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a b s t r a c t 

This study presents a new treatment planning approach merging 3D-CRT and VMAT fields into a hybrid 

treatment plan (HybTP), in order to achieve an optimum dose coverage of the planning target volume 

(PTV) and protection of OAR. Craniospinal axis irradiation (CSI) treated with 3D conformal radiother- 

apy (3D-CRT) is associated with high doses to the heart and eye lenses but provides better sparing of 

lungs and kidneys compared to volumetric modulated arc therapy (VMAT). VMAT treatment spares eye 

lenses and the heart, but lungs and kidneys are not as effective as 3D-CRT. Thus, a combination of both 

techniques (HybTP) may be optimal in sparing all these organs at risk (OAR). The results of HybTP are 

compared with helical tomotherapy (HT), intensity modulated radio therapy (IMRT), VMAT, and 3D-CRT 

plans. Hybrid, HT, VMAT, IMRT, and 3D-CRT treatment plans for a male child (age 6 years) with medul- 

loblastoma were created and compared. A total dose of 35.2 Gy (PTV) with a dose per fraction of 1.6 Gy 

was prescribed. The following dose acceptance criteria were defined: 

(1) Mean PTV dose should be 100% of the prescribed dose, while the maximum dose should not exceed 

107%. 

(2) At least 98% of the PTV should receive 95% of the prescribed dose. 

(3) The cribriform plate should be covered by the 95% isodose line. 

(4) The acceptance criteria for the OARs were: lenses D max < 10 Gy, lungs D mean < 7 Gy, kidneys D mean < 15 

Gy, heart D mean < 26 Gy, and heart V 25 < 10%. 

The plans were compared regarding dose homogeneity index (HI) and conformity index (CI), PTV 

coverage, (particularly at cribriform plate) and doses at OARs. Best conformity was achieved with HT 

(CI = 0.98) followed by VMAT (CI = 0.96), IMRT (CI = 0.91), HybTP (CI = 0.86), and 3D-CRT (CI = 0.83). The 

homogeneity index varied marginally. For both HT and IMRT the HI was 0.07, and for 3D-CRT, VMAT 

and HybTP the HI was between 0.13 and 0.15. The cribriform plate was sufficiently covered by HybTP, 

VMAT, and 3D-CRT. The dose acceptance criteria for OARs were met by HT and HybTP. VMAT did not 

meet the criteria for lung ( D mean = right 10.4 Gy/left 10.2 Gy), 3D-CRT did not meet the criteria for eye 

lenses ( D max = right 32.3 Gy/left 33.1), and heart ( V 25 ≈44%) and IMRT did not meet the criteria for lung 

( D mean = right 11.1 Gy/left 11.2 Gy) and eye lenses ( D max = right 12.2 Gy/left 13.1). HybTP meets all defined 

acceptance criteria and has proved to be a reasonable alternative for CSI. With HybTP that combines 

VMAT at the brain and heart with 3D-CRT posterior spinal fields (to spare lungs and kidneys), both ap- 

propriate coverage of the PTV and sparing of OAR can be achieved. 
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ntroduction 

Medulloblastoma is the most common malignant embryonal 

umor of the central nervous system (CNS) in children and ac-

ounts for nearly 20% of all brain tumors in this age group. Surgi-

al resection followed by radiation- and chemotherapy is the com- 

only used treatment. 1-8 Five-year survival rates range between 

0% and 100%, depending on age, metastatic spread, and subtypes 

f medulloblastoma. 9 , 10 When performing radiotherapy, the entire 

raniospinal axis (CSA) has to be irradiated to reduce the risk of

issemination of primary CNS tumors through cerebrospinal fluid 

ow (CSF) pathways and improve survival. 11 , 12 , 39 During treatment 

lanning particular consideration must be given to the cribriform 

late. The risk for patients to develop a recurrence in this structure

s about 15% if it is not appropriately treated. 3 , 13-17 , 54 

Patients receiving radiation therapy may experience long-term 

ide effects such as neuroendocrine dysfunction, hearing disabil- 

ty, cataract formation, 45 cognitive deficits, and cardiac sequelae, 

long with impaired growth and the risk of developing radiation- 

nduced secondary malignancies. 18-23 To reduce these side effects, 

raniospinal axis irradiation (CSI) must consider a variety of organs 

t risk (OAR) additionally to the complex planning target volume 

PTV). This makes treatment planning for CSI a challenging and 

omplex process. The use of multiple isocenters and the alignment 

f a large number of fields to obtain satisfactory plans further add

o this challenge. 4 , 22 , 24 , 25 

Three-dimensional conformal radiotherapy (3D-CRT) with static 

elds represents a commonly used conventional radiation tech- 

ique for CSI. Two bilateral half-beam blocked cerebral fields are 

ollimated to match the divergence of an adjacent inferior spinal 

eld. 7 , 18 , 25-28 The spinal field makes the 3D-CRT suitable for dose 

paring of lungs and kidneys. However, the exit dose of this

eld passes directly through the heart resulting in a high car-

iotoxicity. 25 , 29 , 56 If the cribriform plate is part of the cerebral

TV, the dose savings of the ocular lenses cannot be realized.

