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plans. icHT modality showed improved mean CI respect to 
HT modality, similar to that obtained in CK plans.
Conclusions CK plans show higher conformity and lower 
GI than icHT and HT plans. TomoTherapy demonstrates 
the advantage of being a device capable to reach differ-
ent clinical objectives depending on the different planning 
modality employed. CyberKnife and TomoTherapy are 
both optimal RS devices, the choice to use one over another 
has to be clinically guided.
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Background

Brain metastases are the most frequent intracranial neo-
plasms in adults. In patients suffering of cancer, BMs will 
appear in 20–40% of cases, and in 10–15%, BMs are pre-
sent at the first diagnosis [1].

Considering the longer survival of cancer patients 
related to the early detection of disease and treatment 
improvements, the incidence of brain metastatic disease 
will increase. For this reason, the interest to control the 
brain disease, to preserve functions, to enhance the qual-
ity of life, and to avoid the death due to neurologic causes 
and not only palliate the symptoms is becoming a clinical 
priority.

The treatment options for brain metastatic patients are 
whole brain radiotherapy (WBRT), surgical resection, and 
stereotactic radiosurgery (RS). The choice of a local treat-
ment alone or in association to whole brain radiotherapy 
is usually done depending on performance status, number 
of BMs, controlled systemic disease, and histology [2]. 
Recently, two large randomized studies have shown similar 

Abstract 
Purpose Radiosurgery (RS) is a well-established treatment 
in selected patients with brain metastasis. The aim of this 
study is to compare the differences between CyberKnife 
(CK) and TomoTherapy (HT) treatment plans of RS of 
single brain metastasis (BM) to define when HT should be 
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Methods and materials Nineteen patients with single brain 
metastasis treated with CK were re-planned for radiosur-
gery using TomoTherapy Hi-ART system. Two planning 
approaches have been used for TomoTherapy plans: the 
classical one (HT) and the improved conformity (icHT) 
that produces dose distributions more similar to those of 
RS plans. PTV coverage, Conformity Index (CI), Paddick 
Conformity Index (nCI), Homogeneity Index (HI), Gra-
dient Index (GI), and beam on time of CK, HT, and icHT 
plans were evaluated and compared.
Results A good coverage was found for CK, HT, and icHT 
plans. A difference between mean HI of CK and icHT plans 
was observed (p = 0.007). Better dose gradients compared 
to both icHT and HT modalities were observed in CK 
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survival benefits and functional independence between 
patients with 1–3 BMs treated with RS alone and RS plus 
WBRT [3, 4].

RS may result in a better local control in patients with 
radioresistant histology, and it can delay WBRT, such as 
salvage treatment. The ideal candidate for RS is the patient 
with controlled extra-cranial metastases and a good perfor-
mance status [5–7]. The use of RS as the exclusive treat-
ment of BMs is affirmed in emerging studies employing 
this approach; recently, a Japanese prospective observa-
tional study reported that the outcome of patients with five 
to ten BMs treated with RS without WBRT is non-inferior 
to that of patients with two to four BMs in terms of overall 
survival [8].

RS treatments were originally performed with Gam-
maKnife, a device equipped with hundreds of 60Co sources 
focused to a single point, and after few years also with lin-
ear accelerators. Several differences exist between the two 
systems, but the most significant is the approach followed 
for patient immobilization and target localization. While, 
in the first case, invasive stereotactic frames are used for 
both target localization and patient immobilization; in the 
second one, thermoplastic mask coupled with imaging 
techniques as CBCT is usually employed. Despite the dif-
ferences between the two approaches, no randomized trials 
have been carried out so far to show whether one modality 
could provide clinical advantages over the other. For this 
reason, the choice of the device to be used for RS treat-
ments is left up to physician’s preferences and expertise 
and to device availability. In the last few years, new sys-
tems, such as CyberKnife (Accuray Incorporated, Sun-
nyvale, CA, USA) and Helical TomoTherapy (Accuray 
Incorporated, Sunnyvale, CA, USA), capable of delivering 
highly conformed dose distribution to targets with complex 
shapes have been proposed and used to deliver RS treat-
ments non-invasively. Despite the high dose conformity, 
that both systems can provide their performances are dif-
ferent. CyberKnife plans are, in fact, characterized by inho-
mogeneous highly conformal dose distribution to the target, 
while TomoTherapy plans can provide both homogeneous 
and typical radiosurgery dose distributions [9] to the target.

