial for determining radiation response, whereas in SCID mice, damage to both
tumor cells and endothelial cells governs the radiosensitivity [38].
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After a controversial debate of whether or not endothelial cells determine tumor response to radiation
therapy, Garcia-Barros ef al. conducted experiments with SCID mice, a model known to carry a germline
mutation in their DNA repair gene [39]. These mice are also 2.5- to 3.0-fold more radiosensitive compared
to other mouse models [40—42]. To confirm the engagement of the endothelial component in radiation
responses, MCA/129 fibrosarcomas and B16 melanomas grown in SCID (ASMase+/+) and C57BL/6
(ASMase+/+) mice were exposed to high-dose radiotherapy. A single dose of 20 Gy resulted in a signifi-
cant endothelial cell death in both SCID (ASMase+/+) as well as C57BL/6 (ASMase+/+) mice. The tumor
growth delay in SCID (ASMase+/+) mice occurred in a pattern similar to wild-type C57BL/6 (ASMase+/+)
mice. Endothelial apoptosis and tumor growth were abrogated in tumors implanted in (ASMase-/-) mice.
Thus, the study concluded that the endothelial compartment is solely responsible for enhanced radiation
response and that the tumor cells do not impact the radiation-induced endothelial cell apoptosis and over-
all radiation response [5].

1.4 CELLULAR RESPONSE TO HIGH-DOSE RADIATION
THERAPY

1.4.1 DIRECT AND INDIRECT CELL DEATH INDUCED BY HIGH-DOSE RADIATION

For many years, it was believed that cell death induced by ionizing radiation is mainly dependent on DNA
damage [9, 10]. However, this belief was changed when an alternative mechanism was provided demon-
strating single high doses of radiotherapy inducing plasma membrane alteration that can lead to the activa-
tion of the sphingomyelin pathway followed by ceramide generation [43, 44]. Ceramide, once formed,

can serve as a second messenger, triggering various apoptotic signaling pathways. A study by Haimovitz-
Friedman et a/. confirmed the involvement of ceramide in the apoptotic response using bovine aortic endo-
thelial cells (BAEC). The ceramide level reached its maximum within few minutes of radiation exposure
(10 Gy in a single dose) in whole-cell lysates as well as in nuclei-free membranes prepared from BAEC.
Thus, this study confirmed that radiation-induced apoptosis can be independent of DNA damage [33]. It is
now evident that there is more than one pathway of radiation-induced cell death (Figure 1.1). Generally, a
low dose of radiation induces cytotoxic effects on DNA eliciting DNA double-strand breaks, which cause
direct tumor cell death [45-47]. High-dose radiation, on the other hand, can kill tumor cells directly, by
causing DNA damage, or indirectly in p53-dependent manner or by causing massive tumor vasculature
collapse through endothelial cell damage [8, 48, 49]. High-dose-induced vascular dysfunction can further
cause tumor cell death by evoking tumor hypoxia and an immune response.

The occurrence of tumor cell death as a result of significant vascular endothelium damage following
high-dose radiotherapy was first reported by Garcia-Barros and colleagues. Their results demonstrated that
ASMase-deficient mice abrogated apoptosis of endothelial cells while the wild-type phenotype exhibited
significant endothelial and tumor cell death. This confirmed that ASMase—ceramide activation is crucial
for radiation-induced vascular endothelial damage [8]. Several other studies have also reported the involve-
ment of ceramide-induced endothelial cell apoptosis in regulating the overall tumor response. A large body of
work by Czarnota et al. has indicated that pre-treatment with ultrasound-stimulated microbubbles (USMB)
before administering a radiation dose of 8 Gy can cause a significant elevation of ceramide leading to mas-
sive vascular endothelial cell death [50]. El Kaffas e a/. investigated the dose-dependent effect of radiation
in combination with USMB using MCA/129 fibrosarcoma-bearing wild-type (ASMase+/+) mice, knockout
(ASMase-/-) mice, and wild-type mice treated with sphingosine-1-phosphate (S1P), a ceramide antagonist.
In (ASMase+/+) mice, a combination of USMB and dose of 8 Gy resulted in the highest level of cell death of
8.7% at 3 hours, 53.2% at 24 hours, and 37.8% at 72 hours compared to radiation (8 Gy) only, which resulted
in 10.0%, 17.3%, and 15.4% cell death at 3, 24, and 72 hours, respectively. Furthermore, USMB combined
with radiation treatment resulted in a 40% attenuation of tumor blood flow within 24 hours, which persisted
to 72 hours. The shutdown of the vasculature at 24 hours was reported to be accountable for endothelial cell
death. The study further indicated that the ceramide level in (ASMase+/+) mice escalated within 24 hours of
administering treatment with USMB and 8 Gy of radiation treatment, which confirmed the involvement of
endothelial ASMase—ceramide activation leading to overall tumor vascular disruption [51].
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Figure 1.1 Endothelial and tumor cells’ response to low- and high-dose radiotherapy.

Numerous other studies have also indicated a decrease in tumor perfusion concomitant with endothelial
cell death. Irradiation of neuroblastoma xenografts following radiation (12 Gy) reduced the tumor blood
volume by 63%, subsequently causing endothelial cell damage [52]. Similarly, rats bearing orthotopic
human brain tumors exposed to a single dose of 20 Gy exhibited significant apoptosis and an 80% decrease
in tumor blood flow within 2 hours of irradiation, suggesting that changes in vascularity correspond to
endothelial damage [53].

Prior studies by Song and colleagues performed with FSall fibrosarcoma tumors of mice demonstrated
a severe decline in blood perfusion accompanied by elevated hypoxia within 1 to 5 days following a single
dose of 20 Gy. The delayed secondary tumor cell death reported in this study was a ramification of exten-
sive tumor vascular occlusion and increased intratumoral hypoxia [54]. Radiation-induced vascular damage
is also known to cause hypoxic cell death. Upon exposure to a high dose, a fraction of hypoxic cells that
survive the direct and indirect cell death later become devoid of nutrients, ultimately resulting in death.
Also, vessels appearing nonfunctional due to reduced nutrients and oxygen resulting from massive radia-
tion-induced tumor cell death might contribute to hypoxic cell death. It was reported that mice bearing
FSall fibrosarcoma exposed to a single dose of 20-30 Gy exhibited a decrease in cell survival by 3—4 logs,
whereas a dose high up to 90 Gy was essential for the reduction of cell survival by 8 logs. The progressive
cell survival loss that occurred after irradiation was caused by nutrient deprivation [55, 56]. Similar obser-
vations were reported by Hill and colleagues in a mouse KHT sarcoma model. Irradiation of tumors with
a single dose of 20 Gy caused the death of hypoxic cells by a factor of 3 to 4 [57]. These data confirm the
presence of hypoxic cell death in addition to tumor cell death as a result of vascular damage after high-dose
radiotherapy.

In addition to the direct and indirect cell death effects, SRS and SBRT are known to trigger an anti-
tumor immune response. Radiation-induced tumor cell death elicits the release of tumor antigens caus-
ing immunogenic cell death (ICD) [58]. Dying irradiated tumor cells release high mobility group box 1
(HMGB]) protein that interacts and activates toll-like receptor (TLR)-4 on the dendritic cells inducing
an antitumor response [59]. Recently, a mathematical framework based on murine breast experimental
darta suggested that a radiation dose between 10 and 13 Gy per fraction is required to induce antitumor
immunity [60]. Taken together, these studies suggest that SRS and SBRT are likely to kill more cancer cells
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as compared to conventional fractionated radiotherapy. The direct cell death in response to DNA damage
and the indirect secondary tumor cell death mediated by vascular dysfunction account for the majority of
cell killing. In addition, massive hypoxic cell death due to the deterioration of the intratumor microenvi-
ronment (assuming 20% of the tumor cells are hypoxic in solid tumors) combined with the tumor cell kill
caused by an enhanced antitumor immune response further contribute to the cell death following SRS and

SBRT.
1.4.2 RADIATION-INDUCED VASCULAR CHANGES

Our understanding of tumor vasculature has evolved over the past several years. Unlike normal vascu-
lature, which is arranged hierarchically with evenly distributed arteries, veins, and capillaries, tumor
vasculature remains highly disorganized, irregular, chaotic, dilated, leaky, and tortuous with no ability to
differentiate between arterials and venules [61]. The endothelial layers in normal blood vessels are regularly
shaped and are fully supported by organized pericytes that act as a basement membrane. On the contrary,
the structure of tumor blood vessels is constructed with an inner single layer of endothelial cells that are
poorly connected with uneven support of abnormal pericytes [62]. Due to these morphological abnormali-
ties, tumor blood vessels are highly vulnerable to ionizing radiation. Several studies have reported drastic
vascular changes following high-dose radiation therapy. Along with changes in structural integrity, fluctua-
tions in tumor blood flow and tumor oxygenation are probably the most notable changes reported follow-
ing a radiation dose higher than 8 to 10 Gy. Radiation-induced vascular changes in multiple tumor types
have been reviewed in detail by Park ez a/. Collective data from human studies suggest a general trend of

a slight increase in tumor blood flow, or no change in blood flow in some cases, observed at the beginning
of a fractionated radiotherapy followed by a reduction toward the end of the course of treatment [63]. For
preclinical animal models, exposure to conventionally fractionated radiotherapy of dose of 1.5 to 2.0 Gy
causes no changes in vasculature in the early period of radiation with a slight vascular dysfunction reported
at a later phase of irradiation [64, 65]. However, a single dose of 5 to 10 Gy causes moderate vascular
damage and [64—66] increasing the dose to more than 10 Gy/fraction leads to extreme tumor vasculature
deterioration [54].

Radiation-induced tumor vascular effects are known to be widely dependent on radiation dose, duration
between the doses, tumor type, stages, and the site of the tumor. An extensive body of work has previ-
ously been reported by Song and colleagues regarding the vascular changes in irradiated tumors using
Walker 256 carcinomas grown in the hind leg of rats. Tumors exposed to a single dose of 2, 5, 10, 30,
and 60 Gy were monitored several days after irradiation (intravascular volume and extravasation rates of
plasma protein/vascular permeability were measured). Radiation doses of 2 and 5 Gy did not induce much
of a vascular response. However, a single dose of 10, 30, or 60 Gy resulted in a significant abolishment of
vascular volume after the second, sixth, and twelfth days of irradiation [64]. Several other studies have also
reported tumor blood flow reduction upon high-dose delivery. They suggest that a dose higher than 10 Gy
in a single fraction is more effective in causing vascular damage than the same dose given in fractions [67].
Tumors treated with a fractionated dose initiate a transient increase followed by a rapid fall in vascular vol-
ume as the number of fractions increases. This is contrary to what is observed with a single high dose which
results in a sharp decline in vascular volume throughout the tumor.

Radiation-induced vascular changes are known to greatly influence tumor oxygenation, but there are
conflicting reports on whether the vascular damage contributes to changes in oxygen tension or not. Tumor
oxygenation monitored in rats bearing rhabdomyosarcomas following a fractionated radiotherapy treatment
of 60 Gy administered in 20 fractions over a period of 4 weeks showed no significant changes in partial
pressure of oxygen (pO,) measurements until week 3. However, at week 4, a significant decrease in tumor
pO, was reported, which was attributed to be due to the obstruction of tumor capillaries [68, 69]. On the
other hand, exposing A-07 human melanoma xenografts to a single dose of 10 Gy resulted in a 40% drop
in blood perfusion and 25% increase in extracellular volume fraction within 72 hours. In this case, the
tumor pO, content remained unchanged suggesting no correlation between vascular changes and oxygen-
ation [70]. Heterogeneity in tumor vascular perfusion and oxygenation has frequently been reported. An
observed phenomenon of reduced blood volume at the center of the tumor compared to the rim has been
seen in many tumor types [71]. Patients with advanced non-small-cell lung cancer administered a dose of



Tumor Vascular Modulation 7

27 Gy in 2, 4, and 6 fractions resulted in an increased vascular blood volume at the tumor rim by 31.6%,
49.3%, and 44.6%, respectively. The blood volume in the tumor center remained 16.4%, 19.9%, and 4.0%
with the same fractions of radiotherapy [72]. An important observation by Mottram suggests that tumor
cells at the periphery are more radiosensitive compared to the cells in the center of the tumor. Cells local-
ized at the periphery are closer to nearby blood vessels and, therefore, have abundant oxygen supply [73]. In
1955, Thomlinson and Gray performed a detailed quantitative examination of carcinoma of the bronchus
to study the radiosensitivity of marginal and central cells within a tumor. They found that the cells close

to capillaries acquired sufficient amounts of nutrients/oxygen and remained proliferative, while the cells
located at a distance greater than about 100 pm from the capillaries remained non-viable. The lower oxygen
content in the central region during the time of irradiation made the cells more radioresistant compared to
the peripheral cells that were well-oxygenated [74, 75].

