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Abstract
Purpose Stereotactic radiotherapy (SRT) is suitable to treat ocular tumours. The optimal beam geometry for SRT, however,
has not been defined. Here we evaluate a combination technique with dynamic conformal arcs (DCAs) and intensity-mod-
ulated static fields (IMRT), known as HybridArc™ (HA).
Methods For the first consecutive 25 cases with choroidal melanomas with volumes of 0.02 to 1.18cm3 treated with 50Gy
in five fractions, the results with respect to dose conformity, homogeneity, and dose distributions were summarised. To
describe the dose distribution at the planning target volume (PTV) boundary, we defined a spatially averaged dose gradient
(SADG) and compared it with Paddick’s gradient index (GI). We made dosimetric comparisons between HA and other
irradiation techniques.
Results The PTVs ranged from 0.42 to 3.37cm3. The conformity index (CI) was 1.25± 0.15, and the homogeneity index
(HI) 0.08± 0.02. The SADG was (–3.5± 0.5) Gy/mm or (–7.0± 1.0) %/mm between the isodose levels 95 and 20%;
local minima reached –11.5Gy/mm or –22.9%/mm. The coefficient of determination for a nonlinear regression of GI on
SADG was 0.072. After a median follow-up time of 19.6 months, local tumour control was 100% without any case of
post-therapeutic enucleation. Two patients (8%) developed liver metastases.
Conclusion SRT of ocular tumours by HA is highly appropriate, and HA is superior to intensity-modulated arc therapy
(IMAT) concerning dose reduction in organs at risk (OARs). The novel gradient measure SADG is more informative than
Paddick’s GI.

Keywords Ocular tumour · Eye-preserving therapy · Hybrid irradiation technique · Spatially averaged dose gradient ·
Ophthalmological marker
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Stereotaktische Radiotherapie von Aderhautmelanomenmittels HybridArc™
Physik und Technik der linearbeschleunigerbasierten Photonentherapie

Zusammenfassung
Zielsetzung Die stereotaktische Radiotherapie (SRT) ist zur Behandlung von Augentumoren geeignet. Jedoch ist bis
jetzt noch keine Definition der optimalen Bestrahlungsgeometrie zur SRT erfolgt. Wir bewerten hier eine kombinierte Be-
strahlungstechnik, bestehend aus dynamischen konformalen Rotationsfeldern (DCAs) und intensitätsmodulierten statischen
Feldern (IMRT), die als HybridArc™ (HA) bekannt ist.
Methoden Für die ersten 25 aufeinanderfolgenden Fälle mit Aderhautmelanomen in einem Volumenbereich von 0,02
bis 1,18cm3, die mit 50Gy in fünf Fraktionen bestrahlt wurden, wurden die Ergebnisse bezüglich Dosiskonformität,
Dosishomogenität und Dosisverteilungen zusammengefasst. Zur Beschreibung der Dosisverteilung am Zielvolumenrand
wurde ein räumlich gemittelter Dosisgradient (SADG) definiert und mit dem Gradientenindex (GI) nach Paddick verglichen.
Wir stellten dosimetrische Vergleiche zwischen HA und anderen Bestrahlungstechniken an.
Ergebnisse Die Planungszielvolumina (PTVs) lagen im Größenbereich von 0,42 bis 3,37cm3. Für den Konformitätsindex
(CI) und den Homogenitätsindex (HI) waren die Werte 1,25± 0,15 bzw. 0,08± 0,02. Der SADG betrug –3,5± 0,5Gy/mm
bzw. –7,0± 1,0%/mm zwischen den Isodosenniveaus 95 und 20%; lokale Minima erreichten –11,5Gy/mm bzw.
–22,9%/mm. Der Determinationskoeffizient einer nichtlinearen Regression von GI über SADG war 0,072. Nach ei-
nem medianen Nachbeobachtungszeitraum von 19,6 Monaten lag die lokale Tumorkontrollrate bei 100%, ohne einen
einzigen Fall einer posttherapeutischen Enukleation. Zwei Patienten (8%) entwickelten Lebermetastasen.
Schlussfolgerung Die SRT von Augentumoren mittels HA ist äußerst gut geeignet. HA ist der intensitätsmodulierten
Rotationstherapie (IMAT) bezüglich der Dosiseinsparung in Risikoorganen (OARs) überlegen. Das neu eingeführte Gra-
dientenmaß SADG besitzt gegenüber dem GI nach Paddick mehr Informationsgehalt.

Schlüsselwörter Augentumor · Augenerhaltende Therapie · Hybride Bestrahlungstechnik · Räumlich gemittelter
Dosisgradient · Ophthalmologischer Marker

Introduction

Primary ocular tumours are rare diseases with a reported
incidence rate with age standardisation of 1.42 � 10-5 in
Germany in 2014 [1]. Current therapies include enu-
cleation, and organ-preserving therapies now are used
for the vast majority of patients, such as brachytherapy
[2–4], proton beam therapy (PBT; [5]), the Leksell Gamma
Knife® (Elekta Instrument AB, Stockholm, Sweden; [6]),
linac-based stereotactic radiotherapy (SRT; [7]) or robotic
stereotactic radiosurgery (SRS) by CyberKnife® (Accuracy,
Sunnyvale, CA, USA; [8]). In combination with surgical
therapies, such as transscleral exoresection, transretinal
endoresection and transpupillary thermotherapy, radiation
therapy generally ascertains high rates of local tumour con-
trol and eye preservation [9]. Jang et al. recently reported
that radiotherapy alone may provide a survival advantage
over surgical resection alone [10].

Eye tumours are generally small, subjected to move-
ments and located close to several radiation-sensitive or-
gans. Radiation-induced side effects are dry eye syndrome,
keratitis, cataract, optic neuropathy, glaucoma, retinopathy
and retinal detachment. Therefore, highly conformal dose
distributions with steep dose gradients are mandatory. The
effectiveness and safety of PBT sets the gold standard for
curative radiotherapy of ocular tumours [11]. However, the

choice of treatment modality should be considered care-
fully, as in some situations, alternative irradiation tech-
niques might be preferred to PBT [12].

Thus, since the clinical introduction of stereotactic pho-
ton beam therapy and SRS, external photon beams have
been successfully used, pioneered by the Medical Univer-
sity of Vienna. 212 patients with choroidal melanomas from
1997 to 2007, not suitable for brachytherapy, were treated
by means of SRT with 6 MV photons of a linear accelera-
tor, and 50, 60 or 70Gy were delivered with five fractions
within one week. The local tumour control was 92.6% after
10 years. 32 patients (15.1%) developed metastatic disease,
and 22 (10.4%) of these patients died during the follow-up
period [7].

Alternative external photon beam techniques have been
reported for the Gamma Knife® [6] and the CyberKnife®

[13, 14]. The use of the Gamma Knife® with single-fraction
marginal dose values between 40 and 80Gy (median 50Gy)
resulted in an increased risk of retinopathy when treating
large tumour volumes [15]. In 2016, a series of 217 patients
with medium and large uveal melanomas treated by means
of a CyberKnife® were published [8]. 3.3% of the treated
tumours were small (size classification T1 or T2), 66.9%
of medium (T2 or T3), and 29.8% of large size (T3 or T4).
Single-fraction frameless radiosurgery using image guid-
ance was used with a dose in the range of 18 to 22Gy. The

K



Strahlenther Onkol (2018) 194:929–943 931

local control rates at 3 and 5 years were 87.4 and 70.8%,
respectively; the corresponding values of the eye-preserving
rate were 86.7 and 73.0%, respectively.