oth organs get into an overlapping position and shielding the 

enses by the multileaf collimator (MLC) is then no longer pos-

ible. 30 , 49 , 54 In general, 3D-CRT is quite limited with regard to 

ighly individualized treatment plans customized to specific pa- 

ient needs, for example, dose sparing of the hippocampus or 

ypothalamus. 31 

Intensity modulated radiotherapy (IMRT) and volumetric modu- 

ated arc therapy (VMAT) offer promising approaches in the treat- 

ent of CSA. 4 , 24 , 25 , 27 , 28 , 32-34 , 52-55 Even with consideration of the 

ribriform plate as part of the PTV, a significant dose reduction

o the eye lenses can be realized. However, IMRT and VMAT are

ften not able to match dose sparing for the lung and kidneys

hat is achievable with the spinal field configuration of the 3D-

RT method. Furthermore, it results in a larger irradiated vol- 

me of normal tissue that should be considered when treat- 

ng young patients. 25 Goitein et al. pointed out that the vol-

me receiving low doses should be minimized to avoid radiation- 

nduced secondary tumors in this region as a long-term side 

ffect. 35 

Helical tomotherapy (HT) offers the possibility of irradiating 

arge volumes continuously. 4 , 28 , 36-38 It ensures irradiation of the 

ntire CSA in one session without field junctions. An elective 

ose reduction to all OARs and the verification of patient posi-

ion via computed tomography (CT) prior to irradiation is possi- 

le. The conformity indices (CI) and homogeneity indices (HI) re- 

ulting from the dose distribution are better than those achievable

ith 3D-CRT. However, with HT a relatively large low-dose irradi- 

tion volume is created and hence a higher risk of inducing sec-

ndary neoplasias or giving rise to concerns about pulmonary tox- 

city caused by the treatment. 38 , 37 , 41-43 , 51 But the arguments for 

reating medulloblastoma with HT in terms of PTV dose coverage 
G
nd sparing OARs are convincing. Although in the majority of ra-

iotherapy centers expensive HT technology is not available, dose 

alues achievable with HT can serve as a benchmark for CSI at con-

entional LINACS. 

As described above, with forward-planned 3D-CRT and the 

nverse-planned IMRT and VMAT techniques 2 fundamentally dif- 

erent concepts exist for irradiating CSA using a conventional 

INAC. 44 3D-CRT leads to better sparing of lungs and kidneys com-

ared to VMAT, whereas VMAT is more effective in sparing eye

enses. If it were possible to merge the 2 concepts into a hy-

rid that combines the advantages of both techniques and reduces 

he disadvantages, a third concept would emerge that ambitiously 

ttempts to meet the HT benchmark as closely as possible. This

ould be an additional CSI planning option for radiotherapy fa- 

ilities not equipped with HT. The technical challenge consists of 

atching inverse planned modulated fields to adjacent forward 

lanned 3D-CRT fields. The resulting dose distribution must be ho- 

ogeneous at the field junctions and along a large PTV with mul-

iple isocenters. Toxicities for lungs and kidneys should be in the

ange of 3D-CRT, and the dose at the lenses and the dose to the

eart comparable with values of modulated techniques. Dose con- 

ormity and homogeneity should be at least equal or better than

hat of 3D-CRT. To achieve these goals a novel Hybrid Treatment

lanning (HybTP) technique was developed. 

ethods and Materials 

A male 6-year-old child with a medulloblastoma was positioned 

n head-first supine orientation which provides free access for 

nesthesia, immobilized in a vacuum mattress (Unger Medizintech- 

ik, Muehlheim-Kaerlich, Germany) from the shoulder to the feet. 

n individual adapted thermoplastic mask (Unger Medizintechnik, 

uehlheim-Kaerlich, Germany) was used to fix the head against 

ovement. 

CT acquisition (40-slice Biograph mCT, Siemens AG, Erlan- 

en, Germany) of the whole body from cranium until the lesser

rochanter (1mm slice) without contrast medium was done. The 

T was transferred to ARIA 

R © oncology information system (Ver- 

ion 15.1, Varian Medical Systems, Palo Alto, CA) where it was fur-

her processed for delineation and dose calculation in the treat- 

ent planning system (TPS) Eclipse TM (Version 15.1, Varian Medi- 

al Systems, Palo Alto, CA). 

Imaging studies (pre- and postoperative MRI of the brain and 

he spinal cord with and without contrast medium) were used to

elineate target volumes and a fusion of the MRI and CT was per-

ormed. 

All volumes were delineated as recommended in the interna- 

ional delineation guideline of target volumes. 39 The whole brain 

linical target volume (CTV) including the whole brain with the 

ribriform plate region, the pituitary fossa, up to the inferior mar-

in of the temporal lobes, and excluding the petrous bone and the

asicranium. The whole spine CTV covered the entire spinal canal 

nd the thecal sac, including the subarachnoidal space, the inter- 

ertebral foramina, and the first cervical nerve roots. The final PTV

as created by the CTV + 3 mm margins. 

3D-CRT-, IMRT- and VMAT treatment planes were created for 

 CLINAC 2100 DHX (Varian Medical Systems, Palo Alto, CA), 

quipped with a Millenium 120 MLC. All plans were calculated 

ith 6MV photon beams to avoid neutron contamination, the dose 

ate was set to 600 MU/min. The plans contained 3 isocenters (IC),

he IC were adjusted by longitudinal patient-couch movements. 

he source to axis distance (SAD) was kept constant. 