1.5 COMBINING RADIOTHERAPY AND ANTI-ANGIOGENESIS
STRATEGIES

In most solid tumors, the vasculature remains highly heterogeneous. Tumor angiogenesis keeps the tumor

alive by supplying essential nutrients and oxygen [29]. The balance of several angiogenic regulators is
required for the growth and metastases of tumors [76]. Targeting tumor vasculature for the treatment of
solid tumors has shown exceptional success over several years. Currently, various vascular targeting agents,
such as anti-angiogenic agents and vascular disrupting agents, are being extensively investigated in pre-
clinical and clinical studies [77, 78]. Several clinical trials are currently being conducted to treat cancer in
humans using angiogenesis inhibitors. Some of the agents approved for clinical trials are listed in Table 1.1.
Anti-angiogenic agents are known to inhibit and, in some cases, completely stop the growth of new blood
vessels [78], whereas vascular disrupting agents are designed to selectively decrease or shutdown the tumor
blood flow [77, 79, 80].

Tumors promote the growth of new blood vessels by secreting numerous angiogenic growth fac-
tors such as basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGE).
Endothelial cells in pre-existing vessels express several receptors to which this angiogenic growth factor
binds and initiates various signaling pathways [81, 82]. The use of angiogenesis inhibitors/agents blocks
the formation of new blood vessels, preventing the growth and progression of the tumor by alleviating
ASMase-generated ceramide [83]. Work by Truman ez 4/. indicated that radiation-induced ceramide acts
as a rheostat for the survival and death of endothelial cells and that the timing of anti-angiogenic treat-
ment is crucial for sensitizing tumors. The study showed bFGF and VEGF inhibited radiation-induced
ASMase—ceramide activation, and apoptosis was reversed by the addition of endogenous C16 ceramide in
MCA/129 fibrosarcoma. Pre-treatment of tumors with DC101, an angiogenesis inhibitor, 1 hour prior to
radiotherapy with 13.5 Gy led to enhanced ASMase-generated ceramide, subsequently causing endothelial
cell apoptosis. However, DC101 injected 1 hour after radiation remained ineffective [84]. Similar observa-
tions were reported by Rao ez a/. indicating that VEGF inhibitor axitinib administered 1 hour prior to
radiation therapy increased tumor radiosensitivity. A dose of 27 to 40 Gy in a single exposure combined
with axitinib caused endothelial cell death both in vitro in primary cultured cells and in vivo in mice
bearing MCA/129 sarcoma or B16F1 melanoma. A growth delay of the tumor and complete response
rate by 40% was also observed in these mice followed by a combination of radiation and axitinib [85].
Tumor response following treatment with a combination of angiogenic inhibitors/agents and radiation
has also been reported in several studies; however, the exact mechanism of interaction between angiogenic
inhibitors and radiotherapy is still unknown. An anti-angiogenic/vascular targeting agent combined with
radiation is expected to enhance tumor response by reducing tumor blood perfusion and oxygenation.
However, studies indicate the occurrence of increased tumor blood flow and oxygen concentration follow-
ing a combination of both [86—89]. Breast (MDA-MB-231) xenografts, when exposed to a single dose of 8
and 16 Gy combined with sunitinib, a VEGF inhibitor, demonstrated significant cell death and a subse-
quent increase in tumor blood flow by 50% [89]. It was attributed that a single high dose of radiation can
cause damage to abnormal blood vessels, while the addition of sunitinib may allow vessel normalization
causing increased oxygenation.
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Figure 1.2 Histochemical staining of PC3 tumor xenograft endothelial cells with ISEL and power Doppler ultra-
sound images of PC3 tumor xenografts reveal response to treatment at 24 hours.

In recent years, USMB therapy has proven to be a novel form of targeted anti-angiogenic therapy.
Microbubbles are small gas-filled bubbles ranging in size from 1 to 4 pm and are widely used as an ultra-
sound contrast agent due to their excellent acoustic response [90]. Upon contact with ultrasound waves,
microbubbles can oscillate, expand, and collapse contributing to overall changes in the surrounding tissue
environment. Disruption of the bubbles upon exposure to ultrasound acoustic pressure can cause a severe
vascular disruption enhancing tumor response [91]. A large body of work by Czarnota and colleagues dem-
onstrates that a combination of radiotherapy and USMB causes significant endothelial cell death followed
by microvascular deterioration. A study performed on prostate tumor xenografts (PC3) treated with a radi-
ation dose of either 2 or 8 Gy combined with a low or high dose of USMB treatment showed significant cell
death of 44 + 13% (mean * standard error) with 2 Gy + USMB and 70 + 8% with 8 Gy + USMB. Vascular
disruption detected using power Doppler ultrasound indicated a decrease in tumor blood flow of 18 + 22%
(mean # standard error) with radiation alone, 20 + 37% with USMB alone, and 65 + 8% with a combina-
tion of 8 Gy and USMB (Figure 1.2). Furthermore, the group receiving the combined treatment exhibited
significant tumor growth delay and fewer proliferating cells [50]. Data from other mouse models bearing
breast, bladder, and fibrosarcoma tumors have also revealed a similar effect using these combination thera-
pies [51, 92-94]. The endothelial cell death-induced vascular dysfunction observed with a combination of
radiation and USMB is found to be ceramide-dependent. USMB is known to cause a mechanical pertur-
bation in the endothelial cell membrane leading to enhanced ceramide generation followed by vascular
destruction. A study by Kim ez a/. reported 14-fold higher ceramide content in PC3 xenografts following
treatment using a combination of USMB and radiation (8 Gy). The increased ceramide level was linked to
enhanced tumor cell death and vascular damage [95]. Subsequently, Al-Mahrouki and colleagues exten-
sively investigated the genetic pathway involved in the regulation of ceramide-mediated tumor vascular
disruption following the administration of USMB and radiation therapy. In particular, they studied the
role of UDP glycosyltransferase 8 (UGTS) in tumor response enhancement. UGTS is a key enzyme that
catalyzes the transfer of galactose to ceramide. Experiments were conducted with genetically modified PC3
cells and tumor xenografts generated from stably transfected PC3 cells with a downregulated UGT8 gene.
A combination of USMB and dose of 8 Gy caused greater cell damage in the downregulated UGTS8 tumor
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Figure 1.3 Model depicting UGT8 signaling and its role in ceramide biosynthesis.

model as compared to control tumors. In addition, they reported a significant decrease in the level of tumor
blood flow and oxygen saturation in the UGT8 downregulated model. An increase in tumor response was
found to be concomitant with a greater amount of ceramide accumulated due to the downregulation of the
UGTS gene (Figure 1.3) [96]. Thus, targeting UGT8 combined with vascular disrupting therapy might be

a good starting point for the further exploration and optimization of this new treatment strategy for cancer.

1.6 CONCLUSION

SRS/SBRT is increasingly being recognized as one of the essential treatment options for cancer. A high
radiation dose delivered in a single fraction or in a small number of fractions affects the tumor vasculature
by causing ceramide-mediated endothelial apoptosis leading to indirect/secondary tumor cell death. The
indirect tumor cell death further evokes an immune response resulting in an overall enhancement in radi-
ation response. Ceramide generation by the activation of the ASMase pathway is a central determinant of
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Table 1.1 Angiogenesis inhibitors/agents undergoing clinical trials for treating human cancers

ANGIOGENESIS INHIBITORS/AGENTS BRAND NAME

Axitinib Inlyta
Bevacizumab Avastin
Cabozantinib Cometriq
Everolimus Afinitor
Lenalidomide Revlimid
Lenvatinib mesylate Lenvima
Pazopanib Votrient
Ramucirumab Cyramza
Regorafenib Stivarga
Sorafenib Nexavar
Sunitinib Sutent
Thalidomide Synovir, Thalomid
Vandetanib Caprelsa
Ziv-aflibercept Zaltrap

radiation-induced vascular endothelial cell damage. By upregulating ASMase-released ceramide using
various angiogenesis inhibitors and/or anti-angiogenic therapy (USMB), tumor radiosensitivity can be
restored.

Damage to endothelial cells and tumor cells appears to be instigated by both low dose (1.8-3 Gy) and
single high dose (>8 Gy) alone or combined with USMB (2-8 Gy + USMB). (A) With each low-dose
fraction, hypoxia-mediated ROS results in HIF-1 translation making the cells radioresistant. Inhibition
of HIF-1 leads to massive endothelial cell death, microvascular damage, and increased tumor cell death.
(B) High-dose-induced tumor cell death is mediated via rapid translocation of lysosomal ASMase to the
extracellular leaflet of endothelial cell membranes resulting in ceramide generation. The accumulation of
ceramide in endothelial cells causes its disruption followed by vascular collapse and tumor cell death. The
addition of S1P, VEGEF, and bFGF can halt this entire process. Abbreviations: ASMase, acid sphingomyelin-
ase; bFGF, basic fibroblast growth factor; DNA, deoxyribonucleic acid; HIF-1, hypoxia-inducible factor 1;
ROS, reactive oxygen species; S1P, sphingosine-1-phosphate; USMB, ultrasound-stimulated microbubbles;
VEGEF, vascular endothelial growth factor.

(A) Tumors treated with a combination of USMB and radiation (8 Gy dose) exhibited increased cell
death confirmed with ISEL staining. ISEL-positive cells can be identified by a dark-stained nucleus. The
scale bar represents 60 microns. (B) A significant drop in the blood flow signal was observed following a
combination of USMB and radiation compared to control groups with no treatment or treatments includ-
ing USMB only and radiation only. The scale bar represents 2 mm. Adapted from [50]. ISEL= in situ end-
labeling; MB= microbubble; NIL= no microbubble; XRT= radiation.

The de novo biosynthesis of ceramide takes place in the endoplasmic reticulum. Elevated expression of
UGTS converts ceramide to galactosylceramide resulting in degradation of ceramide and inhibition in the
apoptotic signaling pathway. Conversely, UGT8, when underexpressed, leads to elevated ceramide levels
initiating a cell death signaling pathway [96]. ER, endoplasmic reticulum; GalCer, galactosylceramide;
MB + US, microbubble + ultrasound; S1P, sphingosine-1-phosphate; Ser, serine; SM, sphingomyelin;
SMPDI, sphingomyelin phosphodiesterase 1; SMPD2, sphingomyelin phosphodiesterase 2; UGTS8, UDP
glycosyltransferase 8.
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2.1 INTRODUCTION

Radiosurgery has traditionally been a high-dose, single-fraction treatment technique that has been found

to be extremely effective for a large spectrum of malignant and benign neurosurgical conditions (Leksell,
1951). Delivery of high-dose radiotherapy in a single session leaves very little room for error, and as a result
radiosurgery maintains a requirement for rigorous accuracy and precision management in treatment delivery.
Gamma Knife (GK) radiosurgery (Elekta Instrument AB, Stockholm, Sweden) traditionally achieves this
through the use of isocentric convergence of many small beamlets (201 or 192, depending on the model

of the device) to create large-dose gradients and a rigid headframe that immobilizes the patient’s head and
defines a stereotactic coordinate system with a direct mechanical linkage between the patient’s head and the
isocenter of the Gamma Knife suitable for localization and targeting (Lunsford et al., 1988; Lindquist and
Paddick, 2007). Image guidance has been based on up-front imaging of the patient using fiducial systems
mounted to the patient’s headframe to localize anatomy relative to the stereotactic frame of reference.

