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ABSTRACT

The impetus behind our study was to establish a quantitative comparison between the IRIS collimator and the InCise multileaf
collimator (MLC) (Accuray Inc. Synnyvale, CA) for prostate stereotactic body radiation therapy (SBRT). Treatment plans for ten
prostate cancer patients were performed on MultiPlan™ 5.1.2 treatment planning system utilizing MLC and IRIS for 36.25 Gy in
five fractions. To reduce the magnitude of variations between cases, the planning tumor volume (PTV) was defined and outlined
for treating prostate gland only, assuming no seminal vesicle or ex-capsule involvement. Evaluation indices of each plan include
PTV coverage, conformity index (Cl), Paddick’s new Cl, homogeneity index, and gradient index. Organ at risk (OAR) dose
sparing was analyzed by the bladder wall D and V., rectum D, and V.. . The radiobiological response was evaluated
by tumor control probability and normal tissue complication probability based on equivalent uniform dose. The dose delivery
efficiency was evaluated on the basis of planned monitor units (MUs) and the reported treatment time per fraction. Statistical
significance was tested using the Wilcoxon signed rank test. The studies indicated that CyberKnife M6™ IRIS and InCise™ MLC
produce equivalent SBRT prostate treatment plans in terms of dosimetry, radiobiology, and OAR sparing, except that the MLC
plans offer improvement of the dose fall-off gradient by 29% over IRIS. The main advantage of replacing the IRIS collimator with

MLC is the improved efficiency, determined from the reduction of MUs by 42%, and a 36% faster delivery time.
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Introduction

Prostate cancer is the second most common cancer among
American men after skin cancer. According to the American
Cancer Society, there will be more than 220,800 new
prostate cancer cases and approximately 27,540 men will
die from prostate cancer in 2015.1" The standard treatments
are radical prostatectomy, interstitial or external radiation
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therapy, and/or hormone (androgen deprivation)
therapy. The choice of the treatment mainly depends
on the stage of cancer, patient’s age, and urologist’s and
patient’s preferences. Regardless of the specific treatment
modality, widely accepted external beam radiotherapy
regime involves fractionated daily doses of 1.8-2.0 Gy for
7-8 weeks.*?! Such conventional fractionated dose scheme
with prolonged treatment course is somewhat challenging
for patients. The disruption of physical and social lifestyles
has urged clinicians to consider other effective alternatives,
including hypofractionated radiotherapy.*’!
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In addition, the well-studied radiobiology of prostate
cancer with a low o/f ratio due to slowly proliferating
cells supports hypofractionated dose scheme.™®! This
has established the CyberKnife (CK) robotic system as
a standard treatment modality for prostate stercotactic
body radiation therapy (SBRT) due to its wide range of
noncoplanar beams for a confined dose coverage to planning
tumor volume (PTV) and normal tissue dose sparing, as
well as its ability for intrafractional tumor tracking.’!! CK
with dose scheme of 35 Gy or 36.25 Gy in five fractions has
been proven to be one of the best options for prostate SBRT
due to its excellent clinical outcome with a high local tumor
control and low-grade toxicities.!*"’]

In order to avoid collimator exchange time, CK treatment
plans were frequently prepared using a single or two fixed
collimators. Previous studies have suggested that small
collimator scan achieves high dose conformity and steep
dose gradient, while large collimators tend to minimize the
total monitor units (MUs) and treatment beams.!'”) With
a combination of two collimators, the total MUs in the
treatment plan can also be reduced by an average of 31%
compared to the single collimator." Such improvements
in prostate plan dosimetry and treatment efficiency are
immediately realized by using the more advanced IRIS
variable collimator which was introduced in 2008. The
IRIS™ variable collimator consists of 30° offsct two banks of
hexagon-shaped collimatorsresultinginadodecagon-shaped
beam." The IRIS™ collimator automatically replicates 12
discrete collimators ranging from 5 to 60 mm with next to
none pausing time for collimator exchange. Therefore, the
IRIS™ collimator provides considerable time advantage
compared to multiple fixed collimator treatment plans. It
has been reported that prostate plans generated by IRIS™
collimator had demonstrated a reduction of total MUs by
25% and a reduction of treatment beams by 28% compared
to fixed collimators.”?” Similarly, it also showed lower mean
critical structure doses, fewer treatment beams, and MUs
for head and neck, lung, pancreas, and axilla treatment
plans.?! In addition, it had been shown that the IRIS™
collimator can provide good dose linearity and MU stability
for all the collimators in the medium and large MU range
for stereotactic fields.!*?!