For all plans a total dose of 35.2 Gy with a single dose of 1.6

y per fraction was prescribed. 
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Fig. 1. Field setups with IC1-IC3, (A) 3D-CRT, (B), IMRT, (C) VMAT. (Color version of 

figure is available online.) 
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Fig. 2. (A) Field configuration HybTP (IC1-IC3), PTV in red, (B) calculated sub sec- 

tions neck and lumbar, (C) complete calculated spine section (neck, heart, lumbar). 

Dose is shown in color wash, scaled from 17 to 37.6 Gy ( � 48-107%). (Color version 

of figure is available online.) 
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D conformal radiation therapy (3D-CRT) 

A treatment plan was generated ( Fig. 1 A) containing 2 oppos-

ng lateral fields at the brain (IC1), half beam blocked to match

 supine field along the spine PTV at 180 ° Gantry angle (IC2). A

ower spine field was matched by 90 ° patient couch rotation and

n appropriate gantry angle (IC3). The MLCs were fitted to the PTV

ith a margin of 0.5 cm to spare the OARs without compromis-

ng the PTV. For dose homogenization the field-in-field function of

he TPS was used. A field setup overview of 3D-CRT is shown in

ig. 1 A. 

ntensity modulated radiotherapy (IMRT) 

The IMRT planning contains 12 brain fields at IC1 with a regu-

ar angular shift of 30 ° beginning from 0 °. In supine position there

re 3 fields at IC2 and additional 3 fields at IC3 with gantry an-

les of 120 °, 180 °, and 240 °. In longitudinal direction the fields

ere generated with an overlap of 10 cm to achieve a homoge-

ous dose distribution along the field junctions. Dose reduction in

he OAR and PTV dose coverage has been performed in the op-

imization module of the TPS. After completing the optimization

rocess, the fluence editing tool was used in order to remove hot

nd cold spots. Figure 1 B shows a field setup overview of IMRT. 

olumetric modulated arc therapy (VMAT) 

In Fig. 1 C the VMAT field configuration with three 360 ° rota-

ions is shown. At the brain 3 VMAT fields were applied at IC1; 2

ain fields enclosed the brain PTV completely (collimator: 30 ° and

30 °), and a third support field (collimator 90 °) was restricted to

he height of the orbital by reducing Y-blade to 6.7 cm. This third

eld was used to optimize the dose coverage at the cribriform

late while protecting the eye lenses by MLCs moving between

he eyes perpendicular to the Y-blade. In the lung region two
MAT fields (IC2) and 2 VMAT fields in the lumbar region (IC3)

ompleted the technique (collimator at both IC: 10 ° and 350 °). To

chieve a homogenous dose distribution along the field junctions,

he fields were planned with an overlap of 10 cm. 

The sparing of the OAR (lungs, kidneys and heart) was achieved

y successive adaptation of the planning objectives in the TPS un-

il the doses in the OAR have been reduced to minimum values

s long as the dose sufficiently covers the PTV. The field setup

verview of VMAT is shown in Fig. 1 C below. 

ybrid treatment planning (HybTP) 

When planning the HybTP the PTV is divided into two sections:

rain PTV (IC1) and spine PTV (IC2 and IC3). The spine PTV is sub-

ivided into 3 subsections: neck (IC2), heart (IC2) and lumbar (IC3)

ubsections ( Fig. 2 A). The planning starts in a first step with gen-

rating the neck and lumbar subsections as 3D-CRT supine fields

hown in Fig. 2 B. The 3D-CRT neck subsection is part of the HybTP

ung sparing strategy. The field covers the spine PTV from approx.

 cm inferior the skull base until the aortic arch. About one third

f the field extends into the lung volume thus that can be shielded

y the MLC. The lumbar 3D-CRT subsection field covers the spine

TV from 1.5 cm inferior the heart to 1.5 cm caudal the spine

TV and minimizes the irradiated volume of the kidneys. For both

elds the MLCs were fitted to the PTV with a margin of 0.5 cm.

n a second step a single VMAT arc was generated for closing the

ap between the neck and lumbar 3D-CRT fields (heart subsec-

ion, Fig. 2 C). Dose control of heart and lungs as well as the spine

TV dose coverage was performed by using the VMAT optimization

odule, the dose base plan function was used for ensuring an in-

erconnection to the neck and lumbar 3D-CRT fields. In a last step,
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Fig. 3. MLC leaf positions of the 3D-CRT neck subsection. In (A) the leaf positions of the main field are shown. In (B) the leaf positions of the MLC subfield are shown. Both 

fields were further merged into an overall field-in-field. In (C) the sum dose of the merged field at the field boundary is shown, as well as the corresponding doses of the 

main and the sub fields. (Color version of figure is available online.) 

Table 1A 

PTV dose acceptance criteria, (95% of the prescribed dose ≡ 33.4 Gy) 

PTV dose acceptance 

D max ≤ 107% 

D mean = 100% 

D 95 > 98% 
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Table 1B 

Dose acceptance criteria for OARs 

Organ Dose acceptance 

Lenses D max < 10 Gy 

Lung D mean < 7 Gy 

Kidneys D mean < 15 Gy 

Heart D mean < 26 Gy 

Heart V 25 < 10% 
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indices of HT and IMRT. 
he spine PTV dose coverage was optimized by dose weighting the

ingle fields. 