The development of radiosurgery did not end with the invention of the Gamma Knife, however. As
experience accrued using linear accelerators as an alternative to the Gamma Knife for radiosurgery, it has
become apparent that for certain clinical situations (for instance, tumors larger than what is typically
indicated for radiosurgery or tumors directly adjacent to sensitive organs at risk [OARs]), delivery of the
total dose over several fractions (hypofractionated stereotactic radiotherapy [HSRTT]) creates some potential
advantage, with similar tumoricidal effectiveness paired with further reduced normal tissue toxicity. The
experience with linear accelerators also demonstrated the potential advantages to be gained by the use of
in-room imaging techniques, making accurate and precise patient localization possible without the use of a
rigid headframe and thereby making practical hypofractionated regimes.

Several techniques for both patient immobilization and image guidance have been developed that make
hypofractionation on the Gamma Knife possible without compromising the historic precision characteristic
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of GKRS. This chapter explores the technology of frameless image-guided HSRT using the Gamma Knife
Perfexion with the Extend™ system (Elekta Inscrument AB, Stockholm, Sweden), as well as the Gamma Knife
Icon, with a focus on the technology of each system, the benefits and limitations, and the flexibility in work-
flow that each system supports. Additional potential HSRT platforms are explored in subsequent chapters.

2.2 TRADITIONAL GAMMA KNIFE RADIOSURGERY—SINGLE-
FRACTION A PRIORI IMAGE-GUIDED RADIOSURGERY

2.2.1 IMMOBILIZATION

Traditional Gamma Knife radiosurgery is performed using a rigid stereotactic frame which is placed
around the patient’s head and fixed using four pins which are inserted to the outer table of the patient’s
skull. Frame placement is often performed in a small procedure room nearby the radiosurgery center, using
local anesthetic to numb the pinsites as needed. Other centers prefer to administer light sedation in addi-
tion to the local anesthesia.

By design and definition, the stereotactic frame defines a coordinate system called the Leksell Coordinate
System which has an origin superior, posterior, and right of the patient’s head and increments towards the patient’s
left (+X), anterior (+Y), and inferior (+Z). The Leksell frame mounts mechanically to the treatment table on the
Gamma Khnife using an adapter in the case of the Perfexion (Figure 2.1), and therefore there is a mechanical cor-
respondence between the stereotactic space defined by the frame and the coordinates of the Gamma Knife itself.

2.2.2 IMAGE GUIDANCE

Image guidance for traditional radiosurgery occurs a-priori of the procedure itself. Immediately following
the frame placement, patients are generally sent for treatment planning imaging. The modalities involved
may include MR, CT, and/or biplane angiography depending on the indication. Images are linked to the
stereotactic coordinate system using modality-specific indicator boxes which are attached to the stereotactic
frame during the imaging procedure. The indicator boxes result in fiducial markers in the resulting images,
which, once they are registered with the treatment planning system, allow any point in the patient’s brain
anatomy to be referenced in stereotactic coordinate space (Figure 2.2 a, b). Non-stereotactic images (often

Figure 2.1 The Leksell stereotactic G-Frame attached to an anthropomorphic head phantom and docked to the
Gamma Knife treatment bed. In addition to providing rigid immobilization, the stereotactic frame defines a coor-
dinate system all over the patient’s head that is mechanically linked to the machine coordinate system.
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A CAUTION

To be used in MR-scanners operating
with frequencies of 40 MHz or highar

Figure 2.2a An MR indicator box mounted to a Leksell stereotactic frame. The indicator box channels are filled
with copper sulfate solution that appears bright in MR images.

Figure 2.2b The fiducial marks (marked in red) on an MR image acquired with a stereotactic frame and
MR indicator box.
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including MR and/or PET) acquired prior to the frame placement are possible but must be co-registered to
one of the stereotactic image studies to be useful.

2.3 LIMITATIONS OF TRADITIONAL GAMMA KNIFE SRS
TECHNIQUES WHEN APPLIED TO IG-HSRT

There are several limitations to the traditional GK SRS frame, which limit its utility in HSRT. Most appar-
ent is that the process of frame placement is invasive: pins are inserted into the outer table of the skull to

create a rigid mechanical interface between the patient’s head and the treatment machine. Moreover, this
rigid association between the frame and the patient’s skull is critical for the creation of the coordinate sys-
tem used for localization and targeting, and any change in it invalidates the existing treatment plan.

A second limitation is that image guidance is a priori. This means that any change in the rigid asso-
ciation between frame and patient skull requires a new imaging study to re-establish the location of the
patient anatomy relative to the coordinate system.

Beyond the inherent disadvantages of patient satisfaction, there are technical limitations to leaving a
rigid head frame on for days as well. The presence alone of a rigid head frame does not ensure rigid fixation.
Subtle shifts in the position of the head frame over the treatment course are possible, and daily measure-
ments would be prudent to rule out these subtle systematic errors (either by digital probe or by imaging-
based measurements).

2.4 REQUIREMENTS FOR GAMMA KNIFE IG-HSRT

2.4.1 ACCURACY AND PRECISION REQUIREMENTS

The most critical component of a hypofractionated immobilization system is that it can reliably and repeat-
edly localize the isocenter in three-dimensional space for each treatment fraction and that this localiza-
tion must remain valid over the course of each treatment fraction. This tenant is the basis by which SRT

is safe and feasible. A commonly acceptable tolerance for isocenter displacement is a non-systematic error
of less than 1 mm. Although this tolerance is somewhat arbitrarily defined, there is evidence that adher-
ence results in superior local control (Treuer et al., 2006). For the single-fraction case, the “gold standard”
assumption has been that the rigid stereotactic frame provides superior immobilization performance over
the relatively short time-frame required to deliver a radiosurgical treatment. Given the small geometric
distances between tumor and sensitive OARs in the brain, any image-guided hypofractionated stereotactic
radiation therapy (IG-HSRT) system cannot deviate far from the single-fraction standard.

2.4.2 REQUIREMENT FOR PATIENT ACCEPTANCE

A possibly overlooked component of rigid immobilization is that it is must be reasonably well tolerated by
patients. Patient satisfaction has become a critical component of medical care, and other fractionated radio-
therapy approaches (i.e., gynecologic brachytherapy) have led to psychosocial disorders in some patients,
thought to be related to the discomfort of the applicator left in place between fractions (Kirchheiner et al.,
2014). Any IG-HSRT system that limits patient discomfort would also lead to less inter- and intrafraction
motion, require less intrafraction treatment breaks, and have faster daily patient set up.

2.4.3 REQUIREMENT FOR SOME POTENTIAL TO EXPAND INDICATIONS

Traditional single-fraction Gamma Knife radiosurgery has been a remarkably successful technique, with
over 1.3 million patients treated worldwide between 1968 and 2019, with 95,000 treated in 2019 alone
(Leksell Gamma Knife Society, 2019). A successful system for hypofractionated Gamma Knife treatments
requires a rationale that creates an expansion of indications beyond those already effectively managed with
the current system.

There is a great potential in a method of reliable GK immobilization and hypofractionation. As
described in other chapters, HSRT would increase the scope of SRT by permitting radiosurgery in ana-
tomic locations that have previously been treated with conventionally fractionated radiotherapy because of

concern of adjacent normal tissue tolerance. Additionally, it is possible that some intracranial tumors have
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a biology that would demonstrate improved local control with multi-fraction radiosurgery (Jee et al., 2014;
Minniti et al., 2014; Toma-Dasu et al., 2014; Casentini et al., 2015).

2.5 HISTORICAL ATTEMPTS TO HYPOFRACTIONATE
RADIOSURGERY TREATMENTS

There have been a variety of historical attempts both within and outside the Gamma Knife subspecialty to
create methods that could allow for hypofractionation. This section summarizes some historical attempts

which form the basis for modern GK-HSRT.
2.5.1 PROTRACTED FRAME APPLICATION

The feasibility of this method was first reported by Simonovd in the early 1990s as a method to achieve
hypofractionated stereotactic radiotherapy while only utilizing available devices (Simonova et al.,

1995). They reported on 48 patients who underwent head frame placement and then returned for once
daily treatments for 2 to 6 days. The method was considered feasible, well tolerated, and relatively safe.
However, patients were admitted for the duration of therapy, making this an expensive treatment option.
Additionally, patient-reported outcomes were not included in this report. A similar “split-dose” approach
was reported where the total SRS dose was divided into two equal fractions. Patients underwent frame
placement, imaging for treatment planning, and then first treatment fraction in the evening of the first day,
followed by a second fraction delivered approximately 14—15 hours later. The authors of the study reported
that the treatment was well tolerated and showed a small survival benefit for patients receiving two-fraction
SRS as compared to an eatlier cohort receiving single-fraction SRS. However, the authors cautioned against
the possibility of a frame becoming dislodged over the total time of the procedure (Davey et al., 2007).

2.5.2 REMOVABLE FRAME SYSTEMS

The TALON cranial fixation system (Nomos Corp., Sewickley, PA) is a removable frame system that per-
mits rigid fixation of the skull to a head frame through attachment to base screws inserted into the patient’s
skull. These screws are attached to the TALON system and permit minute adjustments of the cranium after
fixation. The screws are left in place between fractions (usually 2 to 5 days). Salter et al. reported on the
TALON system’s positional accuracy and estimated that 95% of true isocenter position between fractions
would fall within 1.55 mm of the planned isocenter position. The TALON system was well tolerated by
patients; however, three of nine patients included developed infections at the screw sites, and two patients
had loosening of the screws between fractions requiring re-tightening (Salter et al., 2001). The TALON
system was not attempted in a Gamma Knife SRT context.

2.5.3 RELOCATABLE FRAME SYSTEMS

Multiple relocatable head frame systems have been developed over the past 15 years. This includes rigid
frames used for radiosurgery registration, which are not invasively attached to the patient (Reisberg et al.,
1998; Alheit et al., 1999; Ryken et al., 2001; Baumert et al., 2005; Minniti et al., 2010; Ruschin et al.,
2010). Examples include systems that have utilized bite blocks, head straps, thermoplastic masks, optical
tracking, or some combination. In all cases, the important characteristics include relatively simple, nonin-
vasive methods for placing the patient in a repeatable treatment position corresponding to the position at
the time of treatment planning.

2.6 HISTORICAL DEVELOPMENT OF ONBOARD IMAGE
GUIDANCE FOR RADIOSURGERY

The development of in-room image-guidance systems for radiotherapy was a significant development that

enhanced the accuracy and precision by which a patient could be set in the correct treatment position.
These systems, designed primarily for linear accelerator-based radiotherapy, were quickly adapted for use
in radiosurgery contexts. Systems evolved from simple 2D MV portal imaging systems that used film (and
later flat-panel detectors) that were exposed by the treatment beam to allow clinicians to verify whether the
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target was within the collimated field (Dong et al., 1997). The invention of amorphous-silicon flat-panel
detectors motivated attempts to use the treatment machine itself as an megavoltage cone beam CT system
(Pouliot et al., 2005). kV-CBCT systems were developed using x-ray tubes and detectors mounted orthogo-
nally from the LINAC treatment beam (Jaffray, 2007). Dual ceiling/floor-mounted stereoscopic kV x-ray
systems were developed specifically for radiosurgery applications.