More recently, a simulation study showed that CK with
a virtually equipped mini-multileaf collimator (mMLC)
generated more time efficient, high-quality lung cancer
treatment plans than those created with the IRIS™ variable
collimator.” The mMLC allows
conformal radiotherapy using beam’s eye view projection of
the target volume reducing the required number of beams
and MUs.

three-dimensional

During the first quarter of 2015, the CK M6™ series!*!
equipped with InCise ™ multileaf collimator (MLC) revealed

its initial success in the clinic. MLC provides the benefit of
irregularly shaped beam projections which traditional conical
beams were unable to offer. The current generation of
InCise™ MLC consists of 41 tungsten leaf pairs with 2.5 mm
leaf width, capable of forming a maximum field size of 10 cm
by 12 cm.®! Introduction of the MLC option has brought
the obvious speculation for higher delivery efficiency without
compromising its inherent superior normal structure dose
sparing and intrafractional tumor tracking. The addition of
MLC modality may also expand the patient eligibility for CK
treatment for larger and more irregular-shaped tumors. !

The purpose of this study is to quantitatively compare the
radiation dose characteristics and the estimated treatment
efficiencies of CK M6™ using InCise™ MLC versus the
IRIS™ collimators for prostate SBRT.

Materials and Methods

Case selections

Ten low-risk prostate cancer cases were randomly selected
fromourinstitutional databaseforpreviously treated patients
with the standard fractionations. All the patients were
diagnosed by 12-quadrant transrectal ultrasound-guided
prostate biopsy and the pathological report as prostate
adenocarcinoma at the clinical stage between T1bNOMO
and T2¢NOMO. The planning computed tomography (CT)
sets with contours of clinical target volume (CTV), bladder,
and rectum were imported to the current planning system
via DICOM file exchange, in which CTV sizes ranged from
32.2t0 89.9 cm’ (median, 51.5 cm’?).

CyberKnife treatment planning

On MultiPlan 5.1.2 (Accuray Inc., Sunnyvale, CA, USA)
system, two treatment plans with similar dose constraints
were generated for each case one using the CK M6™
InCise™ MLC and another using IRIS™ variable collimator.
The longitudinal resolution for the planning CT is 2 mm
or better. The PTV was created by expanding the CTV by
3 mm posteriorly and 5 mm to all other dimensions.!*?!
The size of PTV ranged from 61.4 to 139.2 cm® (median
86.9 cm®). A bladder wall with 2 mm thickness and rectum
were generated as critical structures. Dose prescription and
the organ at risk (OAR) objectives are given in Table 1.

The prescription dose to the PTV was 36.25 Gy delivered
in five fractions, and the PTV coverage was at least 95%.12

Table 1: Dose prescription and organ at risk
objectives

Structure Type Objective
PTV Target 36.25 Gy
Bladder wall OAR Maximum dose: 38 Gy
Rectum OAR Maximum dose: 38 Gy

PTV: Planning tumor volume, OAR: Organ at risk
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The prescription isodose line was >84%, which limited
the maximum prostatic dose to 119%. The rectal volume
receiving 36 Gy was limited to <1 cm’® and the bladder
volume receiving 37 Gy was limited to <10 cm?®.1%) The
plans generated with MLC allow full body path using
nonisocentric beams with 1 mm leaf margin, while for the
plans generated with the IRIS™ collimator all available field
sizes were sclected and the optimization software decided
which it would utilize. Finally, full body path for robotic
movements was allowed. In addition, beam reduction was
performed upon the optimization up to 5% of the total
number of MUs as well as reduction of MLC segments,
without compromising PTV coverage. The resultant final
plans ensured the prescribed dose coverage for 95% PTV
or better.