For the brain section, the above-described VMAT technique (3 

MAT arcs at IC1) is applied and completes the HybTP configura-

ion. 

ybTP field connection management 

A stable field connection between 3D-CRT and VMAT fields suc- 

eeds if the dose at the field boundaries of the 3D-CRT fields

oes not fall off steeply, but decreases gradually with a step func-

ion. Such a dose drop can be modeled using the field-in-field

unction of the TPS. A subfield with cranially and caudally closed

LC is integrated into the main 3D-CRT field. The subfield must

e weighted in such a way that a step-shaped dose distribution

esults, as shown exemplarily for the cranial field connection in 

igs. 3 A and B. 

T planning 

HT treatment plan was planned with a single isocenter (IC) for

o be treated at a Tomo HDA 

TM (Version 2.1.2, Accuray Incorpo-

ated, Sunnyvale, CA). For this purpose, the data set was trans-

erred to Accuray R © Planning Station (Version 5.1.1.6, Accuray Incor- 

orated, Sunnyvale, CA). The completed treatment plan was finally 

xported into TPS Eclipse in order to be able to compare it with

he other techniques. 

lan acceptance criteria 

In Table 1A and B the defined plan acceptance criteria for PTV

nd OARs are shown. 

Moreover, the calculated plans were compared based on match- 

ng the dose criteria, the conformity index ( CI ) and homogeneity

ndex ( HI ). 

he conformity index is calculated as CI = 

T V RI × T V RI 

T V × V 
RI 
Where TV means Target Volume, V RI Volume of the Reference 

sodose and T V RI the Target Volume which is covered by the Refer-

nce Isodose. 40 

he homogeneity index is calculated as HI = 

D PT V ( 2% ) −D PT V ( 98% ) 

D PT V ( 50% ) 

Where D PT V ( x % ) means the dose wich is received by x% of the

TV volume. 

Furthermore, the organ doses are compared with each other, as 

ell as the Volume of body receiving a low dose of 5 Gy ( V 5 = x% ). 

valuation plan robustness 

As CSI using conventional LINACS are treatments with multiple 

socenters an evaluation of robustness against positioning uncer- 

ainties and potential intrafractional motion, especially at the field 

unctions, is essential. 

To simulate a cranio-caudal positioning inaccuracy, HybTP plans 

ere calculated in which the table position was shifted caudally 

nd cranially. A caudal table shift simulates a field shift out of each

ther (out), a cranial table shift simulates a field shift into each

ther (in). The resulting minimum and maximum doses respec- 

ively at the field interconnections were recorded and compared 

o table shifts of VMAT and 3D-CRT plans. Similarly, the resulting

I and HI values were calculated after performing the table shifts. 

esults 

TV dose coverage 

All planning techniques match the plan acceptance criteria, namely that the

aximum dose does not exceed 107% of the prescribed dose while the mean dose

quals 100%, and that 98% of the PTV volume is covered by at least 95% ( ≡33.4 Gy)

f the prescribed dose. 

The highest conformity index was achieved when using HT. VMAT and IMRT

ere similar, whereas 3D-CRT and HybTP achieve lower conformity indices. 

HT and IMRT plans resulted in highly homogenous dose distributions. The ho-

ogeneity indices of 3D-CRT, HybTP and VMAT were similar but lower than the
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Fig. 4. Sagittal view dose distributions different techniques, heart structure in blue, dose shown in color wash scaled from 80 to 107%. (A) 3D-CRT, 80% isodose through 

heart. (B) VMAT, 80% no isodose through the heart. (C) IMRT, 80% no isodose through the heart. (D) HybTP, heart protection by VMAT rotation at heart region, in contrast to 

3D-CRT no 80% isodose through the heart. (Color version of figure is available online.) 

Table 2 

Dose received by 98% of PTV Volume (D98), conformity index (CI), homogeneity 

index (HI) and % of Volume receiving a low dose of 5Gy (V 5 = x%) for the different 

planning techniques 

Index 3D-CRT VMAT HybTP IMRT HT 

D 98 98.2% 98.4% 99.1% 99.4% 98.7% 

CI 0.83 0.96 0.86 0.91 0.98 

HI 0.13 0.14 0.15 0.07 0.07 

V 5 40% 73% 43% 62% 55% 
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The lowest value for the V 5 was achieved with 3D-CRT followed by HybTP.

MAT, as a rotation method, resulted in the highest low-dose exposure. The

chieved values for the different planning techniques are shown in Table 2 . 

Table 2 Dose received by 98% of PTV Volume (D98), CI, HI and % of Volume

eceiving a low dose of 5Gy (V5 = x%) for the different planning techniques. 

oses at OARs 

Table 3 below shows the maximum doses to the eye lenses, the mean doses to

he other OARs, and the Volume of heart receiving a dose ≥25 Gy for the different

lanning techniques. 

All defined dose acceptance criteria were met when applying HT. The right and

eft lenses received D max = 4.9 Gy, the right lung D mean = 6.9 Gy and the left lung

 mean = 6.3 Gy. The mean doses of the kidneys (right 3.7 Gy/left 3.9 Gy) and the

ean dose of the heart (7.5 Gy) were below the defined dose limits; the V 25 of the

eart equals to 0%. 