The aforementioned developments for linear accelerators were motivated as much for extracranial ste-
reotactic and non-stereotactic indications as they were for intracranial indications, as the stereotactic frame
was a well-established and well-validated technique for intracranial radiosurgery. However, as noted eatlier,
an enhanced ability to hypofractionate is considered advantageous in certain clinical situations. To that
end, David Jaffray’s group at Princess Margaret Hospital developed a kV-CBCT system that they success-
fully integrated with a Gamma Knife Perfexion. The system uses a conventional 90 kVp rotating anode
x-ray tube and an opposing detector. The system is supported by a set of vertical supports, which allows the
system to translate from a parked position above the shield-doors of the Perfexion to an imaging position
between the patient and the shield-doors. A rotational axis allows the system to rotate by 210° for imaging.
Isotropic voxel resolutions (Imm or 0.5 mm) are achievable with a reconstruction field of view of 25.6 x
25.6 x 19.3 cm (Ruschin et al., 2013).

2.7 EXTEND SYSTEM FOR THE GAMMA KNIFE
PERFEXION

While the previous section summarizes work that has been performed to explore options for GK IG-HSRT,
the first clinically available commercial solution in practice to allow for hypofractionated Gamma Knife
radiosurgery treatments was the Extend system (which at the time of publication of this edition is not
actively marketed but is supported and clinically deployed). The Gamma Knife Extend System made repro-
ducible, frameless stereotactic fixation of the head possible through a suctioned dental mold of the hard
palate and maxillary teeth. The system removed the requirement for surgical intervention needed for frame
placement, and no devices were left iz situ between fractions, which could cause pain or serve as a nidus for
infection (Ruschin et al., 2010).

2.71 MAIN COMPONENTS

The Extend frame system consists of a carbon-fiber front plate to which a dental impression/mouthpiece
can be attached, a base plate to which the front-piece can be attached, and a vacuum cushion on which
the patient’s head sits. The Extend frame rigidly docks with the GK patient positioning system (PPS).

Extend Frame System

Vacuum hose
(to PCU)

Vacuum cushion  Torque screws

Mechanical docking interface Mouthpiece

Figure 2.3 The Extend Frame system and its components.
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Patient Control Unit (PCU)

Saliva guard and
bacterial filter

Display and
controls

Vacuum hose
(from
mouthpiece)

Data interface to
Gamma Knife

Figure 2.4 The Patient Control Unit (PCU) for the Gamma Knife Extend system. The PCU creates a vacuum that is
used to monitor patient movement and sends data during treatment to the Gamma Knife control system to inter-
rupt treatment if the vacuum level falls below a set threshold.

Reposition Check Tool (RCT)

Digital
measurement
probe

Reposition check toc
(RCT)

Figure 2.5 The reposition check tool (RCT) template and associated digital measurement probe. The red carrier
doubles as a QA tool for the RCT.

The mouthpiece of the frame is attached via plastic tubing to the Patient Control Unit (PCU). The PCU
consists of a vacuum pump and tubing that connects to the mouthpiece and interfaces with the patient and
the treatment unit. The reposition check tool (RCT) consists of an acrylic measurement template and an
associated set of digital measurements probes. The RCT fits into slots on the Extend frame. Measurement
holes in the RCT template are used for the measurement of head position to confirm three-dimensional
positioning between fractions.

2.7.2 DENTAL MOLD CREATION

The first step in the use of the Extend system is the selection of the mouthpiece and the creation of the
dental mold. A dental impression is created using standard impression material (vinyl polysiloxane)
using a mixing gun. A plastic spacer is placed between the mold and the hard palate before inserting the



Gamma Knife 23

Figure 2.6 Creation of an Extend system dental impression. The impression material fills a mouthpiece, and the
plastic spacer (in purple) creates a vacuum space within the dental material.

Figure 2.7 Placement of an Extend system mouthpiece in a patient’s mouth. Even pressure must be applied for
several minutes while the impression material cures. (Patient’s face blurred for confidentiality.)

mouthpiece into the patient’s mouth to create the impression. The spacer allows for an air space in which
the vacuum can suction the mold to the palate, aligned by dental anatomy (Figure 2.6). Once the mouth-
piece is placed in the patient’s mouth, even pressure must be maintained along the palate to allow the
impression material to cure (Figure 2.7). If there is insufficient material between the teeth and the mouth-
piece or between the hard and soft palate, then reliable suction may be difficult. In addition, edentulous
patients or patients without adequate dentition are contraindicated for Extend immobilization.
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2.7.3 SETUP AT GAMMA KNIFE

Creation of the dental impression is followed by setup at the Gamma Knife and the construction of the
Extend frame system using the completed mouthpiece.

2.7.3.1 Dental Mold Insertion/Frame Creation

The patient is placed in a comfortable position on the Gamma Knife treatment bed. The dental mold
connection with the spacer and vacuum tubing is confirmed and is guided into the patient’s mouth and
abutted to the hard palate and maxillary dentition. The PCU vacuum is then tested with the mouthpiece
in place to a vacuum level of 30% to 40% (as a percentage of atmospheric pressure). The PCU has a safety
alarm that can detect a loss of suction (defined as a 10% change in suction from the set point).

With the dental mold in place and the vacuum activated, the head frame can be secured. This is first
done by attaching the front piece to the mold and then by locking the front piece to the docking area
(which is locked to the GK couch). When patient comfort is again confirmed, the mouthpiece and head
frame are hand tightened and then secured with a torque wrench (Figure 2.8).

2.7.3.2 Vacuum Cushion Creation

In the supine position with the head frame attached, the vacuum cushion is molded to the scalp, and the
PCU is used to evacuate air from the cushion. As the vacuum level in the cushion increases, the cushion
becomes increasingly rigid and molded to the shape of the patient’s head. When complete, the result is a
rigid cushion containing a firm impression of the dorsal aspect of the scalp that will be maintained for each
fraction.

2.7.3.3 Test Measurements/RCT Measurement Hole Selection

The completed patient-specific dental impression, frame, and vacuum cushion define the stereotactic align-
ment of the patient’s head with the couch.

To confirm proper alignment of the head within the frame, daily reference measurements are
taken using the reposition check tool (RCT) and are compared to measurements taken at the time of

Figure 2.8 Creation of a patient-specific Extend frame by tightening the locking screws on the frame front plate
with a torque wrench. (Patient’s face blurred for confidentiality.)
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Figure 2.9 Physician acquiring reposition measurements using the RCT and the digital probe system.

image acquisition (computed tomography [CT] or magnetic resonance imaging [MRI]). During this
initial setup step, RCT apertures are chosen for the measurements, and the distances to the head are
recorded on a worksheet. The RCT consists of four plastic panels that surround the patient’s head in
the Extend frame (Figure 2.9). Measurements are taken with a pair of electronic linear measurement
probes that are included in the Extend system (C150XB Digimatic Indicator, Mitutoyo Corp.). The
probes measure the distance between preset holes in the RCT and the scalp. At least one aperture
(and ideally more than one) must be chosen for each panel of the RCT. Apertures should be chosen
to ideally allow normal incidence of the probe tips to the patient’s head. Choosing apertures far apart
from each other and avoiding areas of loose skin or fat can improve the precision and reproducibility
of measurements.

It is important to note that any change in the vacuum pressure of the mouthpiece, of the vacuum cush-
ion, or of the tension in the screws of the head frame can result in compromise of the rigidity and reproduc-
ibility of the Extend system. If these changes occur, the system should be reset from the beginning.

2.7.4 SIMULATION (CT) IMAGING

Following initial setup at the Gamma Knife, patients proceed to simulation imaging which will serve as the
reference stereotactic images for treatment planning.

2.7.4.1 Simulation Imaging Setup and Reference RCT Measurements

The basic principle of the Extend system is that the patient position at the time of treatment must match (to
within a small uncertainty threshold) the patient position at the time of simulation imaging. Therefore, at
the time of stereotactic CT imaging, reference measurements are collected that will serve as the standard

to compare future measurements to (prior to each treatment delivery). The process begins with the stereo-
tactic immobilization of the patient as outlined eatlier, but it is done on the CT couch as opposed to the
GK couch. During any period that the head frame is assumed to be rigidly fixed, the PCU should be set

to alarm for changes in vacuum, and the patient should be visually monitored to ensure comfort, as hand
signals are preferred while the mouthpiece is in place. Measurements proceed as described eatlier, using the
measurement apertures chosen at the time of initial setup at the Gamma Knife. These measurements are
read off of the display on the PCU and recorded on a worksheet for later use.
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Figure 2.10 Stereotactic CT of an Extend patient. The CT field of view must cover the entire head and include the
lateral fiducial markers.

2.7.4.2 Simulation Stereotactic CT Imaging

After proper immobilization is achieved and RCT measurements confirmed and recorded, the Extend
CT indicator box is mounted to the frame. The CT indicator is a transparent box with implanted fidu-
cial markers that can serve as rigid points in the GK treatment planning software (TPS, GammaPlan,
Elekta AB, Stockholm, Sweden). CT images of the head are then obtained from vertex to mid-frame and
with a field of view wide enough to include the entire CT indicator and corresponding fiducial markers
(Figure 2.10). Intravenous contrast can be utilized as clinically indicated.

2.7.4.3 Post-CT Measurements

Immediately after the CT sequences are obtained and before releasing the vacuum suction, post-CT mea-
surements with the RCT are important to verify that the patient did not shift during CT imaging. This is
done by the same method as described eatlier, through the same apertures as were used in the pre-CT mea-
surements. Any difference of more than 0.5 mm from the pre-CT value should prompt the team to remove
and reposition the Extend head frame, re-measure, re-obtain CT images, and then confirm measurements.
After the repeat measurements are verified, the suction can be released and the head frame removed.
Images are then transferred to the Gamma Knife treatment planning system.

2.7.5 INTEGRATION OF NON-STEREOTACTIC SCANS

The Extend system requires that a stereotactic CT be used as a stereotactic reference. CT images are
less likely to suffer from localized geometric distortion, and the Extend frame does not fit within all
MR head coils—two considerations which may be the source for this requirement. However, multi-
modality images (especially MR) are critical for the visualization of most intracranial indications,

so non-stereotactic images may be incorporated into treatment planning via image registration. The
Gamma Knife treatment planning system includes cross-modality rigid co-registration algorithms for
this purpose (Viola and Wells I11, 1997).
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2.7.6 TREATMENT PLANNING

After all stereotactic and non-stereotactic imaging has been imported into the Gamma Knife treatment
planning system, the stereotactic CT images are registered to stereotactic space using the fiducial markers
visible in the CT images. MR and other modality images are then co-registered to the reference CT images
as described earlier. The details of target visualization and delineation vary by institution; however, the
planning includes functionality to delineate target volume(s) and adjacent organs at risk (OARs) similar to
traditional SRT planning. Isocenter-based “shots” are placed and customized based on target size, shape,
and adjacent OARs (Figure 2.11). Total dose and the number of fractions are entered, and the plan is
reviewed by the neurosurgeon, medical physicist, and radiation oncologist.

2.7.7 TREATMENT PROCEDURE

2.7.71 Entering Reference Measurements (1st Fraction)

When a patient treatment is started at the Gamma Knife console prior to delivery of the first treatment
fraction, the system requires that the reference position measurements acquired at the time of CT imaging
be entered into the system. Accuracy at this step is critical because it will create a reference point to which
each fraction will be directly compared. As such the reference measurements should be carefully double
checked (preferably by a separate member of the team) prior to moving forward.

2.7.7.2 Repositioning Measurements

When the patient is prepared to proceed with therapy, they should enter the GK vault and have the Extend
treatment head attached in a manner similar to when it was attached prior to CT-simulation (supine, vac-
uum cushion in place, mouthpiece, vacuum, front piece, secure to couch). Then new measurements should
be collected using the electronic probe though the same apertures that were used for the reference measure-
ments. This process is guided by the GK Extend console, which automatically captures each probe mea-
surement and compares to the previously entered reference measurements. Once all selected RCT apertures
have been measured, the console software will calculate a three-dimensional translational vector of the
difference in patient position as compared to the reference measurement. The system will warn the operator
if the radial positional difference is greater than 1.0 mm and suggest the clinician consider repositioning to

Figure 2.11 A treatment plan for a hypofractionated Gamma Knife radiosurgery case using the Extend system.
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achieve a more favorable patient position. However, clinical judgment is ultimately involved in determining
what level of positional uncertainty is acceptable.