In the present article, we examined how to maximise
dose conformity and optimise dose to organs at risk (OARs)
for ocular tumours by using dynamic conformal arcs
(DCAs) complemented with additional intensity-modu-
lated static fields (IMRT). We present the performance
of this combination technique, known as HybridArc™
(HA; [16]), with respect to the creation of highly con-
formal dose distributions and steep dose gradients at the
tumour’s boundary, as well as good dose homogeneity in
the target volume with a low output dose. 25 cases with
choroidal melanomas, treated with 50Gy in five fractions,
were included in our study. The minimal safety margins
for image-guided radiotherapy (IGRT) with four implanted
ophthalmological markers, closed eyes, frameless radio-
surgery system, and six-dimensional (six-D) positioning
corrections were determined. Dose conformity and dose
homogeneity for the target volume, as well as dose distribu-
tions in the tumour and OARs were analysed. To describe
the dose drop-off at the target volume boundary towards
normal tissue, we defined and brought into use a spatially
averaged dose gradient (SADG) and compared it with the
gradient index (GI) of Paddick et al. [17]. Once again, we
assessed the dose distributions of all cases related to SADG.
Moreover, we described the dose delivery by a stereotactic

Table 1 Patients’ characteristics: age, tumour classification, tumour location and tumour size of 25 patients with choroidal melanomas, irradiated
in the years 2015 and 2016

Patient
no.

Agea

[years]
AJCCb

classifica-
tion

COMSc

classifica-
tion

Eye Octantd Papilla
infiltratione

aP
[mm]

aM
[mm]

aLG
[mm]

bmax

[mm]
t
[mm]

GTV
[cm3]

1 79 T3a N0
M0

Medium Right VIII No 2.8 5.0 13.2 15.9 7.9 0.53

2 42 T4a N0
M0

Large Left VII, VIII No 3.7 2.9 6.2 18.4 6.0 0.56

3 84 T1a N0
M0

Medium Left III, VII Yes 0.0 2.9 11.7 7.9 3.5 0.07

4 62 T1a N0
M0

Medium Left VIII No 1.2 1.6 8.5 7.7 4.0 0.10

5 86 T4a N0
M0

Large Left IV, VIII Yes 0.0 1.2 4.0 18.4 6.6 0.90

6 68 T3a N0
M0

Medium Left III, VII Yes 0.0 0.9 13.8 13.6 6.3 0.42

7 60 T4a N0
M0

Large Left IV Yes 0.0 0.0 2.0 19.6 6.8 1.05

8 79 T3b N0
M0

Large Left V, VI No 11.2 10.9 7.0 16.2 10.2 1.10

9 76 T3a N0
M0

Large Right VIII No 1.7 4.3 20.4 16.4 10.1 0.83

10 75 T4a N0
M0

Large Right VII, VIII No 1.3 0.9 2.4 18.8 8.2 1.15

11 78 T2a N0
M0

Medium Left III, VII No 1.3 4.3 16 9.3 5.5 0.20

linear accelerator and the appertaining quality assurance
procedures. The results of treatment planning and clinical
outcome were compared with previously published data.

Materials andmethods

From all treated patients with choroidal tumours since 2014,
we evaluated a cohort of the first 25 cases with malignant
choroidal melanomas with a planning target volume (PTV)
not exceeding the half volume of the eye and treated with
50Gy delivered in five fractions within one week. For the
purpose of target localisation and IGRT, implanted ophthal-
mological markers were used. The gross tumour volumes
(GTVs) were (0.56± 0.40) cm3 (range of 0.02 to 1.18 cm3);
here and in the following, a quantity is characterised by
two pairs of values: mean value plus/minus standard devi-
ation and range in brackets. The age in this group was 30
to 91 years (median 69 years) at the date of first diagnosis.

Patients and tumours

Table 1 contains the patients’ characteristics. The percent-
age distribution of tumour size classifications showed 24%
T1a, 12% T2a, 40% T3(a or b) and 24% T4(a or b). The
classification of lymph node involvement was N0 and of
distant metastatic spread M0 for all patients. The octants of
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Table 1 (Continued)

Patient
no.

Agea

[years]
AJCCb

classifica-
tion

COMSc

classifica-
tion

Eye Octantd Papilla
infiltratione

aP
[mm]

aM
[mm]

aLG
[mm]

bmax

[mm]
t
[mm]

GTV
[cm3]

12 52 T2a N0
M0

Medium Left IV Yes 0.0 0.0 5.1 10.9 3.4 0.20

13 30 T3a N0
M0

Large Right VII, VIII Yes 0.0 0.7 5.0 11.4 9.2 0.49

14 58 T2a N0
M0

Medium Right VII No 1.7 3.1 1.0 12.2 3.9 0.18

15 70 T3b N0
M0

Medium Right VI, VII No 2.4 2.5 4.4 15.6 9.3 0.87

16 55 T1a N0
M0

Medium Right IV No 2.1 7.0 16.1 8.8 4.6 0.12

17 59 T1a N0
M0

Medium Left IV, VIII Yes 0.0 1.2 3.9 11.7 2.8 0.18

18 77 T3a N0
M0

Medium Left III, IV,
VIII

Yes 0.0 0.8 5.9 15.2 3.1 0.21

19 75 T1a N0
M0

Medium Left VII, VIII Yes 0.0 0.9 9.9 7.6 3.8 0.11

20 72 T1a N0
M0

Small Left VII, VIII No 1.1 1.4 11.4 7.3 1.3 0.02

21 91 T3a N0
M0

Medium Left VII Yes 0.0 1.0 10.1 15.0 7.5 0.53

22 41 T3b N0
M0

Medium Left VI, VII No 1.7 4.8 17.6 16.0 9.6 0.84

23 61 T4b N0
M0

Large Left VI, VII,
VIII

Yes 0.0 6.0 10.8 19.5 11.1 1.01

24 46 T3a N0
M0

Large Right II, III No 1.4 2.1 0.0 18.0 10.1 1.08

25 69 T4a N0
M0

Large Left III, VII Yes 0.0 0.9 11.7 18.6 10.3 1.18

Mean value 1.5 2.7 8.7 14 6.6 0.56

Standard deviation 2.2 2.6 5.5 4.2 2.9 0.40

aP minimal distance between tumour and ipsilateral papilla; aM minimal distance between tumour and ipsilateral macula lutea; aLG minimal
distance between tumour and ipsilateral lacrimal gland; bmax maximal basal diameter of the tumour; t tumour’s thickness; GTV gross tumour
volume
aPatient’s age at the date of primary diagnosis
bTNM staging system for melanomas of the eye by the American Joint Committee on Cancer (AJCC)
cSize classification scheme for choroidal melanomas according to the Collaborative Ocular Melanoma Study Group (COMS)
dThe octants of the eyeball are numbered according to Fig. 1
eOphthalmologist’s diagnosis

Fig. 1 Schematic segmentation of the eyeball in eight octants: I–IV
in the cranial and V–VIII in the caudal hemisphere. E equator line;
L cross-section of the lens in the eye’s equatorial plane; X, Y, Z sys-
tem of coordinates represents the anatomical orientations right-to-left,
inferior-to-superior and posterior-to-anterior, respectively

tumour location in Table 1 are illustrated in Fig. 1. Accord-
ing to the size classification scheme of the Collaborative
Ocular Melanoma Study Group (COMS), 4% small, 56%
medium and 40% large tumours were included in our co-
hort [18]. The first data row of Table 2 shows that tiny and
large tumours with a median PTV size of 1.84cm3 are in-
cluded in our study. The average volume of an adult’s eye is
7.24cm3. 48% of all tumours infiltrated the optic disc area.