When applying 3D-CRT, the maximum doses were 32.3 Gy in the left and 33.1

y in the right lens respectively. These doses were higher than acceptable accord-

ng to the defined acceptance criteria ( D max < 10 Gy). In contrast, sparing of kidneys

right 4.5 Gy/left 4.6 Gy) and lungs (right 5.4 Gy/left 6.4 Gy) was realized appropri-

tely. For the heart a mean dose of D mean = 22.1 Gy was achieved, which is below

he required D mean < 26 Gy. However, it was not possible to meet the acceptance

riteria V 25 < 10%. The proportion of the heart volume receiving > 25 Gy was 43.9%.

Also, IMRT planning did not lead to a sufficient sparing of the eye lenses. Both

enses (right 13.1/left 12.2 Gy) receive more than the acceptable D max < 10 Gy. Also

he dose acceptance criteria for the lung D mean < 7 Gy were not met (right 11.1

y/left 11.2 Gy). However, the dose acceptance criteria for the kidneys D mean < 15

y were met (right D mean = 7.5 Gy/left D mean = 6.1 Gy). The mean dose for the heart

as 8.9 Gy meeting the requirement of D mean < 26 Gy, the volume of the heart V 25 

eceiving more than 25 Gy equals to 0%. 

VMAT planning realized a sufficient sparing of the lenses (right 9.4 Gy/left 8.8

y), kidneys (right 9.8/left 10.3 Gy) and heart (9.1 Gy/ V 25 = 0%). But the D mean < 7

y for the lungs was not met (left 10.2 Gy/right 10.4 Gy). 

HybTP achieved all required dose acceptance criteria. The maximum doses to

he lenses (right 9.7 Gy/left 9.5 Gy) were below 10 Gy, the mean doses to the kid-

eys (right 4.5 Gy/left 4.6 Gy) below 15 Gy, the mean doses to the lungs (right 6.9

y/left 6.6 Gy) below 7 Gy, and the mean dose to the heart (16.9 Gy) below 26 Gy.

he V 25 equals to 9.8% and hence less than 10%. 

Figure 4 demonstrates the dose distributions of the different techniques. Apply-

ng 3D-CRT ( Fig. 4 A) leads to an 80% isodose through the heart as a consequence

f the dose dorsal field configuration. VMAT ( Fig. 4 B) and IMRT ( Fig. 4 C) keep the
0% isodose close to the spine PTV, resulting in the reduction of dose to the heart.

igure 4 D demonstrates the dose distribution of HybTP. Compared to 3D-CRT the

0% isodose shows the impact of the cardiac integrated VMAT section. 

lan robustness 

In Table 4 the minimum doses for caudal table shift (out) and the maximum

oses for cranial table shift (in) from 1 mm and 2 mm shown. In the not shifted

egular plan HybTP has a doses minimum of 98.1% at the field interconnection that

alls down to 90.4% when a 1 mm out shift is applied. VMAT falls up from 97.8% to

1.7% and 3D-CRT from 97.2% to 86.7%. A 2 mm out shift leads to minimum dose

f 82.9% for HybTP, 83.7% for VMAT and 73.4% for 3D-CRT. A 1 mm in shift leads to

 dose maximum for HybTP of 110.7%, for VMAT 107.6%, and for 3D-CRT 117.8%. A 2

m in shift leads to 121.4% for HybTP, 115.5% for VMAT, and 129.0% for 3D-CRT. For

ll regular plans, the maximum dose at the field interconnection was approx. 105%

 Table 4 ). 

In Tables 5 and 6 the values for CI and HI are listed, after performing OUT and

N table shifts. The differences to CI and HI without table shift ( Tables 2 and 3 ) are

hown in parenthesis. It can be seen that CI assumes lower values for all techniques

fter performing a table shift. 3D-CRT and HybTP reacts in a range of �CI = 0.05-

.06 and VMAT and IMRT in a range of �CI = 0.09-0.13. The HI stays almost unaf-

ected by table shift varying in a range of �HI = 0.01-0.02 over all techniques. 

iscussion 

The hybrid treatment planning (HybTP) for CSI was developed

ith the motivation to meet the results of the HT technique with a

arian DHX CLINAC as close as possible. For CSI on a conventional

INAC currently 2 fundamentally different concepts exist. Static for-

ard planned 3D-CRT and inverse planned modulated techniques

MRT and VMAT. 44 Both concepts lead to particular results that are

ot achievable by the other concept, but none of them can match

he results of the HT. If it were possible to merge the both concepts

nto a hybrid technique that combines the respective advantages of

he concepts and reduces the disadvantages, a third concept would

merge, the HybTP, opening new possibilities for approaching to

T. The results obtained with HybTP were discussed above in con-

rast to those of 3D-CRT, IMRT, VMAT and HT in terms of CI and

I, dose coverage at the cribriform plate, low body dose ( V 5 ), and

oses at OARs. 