Comparison of plans

The two types of plans were compared on the basis
of dosimetry, radiobiology, and delivery efficiency. The
dosimetry of the plans was categorized into target coverage,
conformity index (CI), new conformity index (nClI),
homogeneity index (HI), gradient index (GI), maximum
dose to bladder wall and rectum, bladder wall V.., and
rectum V, .. The radiobiological characteristics of the
plans were compared in terms of tumor equivalent uniform
dose (EUD) and tumor control probability (TCP), as well
as normal structure EUD and normal tissue complication
probability (NTCP). The treatment delivery efficiency was
compared on the basis of total number of delivered MUs
and treatment time per fraction.

Cl= PV
TViy

ClI is defined as the ratio of the prescription isodose
volume PV to the tumor volume covered by the prescription
isodose TV,. Cl is reported in the CKs MultiPlan and it is
the reciprocal of healthy tissue conformity index proposed
by Lomax and Scheib.?’!

nCl= M (2)
(TVpy)

This index evaluates the quality of the target coverage
and the healthy tissue dose. PV is the tissue volume that
receives the prescription isodose; TV is the tumor volume
(PTV) and TV, is the tumor volume (PTV) covered by the
prescription isodose. An ideal plan would have TV, = TV
= PV, yielding a nCI and CI = 1.0. nCl is reported in the
CKs MultiPlan and it is the reciprocal of CI proposed by
Paddick.?"!

(1)

Hl=h (3)
prcs

This ratio evaluates the uniformity of dose within the

target volume. D__is the maximum target dose (100%

isodose in CK planning) and D__is the prescription

dose. The ideal value is 1.0 while HI > 1 indicates poor

homogeneity. This value is also reported in the CKs
MultiPlan, proposed by the Radiation Therapy Oncology
Group for evaluation of stereotactic radiotherapy plans.?’!
We need to stress that for calculation of both CI and HI,
for consistency purposes, we used the same normalization
isodose line for each patient for both IRIS and MLC in
order to achieve 95% coverage.

v

p

Cl=3 (4)
»

This ratio gives information on the dose falloff outside
the prescription isodose volume. V , is the tissue volume
enclosed by half of the prescription isodose and V , is the
tissue volume enclosed by the prescription isodose. Gl
objectively measures the dose falloff outside the target
volume and can be used to demonstrate the optimal

prescription isodose.?"

EUD =([Z, v,D}])* 5)

In this equation, v, is the i partial volume receiving
dose D, and o is a parameter which is negative for tumor
and positive for normal tissue. EUD of the normal tissue
represents the uniform dose that has the same probability
of damage as the actual inhomogencous dose. The tumor
EUD represents the uniform dose which has the same
probability of tumor control as the actual inhomogencous
dose. The generalized EUD model was introduced by
Niemierko.®*% The v, and D, values are obtained from the
Dose Volume Histograms and the values of a from Rana

and Cheng.?")

1
TCP=—F+—+—— 6
1+ (O ®)

EUD

TCP is defined as the probability that no clonogenic cells
survive after the treatment. EUD 1s calculated from equation
(5), TCD,, is the tumor dose to control 50% of the tumor
when irradiated homogencously, and v, is the slope of the
dose-response curve which is specific to the normal tissue
structure or tumor. EUD-based NTCP and TCP models
were proposed by Niemierko in 1999.52 TCD; is obtained
from Rana and Cheng,”* and y, values from Park et al.*

1

NTCP=—©+"——

Do 7
EUD

NTCPisbased on alinear-quadratic model, it is a function
of the delivered dose and irradiated normal tissue volume.
TD,, is the tolerance dose of bladder and rectum for a 50%
complication rate at a specific time interval (5 years). TD,

values are obtained from the model of Emami et al.>®

The radiobiological parameters used for EUD, TCP, and
NTCP calculations are given in Table 2. The Matlab-2014a
software (MathWorks Inc., Natick, MA, USA) was utilized

for the numerical calculations.P®!
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Table 2: Radiobiological parameters

Structure a a/p (Gy) TD,, (Gy) V50 TCD,, (Gy)
Prostate -10 1.2 2.2 28.34
Bladder 2 8.0 80 3.63

Rectum 8.33 3.9 80 2.66

Statistical analysis

Apairwise Wilcoxon signed rank test (XLSTAT, Addinsoft)
was performed to evaluate the statistical significance of the
differences between IRIS™ and MLC prostate treatment
plans.