2.7.7.3 Treatment

Following patient positioning, each individual SRT treatment is administered in the same way as a single-
fraction Gamma Knife treatment. The Gamma Knife treatment couch translates the patient’s head into
the center of the radiation body of the unit, placing the patient’s head at a location corresponding to the
coordinates of each shot of the treatment plan in turn. Each position is maintained for a dwell duration
as calculated by the treatment planning system in order to achieve the desired overall dose distribution.
Treatments are monitored by the operator of the machine via video and audio surveillance. The patient is
provided with a call button to alert the operator if they require assistance as the patient cannot speak with
the Extend mouthpiece in place. It can be useful for the treatment team (usually a radiation therapist,
medical physicist, neurosurgeon, and radiation oncologist) to develop a set of hand gestures that provide
general communication.

2.7.7.4 Intrafraction Position Monitoring

Patient immobilization is monitored using the PCU vacuum surveillance system. Patient motion beyond

a very small threshold will trigger a loss of suction in the Extend mouthpiece. Any loss of vacuum greater
than 10% of vacuum level set at the time of patient positioning will trigger an interrupt which will shield
the Gamma Knife 60Co sources and pause the treatment, automatically withdrawing the patient from

the treatment position in the machine. This occurrence requires that the patient position be re-measured
using the RCT and probe system and repositioned if required before the treatment can resume. If adequate
repositioning is impossible, then a new stereotactic CT may be acquired and the treatment plan shifted to
accommodate the new patient position.

2.7.8 ACCURACY COMPARED TO SIMILAR SYSTEMS

The mean setup uncertainty of the Gamma Knife Extend system has been shown to be reproduc-
ibility on the order of 0.4 to 1.3 mm (Ruschin et al., 2010; Sayer et al., 2011; Schlesinger et al., 2012;
Ma et al., 2014). Table 2.1 reports the mean displacement of the patient after setup by a representa-
tive variety of proposed immobilization systems applicable to fractionated radiosurgery. As demon-
strated, the setup uncertainty of the Extend system is comparable to other available relocatable frame
systems.

Table 2.1 Reports of the residual setup uncertainty of a variety of relocatable immobilization systems for
fractionated radiation treatments

AUTHOR DEVICE SETUP DISPLACEMENT, MM (SD)
(Sweeney et al., 1998) Bite block + vacuum assist <1.02*

(Rosenberg et al., 1999) [ GTC frame 1.1 (0.6)*

(Ryken et al., 2001) Mask + optically tracked bite block 0.16 (0.04)*

(Baumert et al., 2005) Mask + bite block 2.2 (1.1)%

(Kunieda et al., 2009) Bite block + vacuum assist 0.93-1.09 (0.52—-0.88)%
(Minniti et al., 2010) Relocatable frame + upper jaw support 0.5 (0.4)*

(Ruschin et al., 2010) Extend prototype 1.0~/ 1.37

(Schlesinger et al., 2012) | Extend clinical system 0.64 (0.25)A

Note: Symbols indicate basis for setup displacement measurement (* fiducials versus surface landmarks; * orthogonal
radiograph landmarks; T fiducials versus CBCT; * simulation CT versus QA CT; ~ probe/depth measurements).

Source: Table adapted from Schlesinger et al., (2012).
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2.7.9 LIMITATIONS OF EXTEND SYSTEM

The Extend system provides a reliable, noninvasive method for reproducible immobilization of patients for
HSRT. However, as compared to HSRT systems for other treatment devices, the Extend system may have
some potential limitations.

2.79.1 Complicated Workflow

One drawback to the Extend system is the complex logistic aspect of the mouthpiece creation, application,
and RCT measurement system. The mouthpiece can be bulky and must fit snuggly and firmly for the frame
to be reliably fixed. Generally, patients consider the first day of treatment arduous because dental mold
creation, head frame fitting, CT, planning, first fraction, and numerous precise measurements can take
hours to complete with the head frame in place. However, subsequent treatments are considered relatively
convenient (Sayer et al., 2011).

2.7.9.2 Vacuum as a Proxy for Motion

The basis of the real-time monitoring of the Extend system is in the vacuum alert. The system relies on the
assumption that any change in the vacuum pressure of greater than 10% equates to a displaced target. It
does not detect possible patient motion in which the vacuum level changes by less than 10%. Conversely,
the vacuum alert assumes that any change in vacuum of greater than 10% means that the patient moved
systematically (as opposed to no movement or temporary movement). Additionally, after the alert is acti-
vated, it is impossible to tell if the change in pressure was indeed related to patient movement or potentially
equipment failure in the vacuum or tubing, and the confirmation of functional equipment is warranted for
unexpected vacuum alarm. In any case, the activation of the vacuum alarm results in a treatment pause,
and the entire head frame should be removed, replaced, and re-measured to ensure proper placement and
treatment accuracy.

2.7.9.3 Patient Contraindications (Dentition/Performance Status/Gag)

For a patient to be eligible for HST using the GK Extend system, they should be otherwise fit for radiosur-
gery (limited number of intracranial targets, adequate performance score, etc.). Although it should be noted
that there are some aspects of the Extend system that may require additional patient cooperation compared
to a standard head frame. Patients with a sensitive gag reflex may not be willing or able to tolerate a bulky
mouthpiece for the duration of multiple treatments. Also as discussed previously, adequate dentition is criti-
cal to the reproducibility of the dental mold placement.

2.8 IG-HSRT WITH GAMMA KNIFE® ICON™

The Extend system proved to be a practical, if somewhat cumbersome, method for achieving a hypofrac-

tionated Gamma Knife technique. However, the system was limited in scope and functionality relative

to comparable systems routinely used in Linac-based radiosurgery. Recognizing that the Extend system
would not be an optimal solution on its own, Elekta Instrument, AB, the manufacturer of the Gamma
Knife, began a development cycle intending to address some of the shortcomings of the Extend system

for IG-HSRT. In particular, they redesigned and commercialized a prototype created at the University of
Toronto (Ruschin et al., 2013) and created a new treatment solution with an integrated capability to verify
and monitor patient position before and during treatment. This ultimately resulted in a new Gamma Knife
platform, Gamma Knife Icon. Gamma Knife Icon replaces the older Extend system as a Gamma Knife
IG-HSRT solution. The new system discards the cumbersome dental-impression-based frame in favor of
thermoplastic mask immobilization; however, it also includes features that improve single-fraction G-frame
treatments.

2.8.1 MAIN COMPONENTS

Gamma Kanife Icon adds several new components to the Gamma Knife Perfexion platform. The most
conspicuous addition is that of a CBCT mounted to the side of the unit. The system also includes a ste-
reoscopic optical tracking system consisting of a folding infrared camera system mounted near the foot of
the Gamma Knife PPS that is aimed toward the head of the unit. A new headrest is included that holds a
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Figure 2.12 The Gamma Knife Icon system. Annotations show the onboard CBCT scanner and the High-Definition
Motion Management (HDMM) infrared system.

X-ray detecto
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Figure 2.13 The Gamma Knife Icon CBCT system. Left: CBCT gantry with plastic covers intact. Right: CBCT gan-
try with plastic covers removed. Note: The flat-panel detector has been removed in the picture on the right.

patient-specific pillow, acts as a mount for a thermoplastic mask, and contains four infrared reflectors on
rigid posts that act as reference markers for the patient position as described later (Figure 2.12).

The CBCT system is designed specifically for the task of determining the patient’s stereotactic position
both at time of initial setup and before each treatment session (Figure 2.13). The CBCT has 200 degree
rotation, an imaging volume of 448 cm?, 0.5 mm voxel size, and a resolution of more than 7 line pairs/cm,
using 332 projections at 90 kVp. The system has two imaging modes distinguished by their nominal
computed tomography dose index; high-dose mode has a CTDI of approximately 6.5 mGy and has a
slightly higher signal-to-noise ratio as compared to the low-dose mode with a CTDI of 2.3 mGy. Most
importantly, the CBCT isocenter has a known geometrical relationship with the radiation isocenter of the
unit, determined through a calibration and quality assurance procedure (AlDahlawi et al., 2017). CBCT
scans acquired with the system are therefore in stereotactic coordinate space. Preliminary tests on localiza-
tion uncertainty using a phantom suggest a mean positional uncertainty of less than 0.2 mm (Eriksson and
Nordstrém, 2014; Eriksson et al., 2014).
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Figure 2.14 A close-up of the HDMM system. Right: A close-up view of the stereo infrared camera system. Left:
A close-up view of the patient headrest/marker system with an anthropomorphic phantom setup. The system
tracks the nose marker relative to the four reference markers found on the posts on each side of the headrest.

The optical imaging system, named the HDMM System, uses a stereoscopic infrared camera unit to
track patient motion. The system is mounted near the foot of the PPS on a folding arm. When raised, the
camera system has a view of a newly developed headrest that mounts to the head of the PPS in a manner
similar to the stereotactic frame adapter for frame-based procedures. The headrest has lateral posts, each
with two infrared-reflective markers that together serve as a static positional reference for the tracking sys-
tem. During procedures, a fifth marker is placed on the patient’s nose, and the system differentially tracks
patient position relative to the four static markers (Figure 2.14). Phantom studies have reported a motion
resolution of 0.06 mm (Wright et al., 2017).

Gamma Knife Icon is designed in a way that makes an in-field upgrade of the existing Gamma Knife
Perfexion systems possible. The radiation body and collimator design of the two models are identical; the
upgrade involves mounting the CBCT system to the radiation body, the HDMM system to the PPS bed,
removal of the Extend system components (if applicable), and upgrading the treatment planning and con-
trol systems to support the new functionality (as well as some aesthetic updates).

2.8.2 GENERAL WORKFLOW

The general IG-HSRT workflow is analogous to the Extend system in principle. An immobilization
solution is created for the patient, and the patient’s reference position is determined using the CBCT.

A treatment plan is created using this reference CBCT as a basis for stereotactic coordinates. Prior to each
treatment session, the patient is placed in the immobilization system, and a CBCT image is acquired to
determine the patient’s current position. The system compares the current position to the reference position
and automatically corrects the treatment plan to match the current patient position. During the treatment
itself, the HDMM camera system tracks the patient’s motion. Treatment is automatically gated off if the
patient moves out of position beyond a clinical threshold and gates back on if the patient returns to the cor-
rect position. Additional CBCT scans and corrections can be obtained if the patient does not return to the
correct position within a time threshold. There are several important advantages of the Icon system over the
previous Extend system, including the ease in creating a thermoplastic mask relative to a dental impression,
the ease and accuracy of acquiring CBCT images to determine patient position rather than cumbersome
manual distance measurements, the capability of the system to automatically adjust the treatment plan to
the patient’s current position rather than attempting to correct the patient’s position by moving the patient,
and finally the accuracy in treatment delivery gained by tracking the patient throughout the procedure and
gating the delivery as required.

2.8.2.1 Setup at Gamma Knife

Setup of a patient for an IG-HSRT treatment on the Gamma Knife Icon has three primary steps: creation
of a custom head-cushion, creation of a thermoplastic mask, and acquiring a reference CBCT image defin-
ing the patient’s stereotactic position for treatment planning.
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2.8.3 PATIENT-SPECIFIC HEAD CUSHION

The Icon system headrest is designed to accept a patient-specific head cushion. The cushions are soft while
in-package but begin to harden with exposure to room air. After the patient is placed in a comfortable
position on the PPS, a cushion package is opened, the cushion placed behind the patient’s head and molded
to fit the patient’s anatomy. The cushion begins to stiffen quickly and is fully cured in approximately

15 minutes.