Treatment planning

The standard imaging modalities for tumour segmentation
and treatment planning are fundus photography, sonogra-
phy, native computer tomography, as well as T1-weighted
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Table 2 Treatment planning
parameters of 25 planning target
volumes (PTVs)

Property/criterion Minimum Maximum Mean
value

Standard devia-
tion

VPTV [cm3] 0.42 3.37 1.83 0.98

V90% [%] 96.7 100.0 99.5 0.8

V95% [%] 93.9 100.0 97.8 1.8

Dmin [%] 71.3 96.1 86.0 7.7

D98% [%] 89.3 97.7 94.3 2.3

Dmean [%] 99.2 100.1 99.7 0.3

D50% [%] 100.0 101.0 100.5 0.2

D2% [%] 101.4 103.1 102.2 0.4

Dmax [%] 101.7 105.1 103.2 0.9

CI95% [1] 1.07 1.66 1.25 0.15

HI [1] 0.04 0.13 0.08 0.02

IC [1] 0.06 0.47 0.21 0.12

SADGj47.5 Gy10 Gy [Gy/mm] –4.6 –2.6 –3.5 0.5

SADGj86%43% [%/mm] –17.3 –9.0 –11.9 2.1

GI [1] 2.4 3.8 2.9 0.3

(Dout/Dnom)DCA [MU/cGy] 1.26 1.69 1.45 1.10

(Dout/Dnom)IMRT [MU/cGy] 2.53 4.51 3.25 0.52

(Dout/Dnom)HA [MU/cGy] 1.74 2.68 2.05 0.23

TB [min] 1.7 2.8 2.1 0.3

TT [min] 17.0 33.0 24.8 4.0

VPTV volume of PTV; V90% and V95% relative volume of VPTV with at least 90 and 95% of prescribed dose;
Dmin minimum dose; D98% near-minimum dose according to [23]; Dmean mean dose; D50% median dose;
D2% near-maximum dose according to [23]; Dmax maximum dose; CI95% conformity index of isodose level
95% according to Eq. 2; HI homogeneity index according to Eq. 3; IC inhomogeneity coefficient according
to Eq. 4; SADGj47.5Gy

10Gy spatially averaged dose gradient according to Eq. 9; SADGj86%43% spatially averaged
dose gradient between the relative isodose levels 86 and 43%; GI gradient index of the isodose levels 86 and
43% according to Eq. 10, (Dout/Dnom)x dose ratio for the irradiation techniques x 2 fDCA; IMRT; HAg
according to Eq. 5; DCA dynamic conformal arcs; IMRT intensity-modulated static fields; HA HybridArc™;
TB beam-on time per fraction; TT treatment session time

magnetic resonance imaging with and without contrast
agent. Considering eye mobility, patient set-up error and
machine tolerances, a safety margin of 2 to 3mm was
used according to previous publications which report on
a margin of 3mm being adequate for stereotactic radiother-
apy with closed eyes [19]. We verified our safety margin
conception by 120 intra-beam measurements of the tumour
kinematics during IGRT.

All irradiations of the tumours were planned by the mod-
ule HybridArc™ of the treatment planning system iPlan®

RT Dose 4.5.3 (BRAINLAB AG, Feldkirchen, Germany).
The first step of dose optimisation was always the manual
adjustment of the geometry of non-coplanar DCAs with
approximately 70% of the prescribed total dose. In a sec-
ond step, the IMRT dose delivery of the remaining 30%
of the prescribed dose was optimised with a maximum
beamlet size of 2mm in dynamic leaf sequencing and with
tongue-and-groove optimisation by the optimiser DPL2i,
version 4.5.

The applied dose calculation algorithm was BrainLAB
PencilBeam X, which here used a kernel resolution of
0.63mm. The dose grid size was 2mm and finer for small

objects; in normal tissue this value was set to 4mm. The
density artefacts—caused by the implanted tantalum mark-
ers of physical density 16.7g/cm3 needed for IGRT—in
the native computer tomographs with 1mm slice thick-
ness and pitch factor 1 were corrected by the CT num-
ber 0 Hounsfield units (HU; 0 HU corresponds to electron
density 0.998, relative to true water). This is a simple uni-
form approximation for the hypo- and hyperdense regions
of such artefacts: the first type lies predominantly around
the eyeball were the average density of tissue is roughly
–50 HU; the second one we find directly around the markers
within the eyeball where the “anatomical” density is about
50 HU.

Beam geometry

On average, a combination of five DCAs (range four to six)
with six IMRT fields (range five to eight) provided by HA
was used for treatment. Convenient arc lengths were 30 °
to 100 °; the couch angles had increments in the range of
15 ° to 60 °.
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Quality of treatment plans

The characteristic properties and dose–volume metrics of
the PTV are the absolute volume (VPTV), the relative volume
(Vx%) with at least x% of the prescribed dose, the minimum
(Dmin), near-minimum (D98%), mean (Dmean), near-maximum
(D2%) and maximum absorbed dose (Dmax). Additionally,
according to ICRU report 91, we reported the median ab-
sorbed dose (D50%) values which the half volumes of PTV
and GTV received [20]. The definitions of the conformity
indices (CIICRU and CIx%; [21, 22]), the homogeneity index
(HI; [23]) and the inhomogeneity coefficient (IC; [24]) are

C IICRU =
V95% .P T V / + V95% .NT /

V .P T V /
� 1; (1)

C Ix% = 1 +
Vx% .NT /

Vx% .P T V /
� 1; (2)

HI =
D2% − D98%

D50%
� 0; (3)

IC =
Dmax − Dmin

Dmin
� 0; (4)

where NT stands for normal tissue. 2, 50 and 98% of the
PTV receive at least the dose values D2%, D50% and D98%,
respectively.

HA spares output dose compared to pure IMRT; it needs
only little more monitor units (MUs) than conformal open
multi-leaf collimator (MLC) fields. The number of needed
MUs not only affects the photon scattering and radiation
protection, but also influences the beam-on (TB) and treat-
ment session time (TT) per fraction. An evaluation crite-
rion is the ratio of output dose to nominal tumour dose
(Dout/Dnom). In general, the output dose of a linear accelera-
tor can be calculated by

Dout =
Dnom � ŒSSD= .100 cm/�2

Dref � OF � ŒPDD= .100%/�
ŒM U � : (5)

The ratio Dout/Dnom can be determined with given parame-
ter values for the source–surface distance (SSD), reference
dose (Dref), output factor (OF) and percentage depth dose
(PDD; [25]). Because all treatment planning systems for
photon beam therapy and most of them for particle therapy
calculate Dout, the wanted ratio is a known quantity.