The lowest conformal index CI was obtained for 3D-CRT plan-

ing (CI = 0.83). This is due to the low conformal dose coverage

long the spinal PTV. Due to the single dorsal static field, this can-

ot be achieved to the quality as it is the case for VMAT (CI = 0.96)

nd HT (CI = 0.98). The HybTP also contains dorsal static fields in

he spinal area, where the dose coverage of the PTV does not reach

he quality of VMAT and IMRT. However, the VMAT field does not

over the entire length of the spinal PTV, as is the case with the
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Table 3 

Achieved mean and maximum doses at OARs and V25 at the heart 

D mean 

OARs 

3D-CRT IMRT VMAT HybTP HT 

[Gy] [%] [Gy] [%] [Gy] [%] [Gy] [%] [Gy] [%] 

Left lung 6.4 18.18 11.2 30.9 10.2 28.9 6.6 18.7 6.3 17.9 

Right lung 5.4 15.34 11.1 26.5 10.4 29.5 6.9 19.6 6.9 19.8 

Left kidney 4.4 12.5 6.1 17.2 10.3 29.2 4.6 13.0 3.9 11.3 

Right kidney 4.4 12.5 7.5 21.4 9.8 27.8 4.5 12.7 3.7 10.6 

Heart 22.1 59.6 8.9 25.4 9.1 25.8 16.9 48.0 7.5 21.4 

D max 

OARs 

3D-CRT IMRT VMAT HybTP HT 

[Gy] [%] [Gy] [%] [Gy] [%] [Gy] [%] [Gy] [%] 

Left lense 32.3 (91.76) 12.2 (34.8) 8.8 (25.0) 9.5 (24.4) 4.9 (14.2) 

Right lense 33.1 (94.03) 13.1 (37.3) 9.4 (26.7) 9.7 (23.6) 4.9 (14.0) 

Doses heart 

3D-CRT IMRT VMAT HybTP HT 

V 25 [%] 43.9 0.0 0.0 9.8 0 

D mean [Gy] 22.1 8.9 9.1 16.9 7.5 

Table 4 

Minimum and maximum doses [%] at the field interconnection after table shift. The 

regular doses (Reg.) means the minimum, respectively maximum, dose for the not 

shifted plan 

Reg. 

Caudal shift (out) 

min Doses [%] Reg. 

Cranial shift (in) max 

Doses [%] 

1 mm 2 mm 1 mm 2 mm 

HybTP 98.1 90.4 82.9 105.2 110.7 121.4 

VMAT 97.8 91.7 83.7 105.0 107.6 115.5 

3D-CRT 97.2 86.7 73.4 105.7 117.8 129.0 

Table 5 

CI values after performing of 1 mm and 2 mm table shift IN/OUT. The differences 

to the values without table shifts are shown in parenthesis 

CI 3D-CRT VMAT HybTP IMRT 

1 mm OUT 0.78 (-0.05) 0.83 (-0.13) 0.81 (-0.05) 0.81 (-0.10) 

2 mm OUT 0.78 (-0.05) 0.82 (-0.14) 0.81 (-0.05) 0.82 (-0.09) 

1 mm IN 0.77 (-0.06) 0.83 (-0.13) 0.84 (-0.02) 0.82 (-0.09) 

2 mm IN 0.77 (-0.06) 0.82 (-0.14) 0.81 (-0.05) 0.79 (-1.12) 

Table 6 

HI values after performing of 1 mm and 2 mm table shift IN/OUT. The differences 

to the values without table shifts are shown in parenthesis 

HI 3D-CRT VMAT HybTP IMRT 

1 mm OUT 0.14 ( + 0.01) 0.14 ( + 0.0) 0.15 ( + 0.0) 0.08 ( + 0.01) 

2 mm OUT 0.15 ( + 0.02) 0.15 ( + 0.01) 0.16 ( + 0.01) 0.09 ( + 0.02) 

1 mm IN 0.14 ( + 0.01) 0.14 ( + 0.0) 0.15 ( + 0.0) 0.08 ( + 0.01) 

2 mm IN 0.14 ( + 0.01) 0.15 ( + 0.01) 0.17 ( + 0.02) 0.07 (0.0) 
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D-CRT technique. However, in addition, as with the pure VMAT 

echnique, there is a high degree of conformity in the superior re-

ion. These facts result in a CI for HybTP of 0.86, which is slightly

etter than the pure 3D-CRT technique, but overall worse than 

MAT. IMRT achieves good conformation in the spinal region but 

ot in the skull, resulting in a CI of 0.91. This is consistent with a

lan comparison study from Herdian et al. 53 in which they stated

hat IMRT and HT techniques are able to achieve better conformi-

ies than 3DCRT. Srivastava et al. came to the same conclusion in a

imilar comparative study. 56 The homogeneity indices of 3D-CRT 

HI = 0.13), VMAT (HI = 0.14) and HybTP (HI = 0.15) are compara-

ively close together. The HI for IMRT and HT are both 0.07. In the

ase of an ideal dose homogeneity the HI would take the value of
. Even though the highest HI was determined for HybTP, all val-

es are around 0 and thus differ only marginally in terms of dose

omogeneity. 

Frequently, the argument for using the 3D-CRT technique is that 

ighly conformal techniques such as VMAT increase the risk of de-

eloping a radiation-induced second tumor due to the higher low- 

ose volume. 23 , 29 , 50 3D-CRT has the smallest body low-dose vol- 

me V 5 of 40%, directly followed by HybTP with V 5 = 43%. For the

ther techniques, the values are higher (HT 55%, IMRT 62%, VMAT

2%). Lang et al. used a hybrid treatment technique consisting of

MAT and 3D field-in-field segments for irradiation of a chest wall

nd regional lymph nodes after mastectomy. They too found that 

ybrid plans were more effective in avoiding the spread of low

oses to healthy tissue. 56 

The fact that the V 5 of 3D-CRT and HybTP is very similar can

e explained by the composite field technique of HybTP. The skull

egion has on the low dose exposure marginal relevance, since it

onsists mainly of PTV and less normal tissue. HT, IMRT and VMAT

ause higher low-dose exposure than 3D-CRT. Since HybTP is com- 

osed of 3D-CRT fields and only in the cardiac region a VMAT tech-

ique is used, the low dose range is lowered accordingly. 