2.8.4 THERMOPLASTIC MASK CREATION

Thermoplastic masks have long been used in linac radiotherapy, and the mask system for the Gamma Knife
Icon is quite familiar in concept. Masks arrive in packaging stiff and flat. Upon heating to approximately
165° F, the mask becomes quite deformable within 10 to 15 minutes. The heated mask is placed over the
patient’s face, snapped onto the appropriate locations on the headrest, and molded to match the patient’s
anatomy. As the mask cools it stiffens and is primary cured after approximately 15 minutes.

2.8.5 REFERENCE CBCT IMAGING

Once the patient head cushion and thermoplastic mask are created, a reference CBCT is acquired that
defines the patient’s reference stereotactic position. The resulting images are transferred to the treatment
planning system and are co-registered to previously acquired imaging (if any). Quality of the CBCT scans
is optimized for patient positioning, not for anatomical visualization, so SRS-quality MR and/or CT scans
are critical for IG-HSRT treatment planning using the Icon system.

2.8.6 TREATMENT PLANNING

Treatment planning proceeds in a manner similar to G-frame-based and Extend-frame treatments. For each
target, the total dose may be distributed over one or multiple fractions. A single treatment plan may include
different doses, but any given treatment plan may have only one fractionation schedule. (This does not preclude
treating targets with different numbers of fractions; however, separate treatment plans are required). Once treat-
ment planning is complete, the final plan is approved and exported to the Gamma Knife Icon console.

2.8.6.1 Pre-Treatment Workflow

Pre-treatment setup of a patient involves making the patient comfortable, placing the patient in the previ-
ously created immobilization system, starting patient tracking, acquiring the patient’s current stereotactic
position, correcting the treatment plan to match the patient’s current stereotactic position, and commenc-
ing treatment.

2.8.7 MAKING THE PATIENT COMFORTABLE AND APPLYING
IMMOBILIZATION SYSTEM

The patient is placed in a comfortable position on the PPS, ideally using therapist notes on the position the
patient was in during the initial setup. The patient-specific head cushion is placed behind the patient’s head,
and the thermoplastic mask is applied and snapped onto the patient headrest.

2.8.8 PRE-TREATMENT SETUP CBCT IMAGING

Once the patient is comfortably set up on the table, a CBCT scan is acquired in a manner similar to the
images acquired for the pretreatment setup. The purpose of this image is different, however; rather than

to determine a reference position for the patient, the pre-treatment CBCT determines the patient’s current
position. This image is exported to the treatment planning system and is co-registered relative to the refer-
ence CBCT scan via a 3-D rigid registration. The registration matrix represents the difference in stereo-
tactic coordinate systems between the patient’s reference and current positions relative to the Icon system.
The treatment planning system applies this difference as a correction to the treatment plan to move it to
the patient’s current position. The planning system allows the operator to view the correction as well as the
predicted residual dose difference after applying the correction. Once reviewed, the corrections are sent to
the Gamma Knife Icon control console.
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2.8.9 MOTION TRACKING AND GATING

During the pre-treatment CBCT scan, the HDMM camera system tracks the position of the patient’s nose
reflector relative to the four static reflectors on the headrest. A time-averaged position of the patient during
the scan is computed, and this serves as a reference position for the patient’s nose marker.

2.8.10 RE-IMAGING TO BASELINE PATIENT

After the corrected treatment plan is sent to the console, treatment commences. During the treatment,

the HDMM system continuously tracks the patient’s nose marker and allows treatment to continue as
long as the magnitude of nose motion is below a clinical threshold (default is 1.5 mm, although this is
user-adjustable). In the event the patient moves beyond this threshold, the control system gates the beams
off by moving the sources to a blocked position. If the patient returns to a position below the threshold
within 30seconds, the system will gate back on (Figure 2.15). If the patient remains out of position beyond
this time limit, or if the system gates the same shot more than five times, the system will automatically
pause the treatment. In this instance, a new CBCT is acquired to determine a new baseline position for
the patient, a new set of corrections are generated and sent to the treatment console, and the HDMM is
re-referenced.

2.8.11 IMPLICATIONS FOR WORKFLOW FLEXIBILITY

The Icon system makes a highly flexible treatment workflow possible that can accommodate multiple-dose-
fractionation schemes using both thermoplastic mask and G-frame-based immobilization systems. This is
supported by advances in the treatment planning system, which allow delivered dose to be accumulated
and used during treatment plan design and dose evaluation. Specifically, the system includes functionality
to re-plan completed cases, taking into account dose delivered in prior treatments, amend multiple-fraction
treatments in-between fractions, and amend partially delivered fractions, taking into account the partial
dose delivered. In each case, targets can be added/subtracted, doses can be modified, and even the immo-
bilization system can be changed from mask to frame or vice versa. This increased flexibility enables the
creation of highly personalized treatments but also requires great care and organization to ensure the treat-
ment team has the correct information for each treatment.

2.8.12 SYSTEM ACCURACY

HSRT provides a radiobiological safety margin for the treatment of indications that would be difficult to
treat in a single fraction; however, it does not eliminate the requirement for extremely low-treatment deliv-
ery uncertainties. Several studies have investigated various sources of uncertainty in the Icon CBCT and
HDMM systems.
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Figure 2.15 A screenshot of an HDMM trace showing the magnitude of the relative motion of the nose marker.
Red line indicates the treatment gating threshold. Yellow highlights indicate times when system was gating beams
because the patient was out of position beyond threshold.
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2.8.12.1 Patient Motion and Gating

One of the most important sources of uncertainty for mask-based HSRT procedures on the Icon platform
is the suitability of the relative motion of a reflective nose marker as a surrogate for motion of targeted
anatomy. One study investigating this on both phantoms and clinical treatments found that on average, the
reflective nose marker displaces about twice the magnitude of the corresponding intracranial target (Wright
etal., 2019).

However, patients span a range of capacity in terms of being able to remain relatively still during treat-
ment and tolerance of remaining in a desired position over the length of a treatment. A recent study of 462
mask patients used a neural network model to predict the probability of a treatment interruption requiring
CBCT re-baselining using log-entries recorded by the HDMM system over the first 5 minutes of treatment
as the model input. The analysis showed that the magnitude and frequency of nose marker motion events
(relative to the most recent baseline nose position) recorded in the control system logfile could predict the
occurrence of future treatment interruptions [AUC-ROC (area under the curve—receiver operating charac-
teristics) = 0.84 for the test population]. This information could be useful during the mask creation process
to determine if mask immobilization will be suitable for a given patient and could be used during the first
few minutes of a treatment to measure the stability of the patient setup. The same study demonstrated that
CBCT re-baselining could significantly reduce mean nose marker displacement over an entire treacment
fraction (from a mean of 0.96 +0.96 mm to 0.62+0.25 mm in the study population) (MacDonald et al.,
2020).

2.8.12.2 Registration Uncertainty

Image-guided systems are critically dependent on co-registration for the calculation of the rotational and
translational differences between a patient’s current position with respect to the treatment machine and

the position required for treatment (i.e., the treatment planning position). One study of the Icon regis-
tration system for thermoplastic mask-based immobilization cases found that the 3D image registration
uncertainty as determined by anterior commissure/posterior commissure landmarks was on the order of
0.2 mm when co-registering CBCT to CBCT images, 0.5 mm when co-registering CT to CBCT images,
and 0.8 mm when co-registering MR to CBCT images, with best results obtained when including the skull
base in the registration region-of-interest (Chung et al., 2018).

2.8.12.3 Quality Assurance of Frame-Based Cases

While the Icon system was optimized for using thermoplastic mask immobilization, the Icon CBCT
system offers important benefits for quality assurance for G-frame-based treatments. Because the CBCT
images are natively acquired in stereotactic space, they can be used as an independent check for G-frame-
based treatment plans where stereotactic coordinates are defined using an indicator box that mounts to the
frame system itself. These two stereotactic coordinate systems should nominally be identical. In practice,
there are uncertainties in each measurement, which can be estimated by acquiring a pre-treatment CBCT
of a G-frame patient and co-registering the CBCT images to the frame/fiducial images used for treatment
planning. The co-registration differences represent the difference between the independent stereotactic
coordinate systems. Problems such as mis-applied indicator boxes at the time of imaging or more seri-
ously a shift in the frame between treatment planning imaging and the CBCT will become apparent as an
unusually large co-registration error. Studies using the CBCT system in this way have demonstrated that
G-frames have an expectedly low setup uncertainty, with mean residual uncertainties after setup reported
to be on the order of 0.3 mm in translation on each orthogonal axis and rotations below 0.5 degrees around
each axis (Dutta et al., 2018). Rarely, a larger frame shift may occur due to errors in pin placement, pin
length, and head size. The CBCT system makes these shifts simple to detect and correct before a procedure
commences (Peach et al., 2018). CBCT verification of frame stability may be especially helpful in situations
where a frame has been placed using only three of the four posts (Stieler et al., 2018).

2.8.13 LIMITATIONS OF THE GAMMA KNIFE ICON

The Icon system represents a significant improvement in support for IG-HSRT procedures on the Gamma
Knife platform. However, it is not without some limitation.
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2.8.13.1 Support for Multiple Single-Fraction Workflows

One common workflow used with mask-based treatments is to treat multiple small lesions in a patient using
multiple single-fraction procedures. The use of thermoplastic masks makes this workflow practical to accom-
plish; however, at present the treatment planning system provides no way to create a comprehensive treatment
plan and simply select which targets to treat on which treatment sessions. Instead, individual treatments must
be replanned manually and the total dose evaluated by accumulating dose as treatments progress.

2.8.13.2 Radiobiological Effects

The dose accumulation functionality of the treatment planning system calculates total dose by simple dose
addition, not through the use of any radiobiological model. This brings up the question of how to manage
various multi-session and reirradiation scenarios (Sanders et al., 2019).

2.8.13.3 The Future of Gamma Knife IG-HSRT: Advances in Treatment Planning with Gamma
Knife Lightning

Gamma Knife treatment planning has historically utilized a forward-planning technique. The individual

operating the treatment planning software was responsible for manually placing isocenters, in the process

determining the number and collimator sizes of isocenters, relative isocenter weighting, and prescription

isodose lines. Practical treatment tradeoffs such as acceptable conformity and dose falloff versus treatment

time were left up to the individual.

The development of the Icon platform and the ability for performing IG-HSRT procedures using a flex-
ible workflow makes the idea of adaptive radiosurgery treatments practical. More frequent treatment plan-
ning in turn would benefit from a more automated and consistent treatment planning paradigm. While
recent versions of the Gamma Knife treatment planning system have included functionality to automati-
cally place isocenters and then optimize treatments against dose metrics such as conformity, selectivity,
and beam-time (Schlesinger et al., 2010), the system has not included a complete inverse-planning solution
based on dose—volume constraints and objectives.

There have been several historical attempts to create these kind of fully functional inverse treatment
planning solutions for GKRS (Shepard et al., 2000; Wu et al., 2003; Ghobadi et al., 2012; Tian et al.,
2020; Xu et al., 2020); however, these have not been commercially adopted (with few exceptions [Levivier
et al., 2018]). Elekta Instrument, AB, recently (at the time of this publication) announced the availabil-
ity of Gamma Plan Lightning, which includes this functionality. The new treatment planning algorithm
proceeds through three steps. The first step is isocenter placement, which is dependent on contouring the
intended target. Once isocenters are placed, they remain fixed. After isocenter placement, an optimization
algorithm based on a linear programming model attempts to find a solution that best meets various dose/
volume and other treatment planning objectives and constraints by optimizing individual sector durations.
Finally, a shot-sequencing step recombines these individually optimized sector durations into deliverable
shots. Importantly, the algorithm can include practical treatment considerations such as beam-on-time into
the optimization as well as more traditional dose/volume objectives/constraints. Eatly tests of the algorithm
report fast (median time 5.7 seconds) optimization times, equal or better treatment planning metrics, and a
factor of 2-3 reduction in beam-on-time as compared to traditional forward plans on the current genera-
tion of computer hardware distributed by the manufacturer (Sjolund et al., 2019). The lightening system
will also include improvements in contouring, an ability to determine the order in which multiple targets
are treated, as well as back-end improvements for functions such as backup and recovery.