Another quality criterion is the steepness of dose slope
between the PTV and normal tissue. We defined a mean
dose gradient as the difference quotient averaged over all
spatial directions—called spatially averaged dose gradient
(SADG) and given in Eq. 9. In order to do this, the PTV
and irradiated volume (Vir) were mathematically modelled
as ellipsoids based on the real tumour geometry described
by the axial and sagittal basal diameters 2 � a and 2 � b, re-

spectively, as well as by the thickness 2 � c. By summation
of an equidistant safety margin �rPTV> 0, the volume

V �
PTV =

4

3
� � � .a + �rPTV/ � .b + �rPTV/ � .c + �rPTV/ = VPTV

(6)

of the inner ellipsoid is fitted to the real size (VPTV) of PTV.
We assume that most choroidal melanomas and their PTVs
have lentiform shape. In 15 of all 25 cases the relative error

" =
V �
PTV .�rPTV = 2 mm/ − VPTV

VPTV
� 100% (7)

was element of [–12.5%, +12.5%]; the interval boundaries
±12.5% we took because for the 25 PTVs in the range
of 0.42 to 3.37cm3, the volume differences after usual post
processing by smoothing averaged 12.5%. Analogously, the
volume

V �
ir =

4

3
� � � .a + �rir/ � .b + �rir/ � .c + �rir/ = Vir (8)

of the outer ellipsoid is fitted to the irradiated volume (Vir)
by summation of another equidistant margin �r�D> 0 to
�rPTV, resulting in the sum �rir=�rPTV+�r�D. Finally, the
quality criterion SADG is defined by

SADGjD1
D2

=�
�D

�r

�
avg

=
D2 − D1

.r2 − r1/avg
=

D2 − D1

�r�D

< 0;
(9)

whilst the estimated isodose level on the PTV boundary
is D1, and the isodose enclosing Vir has the dose value
D2. The mathematically exact SADG is the quotient of the
solid angle integral of the difference quotient in Eq. 9 and
the entire solid angle Ω= 4 �π. We will compare our val-
ues for the SADG according to Eq. 9 with the results for
the mathematically exact SADG and the common gradient
index

GI =
VPI.P T V /=2

VPI.P T V /

> 2; (10)

where VPI(PTV) is the volume enclosed by the prescription
isodose of the PTV and VPI(PTV)/2 the volume of the isodose
on half dose level [17]. For better comparability, we used
the same relative isodose levels to calculate both gradient
measures: 86% at the boundary of PTV, which is the mean
value of Dmin in Table 2, and one half of this value.

To evaluate the treatment plan quality by HA for SRT of
choroidal melanomas concerning the criteria CI, HI, SADG,
GI and Dout/Dnom, we performed a benchmark experiment,
depicted in the appendix, for SRS of brain metastases by
means of conformal arcs.
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Dose values in OARs and normal tissue

For hypofractionation, we have to determine tolerance dose
values for the OARs. With the biologically effective dose
(BED)

BED .TD/ =

T Dnorm �
�
1 +

dnorm

˛=ˇ

�
= TD �

�
1 +

TD=5

˛=ˇ

�
(11)

complying with the linear-quadratic model [25], the equiva-
lent fractionation schemes, the tissue-dependent parameter
ratio α/β of the cell survival curve, the dose per fraction
(dnorm= 2Gy) and the tolerance dose of the normal fraction-
ation (TDnorm), the tolerance dose (TD) for five fractions can
be calculated by

TD =
5 � ˛=ˇ

2
�

"
−1 +

s
1 +

4

5 � ˛=ˇ
� T Dnorm �

�
1 +

dnorm

˛=ˇ

�#
:

(12)

We analysed the clinical dose criteria maximum dose
and/or mean dose to compare the results with the specific
tolerance dose values according to Eq. 12 in all ipsilaterally
and medially located OARs, as well as in the contralateral
eye. Furthermore, the values of the relative volume at tol-
erance dose TD (VTD) for the ipsilaterally located OARs
were determined. We evaluated the absolute volume of nor-
mal tissue (NT) with at least 10Gy as irradiated volume
(V10 Gy).

Quality assurance

The patient-customized quality assurance program included
the measurement of three-dimensional dose distributions
by an Octavius® 4D phantom with a 1000SRS dose detec-
tor array (PTW GmbH, Freiburg, Germany), which syn-
chronously rotates with the gantry, the isocentre verifica-
tion, and light field checks by means of target positioner
overlays (BRAINLAB AG, Feldkirchen, Germany). The
gamma analysis was done by means of VeriSoft®, ver-
sion 6.1 (PTW GmbH, Freiburg, Germany), using the op-
tion second/third pass. The applied calculation parameters
were 1mm distance-to-agreement, 1% dose error with ref-
erence to the local absolute dose and 5% dose threshold.
An extensive Winston–Lutz test, based on electronic por-
tal imaging device (EPID) measurements, before each first
therapy session is also part of our quality assurance pro-
gram. The angles of the gantry, collimator, and couch are
varied in full range with an increment of 30 ° in the pro-
cess. The analysis of the test results runs fully automatically

by a self-developed algorithm in MATLAB® R2007a (The
MathWorks, Inc., Natick, MA, USA).

Image guidance

Before radiotherapy planning started, four ophthalmolog-
ical tantalum markers (Altomed Ltd., Boldon, UK) were
placed on the sclera, as used for PBT [26]. All patients
were treated after specific instruction and training to avoid
eye movements during beam-on time. Marker position-
ing was verified and corrected with ExacTrac® 6.0.6 and
Robotics® 2.0 (all by BRAINLAB AG, Feldkirchen, Ger-
many) prior to each beam fraction. If the calculated shifts
of the six-D marker fusion were greater than the accuracy
thresholds 0.5mm and 0.5 ° of the X-ray verification, shifts
to the robotic couch were applied. We used the verification
results of six patients, 18 treatment sessions and 120 beams
to validate our safety margin conception. A self-developed
algorithm in MATLAB® R2007a transformed the geomet-
rical information of the treatment plan for the tumour and
marker positions together with the calculated shifts, while
performing six-D marker fusion, into tumour movements
in three principal axes.

Dose delivery

The daily dose fractions of 5.6 MV flattening filter-free
photons were delivered with the BRAINLAB frameless ra-
diosurgery system on a linear accelerator Novalis powered
by TrueBeam™ STx (BRAINLAB AG, Feldkirchen, Ger-
many and VARIAN Medical Systems, Inc., Palo Alto, CA,
USA) with a dynamic high-definition MLC HD 120™. The
maximum dose rates were 800 MU/min for the IMRT fields
and 1400 MU/min for the DCAs.

Clinical outcome

To evaluate the clinical outcome, the rates of local dis-
ease control, enucleation, metastatic spread, mortality and
complications—especially dry eye syndrome, keratitis,
cataract, retinal detachment, as well as discopathy—were
determined.