With HybTP the eye lenses received doses of 9.7 Gy in the right

nd 9.5 Gy in the left lens. Emami et al. 48 showed that a cataract

an develop (TD 5/5) after low-dose exposure and suggested a dose

onstraint of 10 Gy when applying conventional fractionation. This 

onstraint is also successfully achieved with HT (left 4.9 Gy/right 

.9 Gy) and VMAT (left 8.8 Gy/right 9.4 Gy). With IMRT a dose

overage of the cribriform plate could be realized, but it was not

ossible to achieve a lens protection < 10 Gy. 

The lens dose of the HybTP is higher than that of the VMAT, al-

hough both techniques include the same field configuration. With 

ybTP, however, scattering of the adjacent spinal 3D-CRT field is 

dded. Applying 3D-CRT the eye lenses received a dose > 30 Gy

hich immensely increases the risk of forming a cataract. The ac-

ual benefit of using the HybTP at the skull instead of the 3D-CRT

ethod lies in the dose coverage of the cribriform plate. In a sur-

ey including 40 medulloblastoma patients, Jereb et al. 13 found 15%

f all recurrences occurred in this region, if it was not adequately

reated. According to Goswami et al. 54 , for medulloblastoma pa- 

ients, approximately 15-20% of recurrences occurs at the cribri- 

orm plate due to excessive shielding to protect ocular structures. 

HybTP achieved a D mean = 16.9 Gy of the heart, which is be-

ow the D mean = 22.1 Gy of 3D-CRT. The heart doses of IMRT
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 D mean = 8.9 Gy) and VMAT ( D mean = 9.1 Gy) are low and close to

T ( D mean = 7.5 Gy). The 3D-CRT D mean is still within the dose ac-

eptance criteria of < 25 Gy, but the volume of the heart which

eceives a dose > 25 Gy is 43.9% and does not meet the defined

cceptance criteria of < 10%. According to the Quantec table, the

robability of long-term cardiac mortality is higher than 1% for

 25 > 10%. 46 By applying the HybTP, HT, VMAT, and IMRT the V 25heart 

an be reduced to almost 0. Ratosa et al. 47 explored in 2019 lit-

rature related to cardiotoxicity following mediastinal irradiation.

hey stated that studies uniformly show a linear radiation dose-

esponse relationship between mean absorbed dose to the heart

nd the risk of dying as a result of cardiac disease. Therefore, dose

o the heart should be an important aspect when evaluating CSI

lans and is clearly the major drawback of the dorsal static field

echnique in 3D-CRT. 

The mean doses in the lungs differ only marginally between

D-CRT (right: 5.4 Gy/left: 6.4 Gy) and HybTP (right: 6.6 Gy/left:

.9 Gy), which has been a major goal when developing HybTP. This

an be explained by 2 facts. First, the leaves of the MLC in the su-

erior 3D field segment still cover one third of the lung volume,

hich contributes to lung sparing. Second, the lung dose can be

ontrolled within the possible range via the VMAT optimization

odule in the TPS. In comparison, the pure VMAT technique is not

ble to save the lungs in that range (lung right: 10.4 Gy/lung left:

0.2 Gy), neither is IMRT (lung right: 11.1 Gy/lung left: 11.2 Gy).

ith HT the lungs receive right 6.9 Gy and left 6.3 Gy. The dose

onstraint for the lungs corresponds to QUANTEC, 46 specifying the

isk of symptomatic pneumonitis to be 5% if D mean is 7 Gy. 

The acceptance criteria for the kidney D mean < 15 Gy is met by

ll techniques with a risk of a clinically relevant renal dysfunction

elow 5%. 46 The lowest values for D mean were achieved with 3D-

RT (left: 4.4 Gy / right: 4.4 Gy) and HybTP (left: 4.6 Gy/right: 4.5

y). These values are close together, which was similar to the lung

 primary objective in developing the HybTP. 

In summary, only HybTP and HT meet all dose acceptance crite-

ia of the OARs defined in Table 1 . VMAT fails to meet the criteria

or lungs, IMRT for lungs and eye lenses and 3D-CRT for heart and

ye lenses. 