2.9 CONCLUSIONS

Radiosurgery has evolved remarkably as compared to previous decades, led by advances in existing surgical-
delivery platforms including the Gamma Knife platform. Radiosurgery has become more flexible, expand-
ing from a strictly single-fraction modality to encompassing a variety of multi-fraction treatment strategies.
The Gamma Knife platform has evolved to take advantage of technologies that make this flexibility
possible without sacrificing the precision and accuracy that have established Gamma Knife as the “gold
standard” for radiosurgery. Future improvements may focus on radiobiological considerations that will
allow further customization of Gamma Knife IG-HSRT and truly personalized radiosurgical care.
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3.1 HISTORICAL OVERVIEW OF THE CYBERKNIFE SYSTEM

The CyberKnife system is a fully integrated platform for stereotactic radiosurgery (SRS) and stereotactic
body radiation therapy (SBRT) treatments. The delivery system consists of a linear accelerator (Linac)
mounted on a robotic arm enabling the delivery of radiation from hundreds of noncoplanar, nonisocentric
beams around the patient. Stereotactic targeting accuracy is achieved by combining real-time orthogo-
nal x-ray images with advanced image recognition software for automatic tracking of bony landmarks,
implanted fiducials, or clearly distinguishable tumors within the lung. This allows the delivery of highly
conformal hypofractionated treatments in the entire body without the need for rigid fixation devices.
Figure 3.1 shows a CyberKnife treatment vault with the important components labeled.

The CyberKnife system came to market in the late 1990s. The first prototype was installed at Stanford
University. It was designed as a frameless alternative to the existing SRS systems for the treatment of
brain and C spine lesions. The CyberKnife prototype was called Neutroton 1000. Since the initial design,
Accuray Inc. (Sunnyvale, CA) released five CyberKnife models: the G3 system in 2002, the G4 system in
2005, the VSI system in 2009, the M6 system in 2012, and the S7 system in 2020.

Over the years, the development of new tracking methods (including fiducial-free spine and lung track-
ing) and the capability to track respiratory motion in real time allowed to expand the clinical applications
of CyberKnife to several extracranial sites including the spine, lung, liver, pancreas, and prostate (Kilby
et al., 2010). Further improvements in the beam collimator and delivery system resulted in a considerably
faster treatment time and making it possible to treat larger lesions. Notably, the major change introduced
by the M6™ system was the addition of the InCise™ micro-multileaf collimator (MLC) to the collimator
system. The addition of the MLC has been shown to significantly reduce treatment time by 30% to 50%
while maintaining or improving treatment quality (McGuinness et al., 2015; Kim et al., 2017).
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Hardware improvements have been matched by advances in the treatment planning system (TPS).
Multiplan® replaced the original On Target® in 2005, providing advanced dose optimization algorithms
and beam/time reduction techniques (Schlaefer et al., 2008), Monte Carlo dose calculation (Ma et al.,
2008), automatic segmentation, and deformable image registration. In 2017, the Precision® treatment plan-
ning system was released, which included the Volo™ optimizer. This new TPS and optimization algorithm
significantly reduced the amount of time required for developing treatment plans while improving the
quality and efficiency of the treatments delivered (Schiiler et al., 2020).

3.1.1 SYSTEM SPECIFICATIONS

The CyberKnife system consists of an X-band cavity magnetron and a side-coupled standing wave LINAC
mounted on a robotic manipulator (Kuka Roboter GmbH, Augsburg, Germany). The linac produces an
unflattened 6 MV photon beam with a dose rate up to 1000 cGy/min. The beam is collimated using one
of three collimator systems: (1) the fixed collimator assembly (FCA), (2) the Iris™ variable aperture col-
limator, and (3) the InCise™ micro-multileaf collimator (MLC). The FCA consists of 12 circular tungsten
cones with diameters ranging from 5 to 60 mm. Field size is defined at a source-to-axis distance (SAD) of
800 mm. The Iris collimation system consists of two hexagonal banks of tungsten, producing a 12-sided
aperture, with the same set of field sizes available as the FCA (Echner et al., 2009). The mechanical uncer-
tainty of the Iris field sizes is 0.2 mm, which affects the output factor for the smallest field size (5, 7.5, and
10 mm). The uncertainty in output factor for the 5 mm aperture can be up to 10% and is approximately
1.4% for the 10 mm aperture. While the manufacturer restricts the use of the 5 mm aperture, we do not
recommend using either 5 or 7.5 mm Iris aperture for clinical cases.

Plans generated with multiple apertures typically result in better quality (dose conformity and gradient)
and require a lower number of monitor units (MUs) (Psll et al., 2008). However, using multiple fixed cones
is not practical because it requires multiple path traversals and results in excessively long treatment times.

Figure 3.1 Image of a CyberKnife treatment suite. (a) Linear accelerator. (b) Robotic manipulator arm.

(c) Exchange table with the fixed collimator assembly, the Iris™ variable aperture collimator, and the InCise™
micro-multileaf collimator. (d) X-ray imaging source. (e) Flat-panel detector. (f) Synchrony® camera array. (g)
Patient positioning couch.
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The Iris collimator allows using multiple apertures without these limitations. To further improve the deliv-
ery efficiency, the Incise MLC collimator was introduced in 2014, followed by an updated model in 2015.
The first MLC model consists of 41 pairs of tungsten leaves with a width of 2.5 mm allowing a maximum
field size of 120 mm (leaf motion direction) by 102.5 mm at 800 mm SAD. The second MLC model con-
sists of 26 pairs of leaves with a width of 3.85 mm allowing a maximum field size of 115 mm by 100.1 mm.
The leaves are interdigitated and can reach fully over-traveled positions. The leaf’s height is 90 mm, and
the maximum interleaf leakage is less than 0.5% (Accuray Inc., 2018). The addition of the micro-MLC has
been shown to reduce MU and treatment time by 30% to 50% with equivalent or improved conformal-
ity, dose gradient, and critical organ sparing (Van De Water et al., 2011; McGuinness et al., 2015). Kim

et. al. published a comparison of 144 cases of spine SBRT treatments where 78 were treated with fixed
collimators, and 66 were treated with MLC collimator. They demonstrated a reduction in dose gradient
and treatment times by 30% for the MLC cases while maintaining equivalent or improved dose coverage,
conformity, and local recurrence rates between the two groups (Kim et al., 2017).

An automated exchange table system enables switching between the collimator housing. For early
CyberKnife models, the exchange table contains receptacle storage spaces for the Iris housing, the FCA, and
the 12-fixed tungsten cones and enables changing the cones automatically during treatment. For the M6 and
S7 models, the exchange table contains the additional storage space for the MLC assembly. However, due to
space limitation on the exchange table, the automatic exchange of the 12-fixed cones is no longer available.

Treatments are delivered from hundreds of beams arranged around the target. Each beam is defined by
a source point, called a node, a direction, and a field size. Plans with the micro-MLCs may have several seg-
ments with different MLC leaf patterns for each beam. The complete set of nodes is called the path set and
contains a different number of positions depending on the collimator type and treatment site. For the fixed
and Iris collimator, the head path contains 179 nodes and the body path contains 117 nodes. For the MLC,
the head path contains 171 nodes and the body path contains 102 nodes. The MLC path sets have fewer
nodes to accommodate the slightly larger MLC housing.

The image-guided system consists of two diagnostic x-ray sources mounted in the ceiling and two amorphous
silicon flat-panel detectors embedded in the floor, imaging the patient from two orthogonal oblique views at
+45°. Target localization during patient setup and treatment delivery is achieved by comparing the live x-ray
images with a library of digitally reconstructed radiographs (DRRs) pre-generated from the planning CT at 45°
angles through the imaging center. Based on this comparison, the tracking software calculates the differences in
the three translational and three rotational directions between simulation and treatment positions as the couch
correction parameters. Patients are positioned on a motorized treatment table with either five or six degrees of
freedom, depending on the couch model. If the couch correction parameters are below the threshold set for treat-
ment, the robot retargets the radiation beams, without the need to stop the treatment to move the patient couch.

The CyberKnife system includes an integrated treatment planning system allowing a fully autono-
mous environment for image fusion, contouring, DRR generation, treatment planning, plan evaluation,
and patient-specific QA generation. In 2017, a new TPS, Precision, was released (Accuray, Inc.). It offers
the same capabilities as the previous system (Multiplan) but with several improvements such as the new
optimization algorithm, Volo, which reduces optimization time and improves plan quality (Schiiler et al.,
2020; Zeverino et al., 2019).

3.2 PATIENT SETUP AND TREATMENT SIMULATION

Proper patient setup and simulation is important for ensuring the full capabilities of the system during

treatment planning and delivery. It is particularly important to ensure the patient is comfortable at the
time of simulation so they can maintain the same position over the course of a 20- to 60-minute treatment.
For brain lesions, a thermoplastic head mask with a headrest should be used. For cervical spine lesions, a
head and shoulder mask should be used to minimize motion of the head and neck. For thoracic or lumbar
spine lesions, a vacuum bag or foam cradle can be used to immobilize the thoracic, abdominal, or pel-

vic regions. Alternatively, patients can be positioned just on a foam pad to improve comfort, as patients
positioned comfortably are less likely to move during treatment. For thoracic cases, the patient can be
placed on a thick pad so their arms fall below the level of the body, thereby increasing the potential number
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of lateral beams that can be used without concern for beams passing through the arms. This is preferred
instead of raising the arms overhead for two reasons: (1) to prevent the arms extending outside of the
patient safety zone, which could potentially cause collision; (2) the position of arms overhead could be dif-
ficult and tiring for patients to maintain for the whole treatment duration. For lumbar and pelvic cases, the
arms can rest on the patient’s chest.

CT simulation is usually performed with the patient in the supine position. A CT scan with slice
thickness between 1 and 1.5 mm is reccommended. The slice thickness is important as finer slices result
in higher-resolution DRRs and ultimately result in better tracking accuracy (Adler et al., 1999). The scan
should be centered on the target extending 10 to 15 cm above and below the superior and inferior border of
the target and/or encompassing all the organs at risk (OAR) such as lungs, bowels, stomach, or liver. This
may be a longer scan than is typical for linac-based treatments because the noncoplanar beam arrangement
in CyberKnife requires the scan to include any region along the patient anatomy where a potential beam
will enter. The primary CT used for treatment planning must be a noncontrast CT as the contrast-enhanc-
ing agents might distort the quality of the DRR and impact tracking accuracy.

3.3 VOLUME DEFINITION AND TREATMENT PLANNING

A CT image is required for dose calculation during treatment planning and to generate DRRs used for
patient setup and tracking during treatment delivery. Other imaging modalities such as MRI, PET, or
additional CT scans can be incorporated directly in the TPS and registered to the primary CT image.
Image registration and fusion can be performed manually or semiautomatically using fiducial marker
positions or maximization of mutual information (Maurer and West, 2006). In the Precision TPS, a fast
multi-modal method for deformable image registration (DIR) is also available (P Jordan et al., Accuray
deformable image registration: description and evaluation, Accuray White Paper), enabling fast autoseg-

mentation of cranial and head and neck anatomy. The autosegmentation tool is based on an atlas-based
approach. Due to the variability of cranial anatomy, the system matches the patient image with multiple
atlas images and chooses one optimal CT and three optimal MR atlas images. It uses a nonrigid registra-
tion algorithm to map the atlas image onto the patient’s CT and T1-weighted MR image (Studholme et al.,
1996). A set of warped contours is generated for the patient image from the set of atlas contours following
the registration process.