Results

The percentage of dose given by the DCAs was (66.4± 4.1)%
(range of 55.0 to 73.0%). Fig. 2 shows the dose distribu-
tions of a combined dose shape by DCAs complemented
with static IMRT fields for patient no. 17 from Table 1 in
three orthogonal isocentre planes; Fig. 2d presents a dose
profile above the line of measurement in Fig. 2a.
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Fig. 2 Dose distribution calculated by iPlan® RT Dose 4.5.3 (BRAINLAB AG, Feldkirchen, Germany) in the region of the left eye with the
choroidal melanoma of patient no. 17 from Table 1. The steepest dose fall-off is in the direction towards the ipsilateral lacrimal gland to avoid
dry eye syndrome and not towards the optic nerve, which the tumour infiltrated. a Axial, b coronal and c sagittal isocentre plane. The segmented
structures are the planning target volume (PTV) in magenta, lenses in yellow-orange, cornea in orange, eyeballs in red and green, optic nerves in
yellow, as well as the chiasm in yellow-green. The dose range of the colour bar is 10.0 to 53.5Gy or 20 to 107%. d The dose profile along the line
r= (0 ... 47) mm in a has gradients of the stationary tangent up to 7.5Gy/mm. The dose plateau in the region of the PTV illustrates the good dose
homogeneity

Results for target volumes and tumours

We attempted to comply with the dose preconditions ac-
cording to the ICRU report 62 for all PTVs: The maximum
dose was less than 107% in all 25 cases and the crite-
rion V95%, as a clinical metric for the minimum dose,
was ≥98% in 17 cases [21]. The minimum, mean and
maximum dose values in the PTVs were (86.0± 7.7)%
(range 71.3–96.1%), (99.7± 0.3)% (range 99.2–100.1%)
and (103.2± 0.9)% (range 101.7–105.1%) of the prescribed
dose 50Gy, respectively. The values of CI95% according to
Eq. 2 were 1.25± 0.15 (range 1.07–1.66). We received the
values 0.08± 0.02 (range 0.04–0.13) for HI according to
Eq. 3.

The values of median absorbed dose D50% for the PTVs
and GTVs were (100.5± 0.2)% (range 100.0–101.0%) and
(101.1± 0.5)% (range 100.1–102.1%) of the prescribed
dose, respectively. The minimum and maximum dose val-
ues in the GTVs were (98.9± 1.1)% (range 96.2–100.8%)
and (103.0± 1.0)% (range 101.4–105.1%), respectively. In
12 of 25 cases (48%) the location of maximum dose was
within the GTV. It was located inside the safety margins in
52% of all cases.

Quality of treatment plans

The values of the criterion (Dout/Dnom)HA for HA were
(2.05± 0.23) MU/cGy (range 1.74–2.68 MU/cGy). Of
course, this result is worse than the values of (Dout/Dnom)DCA
for DCA but much better than the values of (Dout/Dnom)IMRT

for IMRT (confer Table 2).

Fig. 3 Correlation between two dose gradient measures. SADG(86%,
43%) spatially averaged dose gradient between the relative isodose lev-
els 86 and 43% according to Eq. 9, GI (86%, 43%) gradient index ac-
cording to Eq. 10, y= f(x) 2nd degree polynomial for the “function”
GI= f(SADG), r2 coefficient of determination for the nonlinear regres-
sion
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Regarding the steepness of the dose fall-off between
PTV and normal tissue as well as OARs, the achieved
values of the criterion SADGj47.5Gy

10Gy according to Eq. 9
were (–3.5± 0.5) Gy/mm (range of –4.6 to –2.6 Gy/mm).
We realised local dose gradients up to –11.5Gy/mm to
the directly adjacent OARs. The corresponding values of
SADG with percentage dose in the unit (%/mm) are two
times greater than the values with the unit (Gy/mm) be-
cause the nominal tumour dose is 50Gy. We received the
values 2.9 ± 0.3 (range 2.4–3.8) for the gradient index (GI)
according to Eq. 10 for the isodose levels 86 and 43%.
The values of SADGj86%43% between the same isodose lev-
els were (–11.9± 2.1)%/mm (range of –17.3 to –9.0%/mm).
The coefficient of determination r2 for linear and polyno-
mial regressions of GI on SADG was �0.072; there was
no significant correlation with meaningful regression (see
Fig. 3). By contrast, we found a unique linear correlation

Table 3 Tolerance dose values,
results and statistics for the
dose–volume metrics describing
the dose distributions in the
ipsilaterally and medially
located organs at risk, as well
as the contralateral eye of
25 patients with choroidal
melanomas

Organ at
risk

TDnorm

[Gy]
α/β
[Gy]

TD
[Gy]

Criterion Minimum Maximum Mean
value

Standard
deviation

Bone 60 5 35.0 Dmax [Gy] 15.3 50.0 27.8 10.0

Brain 30 3 20.9 Dmax [Gy] 4.1 21.2 11.4 4.8

Brainstem 54 2 28.2 Dmax [Gy] 0.1 4.5 0.7 0.9

Chiasm 54 2 28.2 Dmax [Gy] 0.1 8.4 1.4 1.7
Cornea 30 2 20.0 Dmean

[Gy]
0.2 19.8 2.1 3.9

Dmax [Gy] 0.8 44.9 9.0 11.1

VTD [%] 0.0 44.5 1.8 8.9

Eye con-
tralateral

5a 1a 6.5a Dmax [Gy] 0.1 3.9 0.6 1.0

Eye
without
PTV

50 3 28.6 Dmean

[Gy]
8.4 26.6 15.8 4.8

Dmax [Gy] 46.7 50.6 49.1 1.0

VTD [%] 6.0 43.2 19 9.9
Lacrimal
gland

30 3 20.9 Dmean

[Gy]
1.0 21.4 10.2 6.5

Dmax [Gy] 4.7 50.0 25.2 14.9

VTD [%] 0.0 53.4 11.1 16.4
Lens 5 1 6.5 Dmean

[Gy]
0.7 48.1 5.6 10.2

Dmax [Gy] 2.4 51.4 14.9 15.4

VTD [%] 0.0 100.0 16.2 28.6

Macula 45 3 26.9 Dmax [Gy] 7.7 50.7 41.8 12.6
Normal
tissue

– – – Dmax [Gy] 49.1 51.0 50.0 0.5

V10 Gy

[cm3]
9.3 53.6 27.8 12.5

Optic
nerve

54 2 28.2 Dmax [Gy] 8.4 51.8 45.0 10.8

VTD [%] 0.0 38.9 13.1 9.8

Papilla 54 2 28.2 Dmax [Gy] 8.4 51.8 45.0 10.8

TDnorm tolerance dose of the normal fractionation [32]; α/β tissue parameter ratio of the cell survival curve
[32]; TD tolerance dose for SRT in five fractions according to Eq. 12; Dmeanmean dose; Dmaxmaximum dose;
VTD relative volume with at least the tolerance dose; PTV planning target volume; V10 Gy absolute volume of
normal tissue with at least 10Gy
aValid for the lens, the most radiosensitive organ in eye

between the approximated SADG according to Eq. 9 and
the mathematically exact SADG. The coefficient of deter-
mination for the regression line of the approximated SADG
on the exact SADG was 0.776. The relative error of the ap-
proximated versus exact SADG was (–4.5± 7.4)% (range of
–19.3 to 8.3%).

Dose values in OARs and normal tissue

Table 3 summarises the achieved values for the clinical
criteria mean dose (Dmean) and maximum dose (Dmax) in
comparison to the tolerance doses according to Eq. 12, as
well as the relative volume VTD with at least the tolerance
dose (TD) for all ipsilaterally and medially located OARs.
Statistical data for the absolute volume of normal tissue
(NT) with at least 10Gy (V10 Gy) and the maximum dose in
the contralateral eye are also given in Table 3.