Results

CK's IRIS™ collimator and InCise™ MLC plans of
10 localized prostate cancer patients were generated
according to the clinical acceptance criteria. Figure 1
illustrates the transverse dose distribution of the IRIS and
MLC plans a patient’s treatment plan. The orange isodose
line represents the prescription dose of 3625 ¢Gy when
normalized to the 87% dose line. The maximum dose line
of 4167 ¢Gy corresponds 100% nonnormalized isodose.

From Figure 1 it is apparent that both plans have similar
target coverage (D" . =3625 c¢Gy). It is worth mentioning
that the MLC plan has tighter isodose lines compared to
the IRIS plan, which results in a rapid dose falloff beyond
the target.

Dosimetric comparison

Figure 2 illustrates the PTV coverage, CI, nCI, HI, and
Gl for both, the IRIS collimator and MLC treatment plans.
The average values of these parameters are listed in Table 3.

Our results indicate that the average values of the target
coverage, Cl, nClI, and HI were found similar for both MLC
and IRIS plans (P > 0.05). The main difference of the dose
distribution between the two sets of plans is the dose falloff
beyond the target volume which is verified by the Gl of the
MLC plans (29% less than IRIS plans).

Organ at risk sparing

The maximum doses (D,
rectum, as well as the bladder wall V,
are plotted in Figure 3.

. of the bladder wall and

and rectum V36Gy

7Gy

Table 4 reports the average values of these parameters
for the MLC and IRIS plans. Both normal tissue doses and
dose volumes were found to be not statistically significantly
different, based on the Wilcoxon signed rank test. The
bladder wall and rectum maximum doses of IRIS plans are
marginally lower compared to the MLC plans. MLC plans
are superior in terms of bladder wall V_, (32%), while IRIS

plans are improved in terms of rectum V., (13%).

Figure 1: Transverse view of the dose distributions of (a) IRIS and
(b) multileaf collimator plans for a selected case

Radiobiological comparison

Comparison of the radiobiological parameters of tumor
EUD, TCP, and the EUD of the bladder wall and rectum
between MLC and IRIS plans are displayed in Figure 4.

The average values of all radiobiological parameters are
listed in Table 5. The average values of the tumor EUDs,
the TCPs, and the EUD of rectum are similar in both plans,
while the EUD of the bladder wall is lower for the MLC
plans than in the IRIS. The NTCP of the bladder wall and
rectum is <0.001% and 0.01%, respectively, for both plans.

Delivery efficiency

The delivered MUs and treatment time per fraction of
the MLC and IRIS plans for the ten patients are plotted
in Figure 5.

The average values of MUs and treatment times are
reported in Table 6. It is apparent that fast and efficient
dose delivery is the main feature of the MLC plans. The
average delivered MUs are lower by 42% in plans using
MLC than the IRIS collimator, while the average treatment
time per fraction is lower by 36%. It worth mentioning that
the treatment time per fraction includes 5 min set up time
and the imaging time during the treatment.

Discussion

This is the first study of a comprehensive comparison
between CK's IRIS collimator and InCise MLC for prostate
SBRT. One of the reasons for the limited availability in
literature for dosimetric comparisons between InCise
MLC and other treatment delivery modalities might be
the difficulty in quantifying the dosimetrical parameters
among the highly inconsistent tumor shapes between cases.
It is evident that geometric characters and proximity to risk
organs may vary drastically in metastatic lesions at lungs,
spine, and intracranial sites. When the CTVs are small or
spherically shaped, the advantages of MLC will dissipate
since its treatment can be easily accomplished with a single
collimator. In contrary, prostate cancer cases often present
relatively consistent PTV and a similar relationship with the
adjacent risk organs, such as the rectum and the bladder. As
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Figure 2: Dosimetric indices of the CyberKnife’s IRIS™ collimator and InCise™ multileaf collimator plans for ten patients: (a) Planning tumor volume
coverage, (b) conformity index, (c) new conformity index, (d) homogeneity index, and (e) gradient index

Table 3: Average values of the target coverage,
conformity index, new conformity index,
homogeneity index, and gradient index for IRIS
and multileaf collimator treatment plans

IRIS MLC P
Target coverage 95.37+0.17 95.45+0.28 0.275
%
Cl 1.058+0.021 1.060+0.022 0.424
nCl 1.108+0.021 1.110£0.024 0.424
HI 1.155+0.010 1.165+0.016 0.057
Gl 4.003+0.140 2.827+0.092 0.002