In both cases, no invasive head frame is used as patients 
are immobilized with thermoplastic masks and targets are 
localized using images: a couple of orthogonal Kilovoltage 
(KV) X-ray images in CyberKnife treatments and Mega-
Voltage CT images in Helical TomoTherapy cases.

The localization and immobilization approaches, 
together with the high dose conformity that both 
CyberKnife and Helical TomoTherapy are capable to 
deliver, make them suitable to perform radiosurgery treat-
ments. To understand if one device shall be preferred to 
the other and to analyze possible advantages of one modal-
ity over the other, we performed a dosimetric comparison 

between the plans of 19 single brain metastases, originally 
treated with CyberKnife, and subsequently re-planned for 
Helical TomoTherapy. In the latter case, two approaches 
were followed: the classical one and the improved con-
formity suggested by Soisson et al. [9].

Methods

Patients

Nineteen patients with brain metastasis treated with single 
fraction RS using a CyberKnife G4 system were re-planned 
using the TomoTherapy Hi-ART system. A Brilliance 
CT Big Bore (Philips, Amsterdam, The Netherlands) was 
used as a CT simulator acquiring a contrast-enhanced CT 
scan (1.25 mm slice thickness) for planning purposes. A 
thermoplastic mask was used to immobilize patients dur-
ing CT acquisition and throughout treatment delivery. A 
T1-weighed magnetic resonance study was registered on 
the planning CT to define the GTV as the enhancing lesion. 
A 1-mm uniform expansion was applied to create a clini-
cal target volume capable of considering a possible infiltra-
tive growth beyond the visible lesion [10]. The same Plan-
ning Target Volume (PTV) used for Cyberknife, obtained 
adding a further 1-mm uniform margin to CTV, was also 
employed in Tomotherapy planning. We are aware that due 
to the image guidance [11], 1-mm margin is considered 
safe for CyberKnife brain treatments and not for Tomo-
therapy treatment unless more invasive patient immobili-
zation devices are employed [12]. The aim of this work is 
just a dosimetric comparison between two modalities, and 
for this reason, the same PTVs have to be considered. A 
comparison between plans created on PTVs tailored on 
each specific treatment modality goes beyond the goal of 
this study.

Mean and median PTVs were 6.32 and 4.63 cm3, respec-
tively (range 0.69–18.35 cm3). The prescription doses 
ranged from 12 to 22 Gy, depending on the lesion size and 
tumor location, according to RTOG 90-05 protocol. [13].

CyberKnife planning

CyberKnife (CK) plans were created using either fixed col-
limators or the Iris variable aperture collimator and adopt-
ing a stepwise multicriteria optimization in the sequential 
module of the Multiplan dedicated treatment planning 
system (v. 3.5.4) [13]. Doses were prescribed at the 80% 
isodose value. Together with PTV coverage, conformity 
indexes were also considered during plan optimization. 
Doses to healthy tissue were minimized during the optimi-
zation process by means of automatic shell volumes around 
the PTV. A detailed description of the parameters used to 
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index the treatment plan conformity and dose fall-off out-
side the treatment volume is given in the following ses-
sion. The Treatment planning optimization resulted in an 
arrangement of non-isocentric non-coplanar beams of vari-
ous sizes: a trade-off was accepted between the total beam 
number (which is correlated to the plan delivery time) and 
the plan conformity and dose gradient, obtaining on aver-
age 141 beams (range 99–160).