K



938 Strahlenther Onkol (2018) 194:929–943

We achieved the mean dose values (10.2± 6.5) Gy (range
1.0–21.4 Gy) in the ipsilateral lacrimal gland. The maxi-
mum dose values in the ipsilateral macula lutea and papilla
were (41.8± 12.6) Gy (range 7.7–50.7 Gy) and (45.0± 10.8)
Gy (range 8.4–51.8 Gy), respectively. These dose metrics
were also expressed as functions of the minimal distances
between the OARs and the GTV, which are given in Table 1.
We found second-degree polynomials with the coefficients
of determination 0.676, 0.826 and 0.779 for the ipsilateral
lacrimal gland, macula lutea and papilla, respectively.

The relative volumes which received at least the indi-
vidual tolerance dose were (1.8± 8.9)% (range 0.0–44.5%),
(19.0± 9.9)% (range 6.0–43.2%), (11.1± 16.4)% (range
0.0–53.4%), (16.2± 28.6)% (range 0.0–100.0%) and
(13.1± 9.8)% (range 0.0–38.9%) for the ipsilateral cornea,
healthy part of eye—including ciliary body, fovea cen-
tralis, and retina—lacrimal gland, lens and optic nerve,
respectively.

The maximum dose values in the contralateral lacrimal
gland, lens and optic nerve were within the ranges—defined
by the mean values and standard deviations—(0.1± 0.0)
Gy, (0.2± 0.2) Gy and (1.3± 1.2) Gy, respectively. The vol-
umes of normal tissue irradiated with at least 10Gy were
(27.8± 12.5) cm3 (range 9.3–53.6 cm3). The maximum dose
values in the contralateral eye were in the range (0.6± 1.0)
Gy.

Quality of dose delivery

In all cases, the gamma analysis yielded high passing ratios
of voxels with a gamma index γ< 1 relative to all evalu-
ated voxels: (99.5± 0.3)% (range 98.9–100.0%). The local
deviations between the measured phantom dose and the
calculated dose in the particular isocentre, which was in
principle nearly identical to the geometrical mass centre of
the PTV, and of course a representative reference point in
line with ICRU report 50 [27], were in the range of ±0.5%.

The isocentre verification and light field checks by means
of target positioner overlays have shown geometric mis-
alignments <0.3mm. The analysis of one Winston–Lutz test
for the gantry, collimator and couch angle reproducibly re-
vealed for the isocentre coordinates (X, Y, Z)ISO according
to IEC 61217 [28] the vectors (0.0, 0.0, 0.0) mm, (0.0,
0.3, 0.0) mm and (0.0, 0.1, 0.0) mm, respectively. The
magnitudes, Rmax(ISO), of the maximal spatial radius vec-
tor for the three angles were 0.4mm, 0.4mm and 0.3mm,
respectively. The corresponding maximums, Dmax(ISO), of
all diameters measured in the principal axes X, Y, and Z
had the values 0.6mm, 0.2mm and 0.5mm, respectively.
The radiological isocentre of the patient positioning system
ExacTrac® 6.0.6 was exactly located in the isocentre of the
linear accelerator.

Table 4 Safety margins in three principal axes between GTV and PTV

Margin �X [mm] �Y [mm] �Z [mm]

GTV-ITVa 1.5 1.7 1.7

�IGRT 0.5 0.5 0.5

�ISO
b 0.3 0.4 0.1

Total 2.3 2.6 2.3

GTV gross tumour volume; PTV planning target volume; (�X, �Y,
�Z) safety margins in the patient-fixed system of coordinates ac-
cording to IEC 61217 [28] at couch angle 0 °; ITV internal target
volume; �IGRT positioning accuracy of image-guided radiotherapy by
ExacTrac® (BRAINLAB AG, Feldkirchen, Germany); �ISO maximal
deviation of linac’s centre beam relative to ideal isocentre
aFor 2% significance level
bOnly deviations of linac’s isocentre for combined gantry and collima-
tor rotations, because ExacTrac® detects and corrects the deviations in
case of isocentric couch rotations

Validation of safety margins

The calculated tumour movements in the directions right-
to-left (X), inferior-to-superior (Y) and posterior-to-anterior
(Z) are summarised in the first data row of Table 4. These
values represent with 98% confidence probability the safety
margins between GTV and internal target volume (ITV).
We received the total safety margins 2.3mm, 2.6mm and
2.3mm in the directions X, Y and Z, respectively, together
with the residual positioning error 0.5mm of image guid-
ance in a frameless workflow [29] as in the second data row
of Table 4 and the deviations of linac’s isocentre as in the
third data row of Table 4.

Clinical outcome

After a median follow-up time of 19.6 months (range of 6.8
to 37.7 months), the local disease control rate was 100%.
There was no case of enucleation. Two of 25 patients (8%)
suffered from metastatic disease progression to the liver
12.4 and 19.9 months after the end of radiotherapy and
died from metastatic disease. There were no severe com-
plications. Two patients (8%) complained of eye dryness
treated with artificial tear supplement. Transient keratitis
was observed in three cases (12%). The rate of cataract
was high with 13 of 25 patients (52%). Retinal detachment
persisted in 19 cases (76%) after SRT. Three patients (12%)
were diagnosed with radiation-induced discopathy.

Discussion

To evaluate the achieved treatment plan quality for SRT of
choroidal melanomas by means of HA, we have to compare
our results with previously reported data of studies which
are based on the standard techniques PBT, SRS and SRT
for ocular tumours. We used our own benchmark data in
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the appendix for the assessment of quality criteria without
available data for direct comparison.

Quality of treatment plans

The quality of treatment plans is paramount, and we fol-
lowed the dose preconditions in the ICRU report 62 [21] and
ICRU report 91 [20]. These recommendations are highly
suitable, as they lead to robust treatment standards which
make radiotherapy planning and dose delivery comparable
and reproducible. Our maximum dose values comply with
the ICRU report 62, and our minimum dose values at PTV
boundary are obey ICRU report 91. The mean of all min-
imum dose values in PTV was, with 86.0%, less than the
recommended 95.0% in the ICRU report 62, but the best
possible coverage of PTV according to the individual clin-
ical situation while optimally restricting absorbed dose to
the planning organ-at-risk volumes like described in ICRU
report 91.

We investigated the dependency of the mean dose val-
ues in the ipsilateral lacrimal gland, as well as the max-
imum dose values in the macula lutea and papilla on the
minimal distances between these OARs and the tumour. We
found quadratic correlations with strictly monotonically de-
creasing courses of the corresponding functions. The curve
progressions were between a straight line with negative
slope and a dose–distance characteristic in the manner of
the inverse square law. Consequently, the dose optimiser
realised distance-dependent dose gradients in direction to
these OARs: the smaller the distance between OAR and
tumour, the steeper the dose fall-off.

Because (66.4± 4.1)% of the therapeutic dose was given
by means of DCAs, we inherently received steep dose gra-
dients at the boundary of the PTV, which were locally
improved by the IMRT fields of HA; the best value was
–11.5Gy/mm or –22.9%/mm. For comparison, the best lo-
cal dose gradient of the benchmark experiment in the ap-
pendix with the 10mm circular cone was –20.3%/mm. Fur-
thermore, DCAs delivered highly conformal dose distribu-
tions at the tumour’s boundary with low output dose; IMRT
fields homogenized the absorbed dose in the PTV at the
same time. Consequently, we obtained good values for the
quality criteria CI95%, Dout/Dnom and HI.