Cl: Conformity index, nCl: New conformity index, HI: Homogeneity index,
Gl: Gradient index, MLC: Multileaf collimator

Table 4: Comparison of the average values of
maximum doses of bladder wall and rectum,
Ve, of bladder wall, and V, . of rectum for the
multileaf collimator and IRIS treatment plans

IRIS MLC P

Bladder wall D, (cGy)  3808.5:63.9  3812.8:26.1  0.415
Rectum D__, (cGy) 377674437  37911¢732  0.594
Bladder wall V37Gy (cc) ~ 0.186%0.142  0.126t0.097  0.160
Rectum V. (cc) 0.279+0.200  0.322:0.197  0.492

Data were collected from ten patients. MLC: Multileaf collimator

selected in this study, the prostate cancer without seminal
vesicle and extra-capsule invasions is ideal for a reliable
dosimetric comparison.

The studies indicated that the HI of IRIS plans (1.155)
is slightly better than that of MLC plans (1.165) for similar
target coverage and conformity indices. This could be
attributed to the higher number of beams of IRIS plans,
which allows greater flexibility to the dose distribution. It is
reported by Ceylan et al.’” that CK prostate plans generated
using fixed collimators (median 20 mm) had a mean HI of
1.33 and CI of 1.23. These values are higher compared to
our findings because their median prescription isodose line
was 75%. Another study has reported a mean HI of 1.45 and
CI of 1.18 based on cight prostate plans generated using
two fixed collimators (10-35 mm).P8 Similarly, these HI
and CI values are higher compared to our findings due to
the 69% mean prescription isodose line.

As mentioned in the results section, the main difference
of the dose distribution between the two plans is found
in the dose falloff beyond the target volume. The average
value of Gl of the MLC plans is 42% lower when copared to
that of IRIS plans (2.827 vs. 4.003) and hence is superior.
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Figure 3: Comparison of organ at risks parameters of IRIS and multileaf collimator plans for ten patients: (a) D, of bladder wall, (b) D__ of rectum,

(¢) V¢, of bladder wall, and (d) V. of rectum
42.0
97.0-
> 41.5-
€ [
g e g %% %
o o
u'c'j ,9 96.0
1
-
95.5-
400 IRIS MLC IRIS MLC
2] (b
26
= 20+
) = | I
= 18 S 24/
S l £
= r
g B
o & 22
8 14 )
= l " g
g 12 w 50
w
10 . . . .
IRIS MLC [d] IRIS MLC

Figure 4: Comparison of radiobiological parameters obtained from IRIS collimator and multileaf collimator for tumor bladder wall and rectum: (a) Tumor
equivalent uniform dose, (b) tumor control probability, (c) equivalent uniform dose of bladder wall, and (d) equivalent uniform dose of rectum

Lin et al® have reported that two groups of ten CK  IRIS and MLC plans is comparable. Similar D__(3808.5
prostate plans generated had a mean GI of 5.39 and 4.91.  ¢Gyvs.3812.8 ¢cGy) and rectum D, (3776.7 ¢cGy vs. 3791.1
In addition, the OAR (bladder wall and rectum) sparing of ~ ¢Gy) were found for IRIS and MLC plans, respectively. The
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Figure 5: Comparison of delivery efficiency parameters between the IRIS

and (b) treatment time per fraction

Table 5: Comparison of tumor equivalent uniform
dose, tumor control probability, and equivalent
uniform dose and normal tissue complication
probability of bladder wall and rectum between
multileaf collimator and IRIS plans

IRIS MLC P
EUD-tumor (Gy) 41.25+0.15 40.93+0.41 0.020
TCP (%) 96.45:0.11 96.20+0.32 0.014
EUD-bladder wall (Gy)  15.762.28 14.15£1.70 0.010
NTCP-bladder wall (%) <0.001 <0.001 <0.001
EUD-rectum (Gy) 23.37+1.15 23.34+1.44 0.846
NTCP-rectum (%) <0.01 <0.01 <0.001

Data were collected from ten patients. EUD: Equivalent uniform dose,
TCP: Tumor control probability, NTCP: Normal tissue complication probability