TomoTherapy planning

Two planning strategies have been followed to prepare 
TomoTherapy plans: the classical one (HT), which consists 
in delivering a highly homogeneous dose distribution to the 
target and the improved conformity which, on the contrary, 
forces the system to deliver higher doses inside the target to 
obtain the steepest dose gradient outside it. The improved 
conformity mode, originally proposed by Soisson et al. [9], 
creates a dose distribution comparable to that of RS plans 
using additional non-anatomic planning structures, both 
internal and external with respect to PTV, according to a 
specific prescription. In the following part, we will refer to 
the Soisson’s planning approach as icHT. In the HT mode, 
the prescription dose was required to cover 100% of the 
PTV and the maximum dose was also controlled. In the 
icHT mode, the 125% of the prescription dose was required 
to cover an inner non-anatomic planning structure, while 
the maximum dose to the PTV was released. All plans were 
calculated with “Fine” dose grid, 10-mm field width, 0.215 
pitch, and modulation degrees between 2 and 3 using a 
TomoTherapy Hi-Art treatment planning system (v. 4.2.2).

Plan Comparison: Treatment plan quality was scored 
for both CyberKnife and TomoTherapy in terms of: PTV 
coverage, Conformity Indexes, Gradient Index, Homoge-
neity Index, and beam on time. PTV coverage was defined 
as the percentage of volume inside the prescription isodose 
line. Two conformity indices: CI and nCI were considered. 
CI = VTV/VPTV with VTV the treated volume enclosed by 
the prescription isodose surface and VPTV the planning tar-
get volume. nCI = (VPTV × VTV)/(TVPV)2 with TVPV, the 
portion of PTV within the prescription isodose surface [14, 
15]. GI = PIVhalf/PIVwith PIVhalf the volume encompassed 
by the 50% isodose line and PIV the volume of the pre-
scription isodose and the Homogeneity Index (HI) = MD/
PD with MD the maximum dose within the target volume 
and PD the prescribed dose.

Statistical analysis

The Friedman test was used to detect differences in treat-
ment parameters among the three planning modalities. 
When a statistically significant difference was found, a fur-
ther investigation among the three treatment modalities was 

performed using the Wilcoxon signed rank test. Post hoc 
analysis with Wilcoxon signed ranks test was conducted 
with a Bonferroni correction applied, resulting in a signif-
icance level at p < 0.017. The Statistical Package for the 
Social Sciences (IBM Corporation, New York, USA) was 
used.

Results

In Table 1, the mean values and standard deviations for: 
PTV coverage, Conformity Indexes, Gradient Index, 
Homogeneity Index, and beam on time for CK, icHT, 
and HT plans are summarized. All the planning modali-
ties reached a good coverage. In terms of PTV, cover-
age differences between HT and icHT were not statisti-
cally significant (p = 0.061); on the other hand, for CK, 
a better coverage compared to HT (p = 0.006) and icHT 
(p = 0.0001) was observed. Significant differences of HI 
between the different modalities were found. As fore-
seen, HT resulted in more homogenous dose distribution 
inside the PTV (mean HI = 1.06 ± 0.05) than CK (mean 
HI = 1.25 ± 0.00, p = 0.0001).

icHT planning modality showed similar CI and nCI val-
ues compared to HT modality (p = 0.036 and p = 0.14, 
respectively), while a statistically significant difference 
between CK, HT, and icHT was observed in both CI and 
nCI. CK planning showed a better conformity in PTV 
coverage [mean CI = 1.05 (±0.02) and mean nCI = 1.08 
(±0.04)], significantly superior to that of icHT (p = 0.002 
and p = 0.0001, respectively) and HT (p = 0.0001 and 
p = 0.0001, respectively). Better dose gradients com-
pared for both icHT and HT modalities were observed for 
CK plans (p = 0.0001 and p = 0.0001, respectively), even 
though an improvement in the GI was observed for icHT 
in respect to HT plans (p = 0.0001). Statistically signifi-
cant differences in treatment time between icHT and CK 
(p = 0.0001) and icHT and HT (p = 0.003) were observed. 
In particular, the lower delivery time was obtained for 
icHT: 19 vs 22 min for HT and 33 min for CK.