The quality criteria HI and CI solely provide information
regarding the dose distribution within the PTV and the en-
compassing isodose, respectively, but not outside the treated
volume. For a complete description of the dose distribution
within the irradiated volume, we introduced a novel qual-
ity criterion, termed SADG, which allows quantification of
the dose fall-off at the PTV boundary. The assessment of
the treatment plan quality is enhanced by the SADG. We
found no significant correlation of the common gradient
measure GI on SADG. In contrast, a significant correla-

tion with meaningful linear regression between the utilized
approximated SADG and the mathematically exact SADG
was detected. GI was developed to measure dose gradients
of Gamma Knife® irradiations for small cranial tumours,
corresponding to a scenario where the isodose lines are ap-
proximately equidistant to the target volume surface. In SRT
of ocular tumours, the need for locally steep dose gradients
towards miscellaneous OARs results in deformed isodose
lines with reduced and increased distances relative to the
boundary of PTV. SADG is able to realise the anisotropy
of dose gradients.

Challenges for photon beam therapy

High precision in radiotherapy requires sophisticated posi-
tioning control or implantation of fiducial markers. How-
ever, movements of the eye cannot be taken into account in
real-time; therefore, robustness of plans remains a challenge
for SRT and SRS of small targets. Based on the verification
results during image guidance in 18 treatment sessions with
120 beams of six patients, we calculated the total safety
margins 2.3mm, 2.6mm and 2.3mm in a patient-fixed sys-
tem of coordinates. Thus, the used safety margins in the
range of 2 to 3mm between GTV and PTV are appropri-
ate. Consequently, the safety margins in the present series
were –23 to –13% smaller than the recommended 3mm
margin reported previously for SRT of ocular melanomas
with closed eyes under ideal set-up conditions [19]. With
the restriction of the maximum dose throughout the PTV
according to the ICRU report 62 [21], we ensure in our
approach with closed, unfixed eyes, the best possible pro-
tection of OARs against absorbed dose.

We have shown that treatment planning by HA results
in very good dose homogeneity within the PTV; this fea-
ture contributes to the robustness of plans. However, the
complexity of treatment planning, IGRT and quality assur-
ance required for photon beam therapy of ocular tumours
by means of HA is challenging, even if the workflow is
clinically robust and effective.

Comparison between HA and IMAT

To make certain that HA is a good choice of treatment
technique for choroidal melanomas, we performed a com-
parative treatment planning study with a common treatment
technique in SRT: intensity-modulated arc therapy (IMAT).
Clearly, more sophisticated beam geometry achieved by
HA—the predominant amount of fraction dose is applied
by DCAs, which cause less scattered photons than inten-
sity-modulated arcs—is superior to IMAT regarding the ab-
sorbed dose values in the OARs [30].

We also have investigated HA with respect to novel tech-
nologies as provided by premium vendors. We showed that
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HA is superior to RapidPlan™ (VARIANMedical Systems,
Inc., Palo Alto, CA, USA) using multiple intensity-modu-
lated partial arcs in terms of absorbed dose given to OARs
even after optimising plans by automated planning [30].

Relation to the state of the art

Previously, comparative planning with photon beam ther-
apy and PBT has been reported by Weber et al. [24]. The
analysis was based on four hypothetical cases generated
with predefined PTVs. In order to get an idea of the treat-
ment planning quality by means of HA, we selected four
comparable cases from Table 1 with respect to tumour and
PTV sizes. Dosimetric comparison for PTVs and OARs was
not possible due to missing anatomical data [24]. The re-
sults of the plan quality comparison are summarised in the
appendix and in Table 6.

Reporting dose–volume metrics within the target vol-
umes according to the ICRU reports 62 and 91 [20, 21]
make treatment plans comparable and standards for dose
escalation or de-escalation user independent. Indeed, dose
inhomogeneity, especially locally excessive dose values
within the PTV associated with closed, unfixed eyes, should
be avoided to minimise the risk of complications such as
radionecrosis, radiogenic maculopathy, papillopathy and
optic neuropathy, in particular if the affected organs abut
on or intersect the PTV [31].

With the ICRU report 91 uniform SRS and SRT stan-
dards have become available. But especially for ocular tu-
mours, the optimal isodose level encompassing the PTV has
not been decided on. Frequently, 70% was used in robotic
SRS [8], and 80% has been recommended for linac-based
photon beam therapy [7]. In our series, we realised minimal
dose coverages in the range (86.0± 7.7)% (confer Table 2).
It remains to be shown whether variable dose coverage of
and homogeneity in the PTV are associated with the altered
clinical outcome reported by others [7, 8].

Weakness of study and comparisonmethod

Flaws of our work are reduced to the technically feasible
and lie within the tolerance ranges of previous publica-
tions. Head-to-head comparison at this stage of application
has not been possible. We acknowledge that precise dose
delivery is achievable; however, the impact of dose optimis-
ing on clinical outcome remains unclear. The evaluation of
the clinical outcome in our ocular tumour program will be
assessed in a cohort analysis. So far, after a median follow-
up of 19.6 months, the recent rates of local disease control,
enucleation, metastatic spread and severe complications are
encouraging: 100%, 0%, 8% and 0%, respectively. Because
up to now only a few patients have a follow-up period of
more than 3 years, an outcome comparison with the large

studies about irradiation of ocular tumours by proton and
photon beam therapy, as well as robotic SRS and Gamma
Knife®, is not meaningful at the present time. Furthermore,
it remains debatable whether controlled comparative trials
of different radiation techniques are mandatory or feasible.

Another point of criticism is the comparison of our treat-
ment planning results with previously published data of the
gold standard with PBT or SRT. We only used two com-
parative criteria relating to dose conformity of and inhomo-
geneity within the PTV. The considered PTVs in each case
could not be identical concerning dimensions and anatom-
ical location, only the corresponding tumours and PTVs
were of the same volume. In the relevant treatment plan-
ning study, no distances between the GTV and OARs were
published [24].

Conclusion

Photons from linear accelerators are widely available. The
combination of DCAs with static IMRT fields, termed HA,
yields highly conformal dose distributions with steep dose
gradients at the PTV boundary for the photon-based SRT
of ocular tumours. The good dose homogeneity within PTV
achieved by this treatment technique is with closed, unfixed
eyes the best possible restriction of absorbed dose to parts
of OARs which can reside within the safety margins dur-
ing beam-on time. We are encouraged to pursue our ocular
tumour treatment program with a workflow that minimises
safety margins between tumour and PTV. The calculation
of the novel quality criterion SADG should be implemented
in all existing treatment planning systems because SADG
gives more information on the global anisotropic dose fall-
off towards normal tissue and OARs than GI.
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Appendix

Benchmark experiment for evaluating treatment
plan quality

A good benchmark to compare dose conformity, homogene-
ity, gradient measures and the dose ratio Dout/Dnom is SRS
of brain metastases. This thought experiment is simple, and
all physicians and medical physicists with stereotaxy expe-
rience are able to ascertain it.
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Table 5 Benchmark data of stereotactic radiosurgery for brain metastases for assessment purposes concerning treatment plan quality criteria in
stereotactic radiotherapy for choroidal melanomas by means of HybridArc™ (BRAINLAB AG, Feldkirchen, Germany)