Table 6: Comparison of delivered monitor
units and treatment time per fraction between
multileaf collimator and IRIS plans

IRIS MLC P
MUs 50,934+8520 29,700+3262 0.002
Treatment 45.5+2.5 29.3+1.1 0.006
time (min)/
fraction

Data were collected from ten patients. MLC: Multileaf collimator,
MUs: Monitor units

corresponding values reported by Lin et al.’? are 4137 ¢Gy
and 3894 ¢Gy (normalized to our prescription, 3625 c¢Gy)
for a group of ten CK prostate plans generated with fixed
collimators (=<3). These D __ values are higher compared
to our findings for a similar set of OAR constraints (bladder
Vi <5 em’, and rectum V. <1 cm’). Furthermore,
Fuller et al. o had found hlgher bladder D_ (4083 cGy)
and lower rectal wall D_ (3558 ¢Gy) for a group of ten
CK prostate plans gcncratcd with fixed collimators. Table 4
shows that the average V.. of the bladder wall is superior
in MLC plans (0.186cc vs 0. 126¢c), while V.. of rectum
is superior in IRIS plans (0.279cc vs. 0.322cc). Feng et al.l*)
have reported a similar trend of V. of bladder wall (3.09
cc vs. 1.82¢cc) and V. of rectum (0.38cc vs. 0.52cc) for
prostate SBRT' using G4™ circular collimators and M6™

collimator and multileaf collimator plans: (a) Delivered monitor units

MLC. These reported OAR volumes are higher compared
to our findings.

The radiobiological parameters, tumor EUD and TCP,
are similar for both IRIS and MLC plans (41.25 Gy vs.
40.93 Gy, and 96.45% vs. 96.20%), [Table 5]. Morcover,
NTCP of bladder wall and rectum is <0.001% and 0.01%,
respectively. To our knowledge, no published results of
EUD based TCP and NTCP calculations exist for prostate
SBRT. Rana and Cheng® had found TCP of 98.3%,
bladder NTCP of 0.01%, and rectum NTCP of 2.21% for
conventionally fractionated RapidArc prostate treatments,
while Fu et al.™ have reported TCP of 86.35%, bladder
NTCP of 0.00%, and rectum NTCP of 7.59% for IMRT
prostate treatments.

The most important finding of our current study is the
treatment efficiency, which was evaluated based on delivered
MUs and treatment time per fraction. The delivered MUs
and treatment time per fraction were significantly lower for
MLC than IRIS plans (50,934 vs. 29,700 and 45.5 min vs.
29.3 min, P < 0.01), [Table 6]. Preliminary results of Feng
et al.™ have reported a reduction in delivered MUs (24,228
from 32,347) and treatment time per fraction (29.5 min
from 45 min) when replacing CK G4™ circular collimators
with CKM6™ MLC for prostate SBRT. The mean treatment
time per fraction is comparable to our findings while the
mean delivered MUs of IRIS collimator is higher compared
to circular collimators. Fahimian et al.*® have reported a
38% *+10% reduction of delivered MUs and treatment time,
by replacing the IRIS with MLC of CK M6™ for prostate,
partial breast, and periorbit carcinomas.

The main advantage of replacing the IRIS collimator with
MLC in CKM6™ appears to be the improved efficiency, as
demonstrated from the reduction of MUs by 42% resulting
to a 36% faster delivery time. Reduced number of MUs per
treatment would result in reduced peripheral dose, leading
in decreased risk of secondary cancer, which could be an
influencing factor for the long-term survival of the patients.
Further, shorter treatment time would benefit patient
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comfort and accurate treatment delivery by reducing the
patient motion.

Conclusion

To sum up, the InCise™ MLC of CK M6™ was able
to produce dosimetrically comparable plans with the
IRIS™ collimator for prostate SBRT. Comparing with
IRIS™ collimator, prostate plans using InCise™ MLC
demonstrated significant reductions in the total MUs
(42%), estimated treatment time (36%), and improvement
in planning dose gradient (29%). The authors would like
to further confirm the estimated treatment efficiency
with real-time dose delivery during the clinical practice,
which may be atfected by robot motion and MLC or IRIS
changing speed. The studies for other treatment sites are
also warranted during future investigations.
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