The results presented here are consistent with results of the ex-

sting literature. Sharma et al. performed a comparative study be-

ween 3D-CRT, IMRT and HT. When IMRT and HT were used, the

 mean for lungs and kidneys increased compared to 3D-CRT. Al-

hough the increase is not of the same range as in our study, this

ualitatively confirms our thesis of dose minimization of lungs and

idneys by using 3D-CRT. 4 Regarding eye sparing, they come up

ith comparable high dose values for 3D-CRT and IMRT ( D mean_eyes 

 35 Gy). Only with HT they were able to keep the doses be-

ow 8 Gy. Pollul et al. compared a short partial-arc VMAT tech-

ique with 3D-CRT planning in a study including 24 patients. In

um they were VMAT planned able to achieve a D mean_heart = 6.6

y compared to D mean = 16.0 Gy with 3D-CRT. Regarding mean

oses for kidneys and lungs, they also could not achieve VMAT

lanned lower values than with 3D-CRT (VMAT D mean_lung = 7.5Gy,

D-CRT D mean_lung = 4.2 Gy/VMAT D mean_kidney = 5.3 Gy, 3D-CRT

 mean_kidney = 2.6 Gy). 52 Pichandi et al. 20 report similar results. In

he study of de Saint-Hubert lungs and kidneys were more effec-

ively spared with 3D-CRT than with IMRT and HT. 25 Seravalli et

l. performed a study across 15 European centers, comparing 3D-

RT, IMRT, VMAT, HT, and Proton plans calculated with 1 identical

T-dataset, similar to our study. They reported qualitatively about

he same relationships: lowest values for lungs and kidneys with

D-CRT, low D mean_heart by applying IMRT, VMAT, and HT. In con-

rast to our results is a D lens_median < 6 Gy for 3D-CRT, which also

annot be surpassed by any other techniques. 36 Other studies are

ble to achieve D mean_lung < 7 Gy with dose prescriptions analog to

ur scheme even with VMAT and IMRT. 4 , 28 This is well below our
esults. It would be interesting to compare HybTP with IMRT and

MAT plans from other radiotherapy facilities, with defined start-

ng assumptions. 

When interpreting our results, one has to be aware that the

tudy includes only a single patient. Therefore, it must be consid-

red as a proposal for an alternative planning strategy. The prin-

iple approach, i.e. , selectively merging of field segments of priori-

ized techniques, remains the same regardless of patient anatomy.

lthough the HybTP was developed for a CLINAC 2100 DHX, this

echnique can in principle also be adapted for other LINAC types. 

With HybTP, an additional possibility to optimize PTV dose

overage-low dose exposure-saving OARs exits. For example, de-

artments facing the challenge of treating young patients with pre-

xisting lung or kidney disease may now have a planning option if

atients could tolerate a higher coronary dose by reduced low-dose

xposure. Similarly, simultaneous sparing of the hippocampus and

ypothalamic-pituitary axis, as mentioned by Zheng et al. 31 would

e possible. 

The treatment of a CSA on a LINAC needs special attention re-

arding positioning inaccuracies and the resulting inhomogeneities

t the field junctions. To increase plan robustness, the field junc-

ions of 3D-CRT plans must be shifted after a certain number of

ractions. 18 , 19 VMAT plans can be created with overlapping fields,

ith the goal achieving a uniform dose across the transition to

inimize robustness to field placement errors. 30 A similar prin-

iple was to be applied to HybTP. The challenge was to com-

ine 3D-CRT fields with generally steep dose falloffs, overlapping

ith flat fallen doses from VMAT fields. This was realized by us-

ng the field-in-field function of the TPS when structuring the 3D-

RT fields. By overlaying 3D-CRT fields of different field lengths, a

ose falloff similar to a step function could be modeled, approxi-

ated to the typical flatter falling dose profiles of VMAT fields. As

 result of the intersecting field dose components, HybTP plans are

ot as sensitive to positioning inaccuracies or intrafraction move-

ent as 3D-CRT plans. Further effort should be taken to make

he HybTP as robust as the VMAT is. Whether field feathering

or HybTP is necessary or not should be discussed from case to

ase after field displacement analysis and clinically internal eval-

ation of the estimated maximal positioning inaccuracies. A plan

obustness analysis with respect to CI or HI after a positioning

naccuracy of up to 2 mm showed that all planning variants re-

ct only marginally to such a scenario (VMAT/IMRT �CI = 0.09-

.13/3D-CRT/HybTP �CI = 0.05-0.06 and �HI all techniques = 0.01-

.02). In addition, it is important to bear in mind that a displace-

ent of 2 mm, as assumed in our studies for high-precision radio-

herapy with vacuum mattress positioning, is a relatively high or-

er of magnitude. In principle, such a displacement should already

e excluded by a high degree of quality assurance. 

As with any comparative planning study, this work is limited

y the planning beam geometries and the optimization parame-

ers used to generate the dose distribution. While the authors rec-

gnize that alternate IMRT beam arrangements, additional full or

artial VMAT arcs, or blocking structures might yield lower doses

o specific organs at risk, this limitation does not subtract from the

tility of the HybTP solution presented here. 

onclusion 

For radiotherapy facilities equipped with conventional LINACS, 

ybTP offers a new planning strategy for irradiating CSA with re-

ults particularly comparable to those of HT. 

A dose sparing of the eye lenses by simultaneous dose coverage

f the lamina cribrosa is possible in a comparable range to VMAT.

ompared to 3D-CRT cardiotoxicity is significantly reduced. Lungs

nd kidneys are spared as with HT to a maximum level minimizing
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he risk of symptomatic pneumonitis and renal dysfunction. Com- 

ared to IMRT, VMAT and HT, the low-dose exposure of the body

olume is reduced. 

Dose homogeneity and conformity are better than with a 3D- 

RT treatment. Plan robustness against positioning errors is in- 

reased compared to 3D-CRT. 

For all planning techniques a positioning inaccuracy from 2 mm 

as only a marginal effected on CI and HI. 

Thus, HybTP offers the opportunity to create highly individual- 

zed treatment plans customized to specific patient needs. 
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