Discussion

The first device developed for RS treatments was Gam-
maKnife, a frame-based system characterized by inhomo-
geneous dose distribution inside the target with high target 
conformity values. The progress in radiotherapy technol-
ogy of the last few years has permitted to obtain simi-
lar dose distribution also with Helical TomoTherapy and 
CyberKnife systems with the advantage of a non-invasive 
approach.
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The aim of our study is to compare CyberKnife and 
TomoTherapy plans of single brain metastasis to report 
potential advantages of one modality over the other. For 
this purpose, 19 plans of single brain metastasis planned 
with CyberKnife and re-planned with TomoTherapy 
were compared evaluating the conventional index used 
to score RS plans, namely CI, HI, GI, and beam on 
time. Mean CI resulted 1.06 ± 0.03, 1.19 ± 0.07, and 
1.27 ± 0.10 for CK, icHT, and HT plans respectively; 
the differences between CK, icHT, and HT were statisti-
cally significant (p = 0.001). Differences in CI between 
CK and both icHT and HT modalities are attributable 
to the different dose delivering and beam collimation 
systems. In CK, the irradiation is performed using non-
isocentric non-coplanar beams coming from different 
angles, while in Helical TomoTherapy treatments, dose 
is delivered by a collimated fan beam along an helical 
pattern. Moreover, when a Helical TomoTherapy sys-
tem with fixed jaws is considered (as the one here used), 
additional doses superior and inferior to the target vol-
ume are observed [14].

The same behavior we observed for CI is pointed out 
in GI analysis. Better dose gradients compared to both 
icHT (5.35 + 1.31) and HT (7.18 + 2.10) modalities 

were obtained for CK plans (3.62 + 0.58), even though 
an improvement in the GI was observed for icHT respect 
to HT plans.

Dosimetric evaluations were an issue of different 
studies.

Recently, Lomax et al. [15] evaluated 551 plans of 
both malignant and benign brain lesions treated with 
GammaKnife reporting a median CI of 1.24.

A median CI of 1.67 was reported by Nakamura et al. 
[15] for the treatment of 1338 lesions using GammaKnife. 
Kubo et al. [16] reached a median CI of 1.4 for the treat-
ment of 408 lesions with GammaKnife and a CI of 1.8 
in 12 lesions treated with Linac. The results reported in 
literature showed that GammaKnife plans obtained worst 
median CI than the ones we obtained for all the devices 
we used (CK median CI: 1.06, icHT median CI: 1.15, and 
HT median CI: 1.17).

This finding is confirmed comparing our results with 
the results obtained with Linac or others Tomotherapy 
dosimetric plan evaluations. In fact, in a recent work 
[17], Han et al. compared 16 intracranial lesions planned 
with step-and-shoot IMRT generated using coplanar 
and non-coplanar beams and Helical TomoTherapy. The 
average nCI values were 1.53 ± 0.38 in coplanar IMRT 

Table 1  Dosimetric results 
of the CyberKnife, improved 
conformity Tomotherapy, and 
Tomotherapy plans

CK Cyberknife plan, icHT improved conformity Tomotherapy plan, HT tomotherapy plan

CK icHT HT† p value (CK vs icHT) p value (CK vs HT) p value (icHT vs HT)

PTV Coverage (%)