The MR images are fused onto CT images for contouring, treatment planning, and evaluation. Brain
lesions are contoured using gadolinium-enhanced T1-weighted Magnetization Prepared—RApid Gradient
Echo (MPARAGE) or similar sequences and T2-weighted fluid-attenuated inversion recovery (FLAIR)
MRI sequences. Primary brain tumor lesions, postoperative resection cavities, single and multiple brain
metastasis, and benign diseases (such as trigeminal neuralgia or arteriovenous malformation) can be treated
on the CyberKnife. Ma et al. evaluated the relationship of number of targets and radiosurgery platform
with the dose to normal brain (Ma et al., 2011a) and developed an optimization technique to improve the
planning quality of multiple metastasis treatments (Ma et al., 2011b). Small lesions are typically treated in
a single fraction as in Gamma Knife radiosurgery. Larger lesions, or lesion located in critical areas (near the
optic structures or the brainstem), are treated in 35 fractions. The high conformality and steep dose gradi-
ent for a case with multiple brain metastases can be seen in Figure 3.2. Brain metastases are usually treated
with small planning target volume (PTV) margin (0—1 mm). For postoperative brain cases, the surgical
resection cavity is usually expanded by 2 mm to create the clinical target volume (CTV)/PTV (Murphy,
2009).

Target volume definition for spinal SBRT is described in Radiation Therapy Oncology Group (RTOG)
0631 (Ryu, 2011) and in a consensus report (Cox et al., 2012). To summarize, MR and CT images are
fused to help define the target volume and spinal cord. The CTV should encompass any abnormal marrow
signal and adjacent normal bone. Single and multilevel spinal lesions can be treated with the CyberKnife.
Figure 3.3 shows an example of dose distribution for a single thoracic spine lesion. A highly conformal
dose distribution can be achieved with sharp dose falloff near the spinal cord. Notably, even the low-dose
isodose line (i.e., 5 Gy) bends away from the spinal cord. Sahgal et al. developed a treatment planning
approach to improve the dose distribution in multiple consecutive vertebral body metastases (Sahgal et al.,
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Figure 3.2 An example of a plan with three separate brain metastases. The prescription dose for this case was
19 Gy as shown in red. The 5 Gy isodose is shown in blue.

Figure 3.3 The dose distribution for this thoracic spine lesion demonstrates the conformality and sharp dose fall-
off near the spinal cord that can be achieved with a large number of noncoplanar beams available on CyberKnife.
The prescription isodose for this case was 16 Gy shown in red. The 8 and 5 Gy isodose levels are shown in green

and blue, respectively.
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2008). The spinal cord must be taken into special consideration for these treatments. Often a 2-mm expan-
sion is included on the contoured spinal cord volume, and the expanded volume is subtracted from the
PTV adding a safety margin to compensate for contouring and registration uncertainties and possible mis-
alignment during treatment. Chuang et al. investigated the effects of residual target motion in CyberKnife
radiosurgery and calculated patient-specific residual target motions on the order of 2 mm (Chuang et al.,
2007). Firweger et al. (2010) evaluated the targeting accuracy and residual motion in 260 patients treated
with single-fraction CyberKnife radiosurgery and concluded that submillimeter targeting accuracy could
be achieved despite patient motion. In a more recent study, Pantelis et al. (2018) reported the total geomet-
ric treatment uncertainty of a CyberKnife system using phantom-based and patient-based methods. The
clinical targeting accuracy was estimated by analyzing treatment and follow-up data of a patient treated
for a thalamic functional lesion. All their measurements demonstrated a total system uncertainty less than
1 mm for fiducial tracking, Xsight spine tracking, and 6D skull tracking methods.

3.4 PLAN OPTIMIZATION AND DOSE CALCULATION

CyberKnife can deliver both isocentric and non-isocentric plans. In isocentric plans, all the beams are
directed to a single point in space, called treatment isocenter. Isocentric plans are adequate only for small
spherical targets and have limited applications. The majority of treatments are delivered via non-isocentric

beams directed to the periphery of the target. In Precision” TPS, non-isocentric plans can be generated
using two optimization methods: Sequential and Volo.

The Sequential optimization algorithm proposed by Schlaefer and Schweikard (2008) was developed
in early versions of Multiplan® TPS to mimic the decision-making process of a clinician. The optimization
problem is framed, given thousands of possible beams defined by node position, beam angle, and collima-
tor size (for fixed or Iris plans) or segment shape (for MLC plans). Once the beam parameters are chosen,
the user can define dose—volume constraints and objectives, and the optimization algorithm finds the
best subset of beams and beam weights to meet them. However, rather than setting weights to prioritize
importance (as in simplex or iterative optimization algorithms), the objectives are defined in the order of
decreasing importance. The optimizer manipulates beams and beam weights until the first objective is met
and then proceeds to the next objectives sequentially. The solution for each prior step becomes a constraint
with a user-defined relaxation factor as the optimizer moves to subsequent objectives. In this way, target
coverage can be guaranteed before minimizing dose to OAR. While Sequential optimization works well
for relatively simple cases, it has some limitations. In particular, for MLC plans the optimization process
requires the generation of predefined segment shapes, resulting in long optimization times. In order to
improve the optimization speed and to incorporate delivery efficiency in the optimization problem, the
Volo optimizer was developed. In the Volo optimizer, the dose—volume goals, their importance (weighting),
and the delivery efficiency objectives are all combined in a single cost function. For MLC plans, a fluence-
based optimization step is followed by segmentation and aperture adaptation. It has been shown that plans
optimized with Volo have superior dosimetric characteristics, are more efficient, and can be delivered in less
time, compared to plan generated with the Sequential optimizer (Schiiler et al, 2020).

Two dose calculation algorithms are available: ray tracing and Monte Carlo. The ray-tracing algorithm
accounts for heterogeneity corrections along the primary path only. It computes an effective path length
based on the electron density in the CT image but does not include effects of tissue inhomogeneity on scat-
tered radiation. A contour correction is applied to the ray-tracing algorithm to estimate the effective depth
of off-axis points. The beam for a given collimator size is divided into 12 equally spaced rays at 30° intervals
around the perimeter of the cone, which are calculated using a trilinear interpolation with the nearest four
rays. Contour correction improves the accuracy of dose calculation for oblique beam incidence and should
be selected in the case of superficial targets.

The Monte Catlo algorithm includes the effect of tissue inhomogeneity on the scattered dose, which can
be quite significant at air—tissue interfaces and somewhat significant at bone—tissue interfaces. Differences
in dose calculations can be quite significant in lung cases when planning with ray tracing versus Monte
Carlo algorithm (Wilcox et al., 2010). It is recommended to use Monte Catlo for final dose calculation in
all thoracic cases and for targets near the sinuses or other air cavities.
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3.5 TREATMENT DELIVERY AND IMAGE GUIDANCE

The CyberKnife system is capable of delivering highly conformal dose distributions with stereotactic imag-

ing accuracy making it well suited for hypofractionated treatments. To ensure the conformal dose distri-
bution is being delivered to the desired target volume while sparing adjacent OAR, highly accurate target
localization and real-time tracking capabilities are implemented using sophisticated image guidance. A pair
of orthogonal kilovoltage x-ray sources and detectors provides high contrast images of bony landmarks or
fiducial markers which can be used for patient setup and accurate motion tracking in real time throughout
the treatment. Images can be taken every 15 to 150 seconds (typical imaging frequency is 30 to 60 seconds,
depending on treatment site).

3.5.1 FIDUCIAL TRACKING

Fiducial tracking uses radio-opaque markers for positioning. Ideally, three or more separate markers with
adequate distance apart should be used to provide 6D corrections (three translations and three rotations).
This is most commonly used for prostate and liver lesions where fiducial markers are implanted directly
into the organ. It can also be used for lung cases though risk of pneumothorax due to fiducial implanta-
tion must be considered for this approach. There is a fiducial-free option for tracking lung lesions that can
be clearly distinguished on orthogonal x-ray images. Screws or pins fixed to the vertebral body can also be
used for fiducial tracking though this is rare as other fiducial-less tracking methods have been developed for
spine lesions.

3.5.2 6D SKULL TRACKING

Skull tracking is used for intracranial cases or for any site that is considered fixed with respect to the skull.
The patient’s skull is imaged with 2D orthogonal images, and a transformation algorithm determines the
best linear transformation between the image and the DRR. The transformations are combined and back
projected to determine the 6D transformation that best aligns the current skull position to the original
planning CT skull position. The algorithm is described by Fu and Kuduvalli (2008).

3.5.3 XSIGHT SPINE TRACKING

Xsight spine tracking is used for spine lesions—cervical, thoracic, lumbar, and sacral—or for any sites

that are considered fixed with respect to the spine. Image registration is based on the differential contrast
between bony features in the vertebral bodies. During planning, the user defines an imaging center that is
just anterior to the spinal cord and midline relative to the vertebral body. A grid of 81 (9 x 9) nodes, shown
in Figure 3.4, is displayed over each of the two orthogonal DRRs, usually encompassing several vertebral
bodies. The user can adjust the overall size of the grid to maximize the number of nodes containing bony
features. It is best to place the middle node (imaging isocenter) at a location with higher bony density in
the DRR to ensure the algorithm’s capability to calculate rotations consistently. A box matching algorithm
computes local displacement vectors for each node point between the image taken of the patient during
treatment and the original DRR and computes a final translation and rotation vector used to register the
patient (Fu et al., 2006). The algorithm has been demonstrated to be very robust with a total system accu-
racy of 0.61 mm (Ho et al., 2007).

3.5.4 XSIGHT SPINE TRACKING IN THE PRONE POSITION

Spinal treatments delivered in the prone position can benefit from decreased dose given to anterior
organs such as the heart and bowels (Descovich et al., 2012). This is due to the increased number of
beams available from posterior directions that are unavailable when the patient is positioned supine due
to physical limitation of the robot and couch. However, breathing motion becomes a significant prob-
lem for spine treatments when the patient is prone (Fiirweger et al., 2011). Even if breathing motion

is compensated, a 2-mm margin should be added to the CTV to account for the reduced accuracy of
respiration-compensated tracking. This additional margin may reduce the potential dosimetric gain

of prone treatments for spine lesions, and careful consideration criteria for patient selection should be
applied (Fiirweger et al., 2014).
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(b)

Figure 3.4 Digitally reconstructed radiographs (DRR) for the two orthogonal views are shown in panels (a) and
(b). Xsight spine tracking compares features in orthogonal x-ray images taken during patient setup with DRR
generated in the planning computed tomography to determine 6D corrections. The algorithm compares bony
features within the blue grid shown in the figure. The user determines the grid size and location during the
planning process.

3.5.5 SYNCHRONY RESPIRATORY TRACKING

Synchrony (Accuray, Inc.) is a motion management system that accounts for breathing motion. Synchrony
can be used in combination with Fiducial, Xsight Lung, and Xsight Spine prone tracking. The robot posi-
tion is continuously readjusted to follow a moving target based on the correlation model prediction of the
target location. Prior to treatment, a series of x-ray images are used to develop a correlation model between
the positions of a set of infrared light-emitting diodes (LEDs) on the patient’s body surface and the target.
The model is updated during treatment everytime x-ray images are taken, approximately every 60 seconds.
As the patient breathes, the beams are adjusted to follow the motion. Overall tracking accuracy of less than
1.5 mm is possible using this tracking method (Sonja et al., 2011). Yang et. al. measured the 95% tracking
confidence interval to be within 0.66 mm for sinusoidal respiratory motion of amplitude <20 mm (Yang
etal., 2019).

CHECKLIST: KEY POINTS FOR CLINICAL PRACTICE

¢ CyberKnife enables accurate delivery of IG-HSRT treatment to patients with intracranial and
spinal lesions

* The system consists of a compact linac attached to a robotic manipulator

* CyberKnife IG-HSRT is frameless as image guidance is performed constantly throughout the
treatment

* Plans consist of hundreds of highly focused, noncoplanar radiation beams, which enable one to
achieve highly conformal dose distribution with steep-dose gradient

* An understanding of the system operating principles is essential to plan simulation and delivery
procedures appropriately
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