Choroidal
melanomas

Brain metastasesa

Statistical
quantity

VPTV

[cm3]
dPTV
[mm]

VPTV

[cm3]
Collimator CI80%

[1]
HI
[1]

Dout/Dnom

[MU/cGy]
D1

[%]
D2

[%]
�r�D

[mm]
V(D1)
[cm3]

V(D2)
[cm3]

SADG
[%/mm]

GI
[1]

Minimum 0.42 9.0 0.38 Coneb 1.01 0.20 1.56 74.0 37.0 1.99 0.51 1.41 –18.6 2.8

Mean
value

1.83 15.0 1.77 MLCc 1.21 0.20 1.46 74.4 37.2 3.37 2.53 6.92 –11.0 2.7

Maximum 3.37 19.0 3.59 MLCc 1.18 0.19 1.41 79.2 39.6 3.80 4.35 11.33 –10.4 2.6

Mean
value

1.87 14.3 1.91 – 1.13 0.20 1.48 75.9 37.9 3.06 2.46 6.55 –13.3 2.7

Standard
devia-
tion

1.48 5.0 1.61 – 0.11 0.01 0.08 2.9 1.4 0.95 1.92 4.97 4.6 0.1

VPTV size of planning target volume (PTV); dPTV diameter of PTV; MLC multi-leaf collimator; CI80% conformity index of isodose level 80%
according to Eq. 2; HI homogeneity index according to Eq. 3; Dout/Dnom dose ratio according to Eq. 5; D1 isodose level at the boundary of PTV;
D2 half value of D1; �r�D length of the difference vector in Eq. 9; V(D1) volume enclosed by the surface of isodose on level D1; V(D2) volume
enclosed by the surface of isodose on level D2; SADG spatially averaged dose gradient between the isodose levels D1 and D2 according to Eq. 9;
GI gradient index according to Eq. 10
aLocation: temporo-parietal in the left hemisphere, 3cm skin-to-centre of metastasis distance; dose calculation: iPlan® RT Dose 4.5.5, BrainLAB
PencilBeam X; treatment parameters: 21Gy single-dose, 5.6 MV flattening filter-free photons, five arcs, 160 ° arc length with cone, 120 ° arc
length with MLC, 30 ° couch angle increment
bCircular cone diameter 10mm (BRAINLAB AG, Feldkirchen, Germany)
cHigh-definition multi-leaf collimator HD 120™ of Novalis powered by TrueBeam STx # 1426 with 0.5mm spatially equidistant field margin; no
proper circular cone was available

For this experiment we generated treatment plans for
spherical PTVs with highly conformal dose distributions.
Three different PTVs were of equal size as the minimal,
mean and maximal PTV in the cohort of 25 patients with
choroidal melanomas. The results of our benchmark exper-
iment to evaluate the novel dose gradient measure SADG
according to Eq. 9 were summarised in Table 5. In Table 5,
we also saw an unexpected characteristic of GI according
to Eq. 10 on the PTV size: With increasing size of PTV,
GI became better and SADG worsened. But only the char-
acteristic of SADG is right, because with increasing field
size the total physical penumbra broadens and as a result,
the dose gradient at PTV boundary worsens.

Table 6 Tumour size, planning target volume size, conformity index and inhomogeneity coefficient for four choroidal melanomas from Table 1
in comparison with four virtual tumours of the treatment planning study [24]

Tumour
no. in
[24]

Volume
[cm3]

PTV
[cm3]

CIICRU(X)a

[1]
CIICRU(p +)b

[1]
IC(X)a

[1]
IC(p +)b

[1]
Patient
no. in
Table 1

GTV
[cm3]

PTV
[cm3]

CIICRU(HA)
[1]

IC(HA)
[1]

1 0.18 0.65 1.47 1.30 0.22 0.08 4 0.10 0.61 1.07 0.12

2 0.21 0.75 1.59 1.28 0.24 0.09 11 0.20 0.89 1.03 0.10

3 0.51 1.25 1.34 1.32 0.17 0.11 18 0.21 1.16 1.12 0.11

4 1.11 2.61 1.31 1.21 0.28 0.12 5 0.90 2.75 1.17 0.15

Median 0.36 1.00 1.41 1.29 0.23 0.10 Median 0.21 1.03 1.09 0.12

GTV gross tumour volume; PTV planning target volume; CIICRU conformity index according to Eq. 1, X high-energy photons, p+ protons; IC
inhomogeneity coefficient according to Eq. 4; HA HybridArc™ (BRAINLAB AG, Feldkirchen, Germany)
aThe best value in each case of all three linac-based stereotactic photon beam techniques in [24]: static conformal fields, dynamic conformal arcs,
and intensity-modulated radiotherapy
bThe best value in each case of the two proton beam techniques in [24]: fixed horizontal proton beam and intensity-modulated spot-scanning proton
therapy

The values of the criterion CI95% according to Eq. 2 of
our series in Table 2 were worse than the results for SRS
obtained from assessments of the benchmark in Table 5:
1.25± 0.15 versus CI80%= 1.13± 0.11. That is not surpris-
ing because in the benchmark, the convenient geometric
and anatomical conditions—spherical PTV without adja-
cent OARs—allow almost ideal values for CI. However, the
values for HI according to Eq. 3 of our series were twice
as good as the values of the benchmark: 0.08± 0.02 versus
0.20± 0.01. Thus, the achieved values of CIx% and HI were
undoubtedly clinically acceptable in the present series. The
corresponding values for the dose gradient measures SADG
and GI were of the same order: (–11.9± 2.1)%/mm versus

K



942 Strahlenther Onkol (2018) 194:929–943

(–13.3± 4.6)%/mm and 2.9± 0.3 versus 2.7± 0.1, respec-
tively. The advantage for the benchmark in both gradient
measures is—as stated before—a consequence of the more
convenient geometric conditions. The values for Dout/Dnom

according to Eq. 5 relating to the dose fraction applied by
DCA in Table 2 were also confirmed by the benchmark
experiment: 1.45± 1.10 versus 1.48± 0.08.

Comparison of treatment planning results with gold
standard

In Table 6 we compared our treatment planning results with
published results of the gold standard methods PBT and
linac-based SRT [24] by means of the criteria CIICRU ac-
cording to Eq. 1 and IC according to Eq. 4.

HA yields better plan qualities concerning dose con-
formity at the PTV boundary than the previously reported
photon beam techniques, which have until now defined the
standard in linac-based SRT. HA also seems competitive
to PBT, because in the present series, the median of CIICRU
for all four cases is 1.09, and thus closest to the optimum
of 1.00. Undoubtedly, good conformity is one necessary
precondition for dose sparing in normal tissue and OARs.

Another aspect is the maximum dose and dose inhomo-
geneity within the PTV. In the comparative study by Weber
et al., the range was 109.0 to 130.0% for photon beam ther-
apy and 101.0 to 115.0% for PBT [24]. Our maximum dose
values with HA never exceeded 105.1% of the prescribed
tumour dose. Expressed with values of IC, our median value
0.12 is closer to the optimum of 0.00 than any previously
reported value for any photon beam technique.
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