 Mean 98.9 96.4 97.4 0.0001 0.006 0.061

 SD 1.3 1.6 1.2

 Median 99.5 96.7 97.2

New conformity index

 Mean 1.08 1.23 1.27 0.0001 0.0001 0.14

 SD 0.04 0.11 0.10

 Median 1.07 1.23 1.25

Conformity index

 Mean 1.05 1.14 1.20 0.002 0.0001 0.036

 SD 0.02 0.10 0.10

 Median 1.06 1.15 1.17

Homogeneity index

 Mean 1.25 1.28 1.06 0.007 0.0001 0.0001

 SD 0.00 0.03 0.05

 Median 1.25 1.28 1.05

Gradient index

 Mean 3.6 5.4 7.2 0.0001 0.0001 0.0001

 SD 0.6 1.2 2.1

 Median 3.6 5.0 7.1

Treatment time (min)

 Mean 33 19 22 0.0001 0.0001 0.003

 SD 4 6 6

 Median 33 18 22
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beams, 1.35 ± 0.15 in no coplanar IMRT beams, and 
1.26 ± 0.10 in TomoTherapy plans.

The treatment time in RS is very important particu-
larly in multiple BMs treatment. A double beam on time 
in CK plans respect to icHT plans (statistically significant 
p = 0.0001) was observed. HT plans with a mean beam on 
time of 22 ± 6 min resulted significantly longer than icHT 
(p = 0.0001). Considering that the volume of the target 
could limit the use of radiosurgery, HT could be advanta-
geous in cases of multiple BMs that have to be treated in 
the same RS session or in case of WBRT with integrated 
boost to the lesions [18]. It must be pointed out that the 
newest CyberKnife M6 system equipped with a Multileaf 
collimator has been reported to reduce treatment deliv-
ery time significantly [19]. Although comparison with 
CK MLC plans may be an interesting development of this 
study; at the moment, brain metastases are still treated in 
the majority of CK centers using circular collimating aper-
tures as examined in the present work.

The homogeneity was the last dosimetric factor ana-
lyzed: both CK and icHT reached a high heterogeneity 
(mean HI 1.25 ± 0.00 and 1.28 ± 0.03 for CK and icHT, 
respectively), while a more homogenous dose distribution 
(mean HI 1.06 ± 0.05) was observed for HT.

The choice to give high relevance to conformity and 
low-dose spillage outside the target derived from the histor-
ical radiosurgery experience with GammaKnife that using 
multiple overlapping shots may produce hotspots within 
targets. However, as demonstrated by Nakamura et al. [20], 
hotspots inside targets could not necessarily result in a sig-
nificant risk of complications compared to more homog-
enous dose distribution.

The importance of homogeneity in radiosurgery plans 
is still controversial; in fact, if the heterogeneity is consid-
ered from some authors, a factor that could influence the 
local control [21] in particular in radioresistant metastasis 
[22]; on the other hand, the heterogeneity could be related 
with higher probability of toxicities [23]. It is worthwhile 
to mention that besides dose heterogeneity, other important 
predictors of radionecrosis are: prescription dose, tumor 
size, and location, and the brain volume that receive at least 
12 Gy (V12) [24–26].

Conclusions

In the last few years, an improvement in clinical outcome 
of brain metastatic patients, not correlated to radiotherapy 
devices used to perform RS, was observed. For this reason, 
considering also the impressive diffusion of new technolo-
gies, such as CyberKnife and TomoTherapy, it is important 
to guide the use of a specific device keeping into account 
its characteristic performances. If we consider that the 

endpoint of RS treatments is to give high dose to the tar-
get sparing healthy surrounding tissue, CK better respects 
these objectives. On the other side, the capability of Tomo-
Therapy in delivering both homogeneous and heteroge-
neous dose distribution could be useful in case of disease 
localized in critical areas or in case of retreatment where 
an homogenous dose distribution could reduce the risk of 
radionecrosis.

Finally, the diffusion of RS treatments for multiple BMs 
can benefit from the shorter treatment time of TomoTher-
apy in comparison to CyberKnife.

In conclusion, CyberKnife and TomoTherapy are both 
optimal RS devices and the choice to use one over another 
has to be clinically guided.
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