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                        ORIGINAL ARTICLE    

 Robustness of IMPT treatment plans with respect to 
inter-fractional set-up uncertainties: Impact of various 
beam arrangements for cranial targets      

    JOHANNES     HOPFGARTNER  1  ,       MARKUS     STOCK  1,2  ,       BARBARA     KN Ä USL  1,2    &   

       DIETMAR     GEORG  1,2    

  1 Department of Radiooncology, Division of Medical Radiation Physics, Comprehensive Cancer Center, 
Medical University Vienna, Vienna, Austria and  2  Christian Doppler Laboratory for Medical Radiation 
Research for Radiation Oncology, Medical University Vienna, Vienna, Austria                             

  Abstract 
 In the current study IMPT plan robustness was evaluated with respect to inter-fractional patient positioning for various 
beam arrangements and two tumor indications in the cranial region.  Material and methods . For 14 patients suffering from 
tumors in the cranial region [skull base (SB; n    �    7) and paranasal sinus (PS; n    �    7)] the CTV and OARs were delineated. 
A safety margin of 3 mm was applied to the CTV. A prescribed dose of 2 GyE was planned via three beam arrangements 
( α ,  β ,  γ ). Beam arrangement  α  consisted of lateral opposed fi elds for both tumor groups while beam arrangement  β  was 
optimized according to respective tumor and OAR locations, using two beams only. Beam arrangement  γ  applied four 
beams in the SB group and three beams in the PS group. Dose distributions were recalculated subjected to virtual patient 
translations along the major anatomical axes. The following dosimetric indices were evaluated and compared to original 
plans: target coverage (TC), target dose homogeneity (HI), CTV median and average dose (D median , D mean ). For OARs 
near maximum dose and average dose (D 2% , D mean ) were evaluated.  Results . Dose distributions were distorted after intro-
ducing shifts. In the SB group, TC and HI were signifi cantly different for caudal, cranial and anterior shifts for all beam 
arrangements. For PS patients, all but right shifts differed signifi cantly from the original plans for all beam arrangements, 
although clinical relevance was not reached for arrangement  γ  ( Δ TC    �    1.5%). In general, beam arrangement  γ  exhibited 
the least spread of data regarding target indices and was consequently considered the most robust. Dosimetric parameters 
regarding the brainstem were mostly infl uenced by shifts along the anterio-posterior axis.  Conclusion . For cranial IMPT, 
set-up uncertainties may lead to pronounced deterioration of dose distributions. According to our investigations, multi-beam 
arrangements were dosimetrically more robust and hence preferable over two beam arrangements.   

 One of the well-known and documented advantages 
of proton therapy over advanced photon beam ther-
apy techniques is excellent target conformity with 
improved sparing of neighboring critical structures, 
especially in the medium to low dose range, and the 
general reduction of irradiated healthy tissue (e.g. 
[1,2]). This advantageous physical selectivity of pro-
tons has been utilized especially for cranial targets 
where highly sensitive organs at risk, such as the optic 
tract or the brainstem, challenge treatment planning 
especially with photons [3,4]. On the other hand, 
radiotherapy in the cranial region is less troublesome 
with respect to organ motion, i.e. it is common 

practice to assume rigid anatomy. Nevertheless, 
patient set-up errors can still be present and patients 
can move inside a non-invasive immobilization 
device, even if it is a precision mask system [5]. Such 
set-up errors and positioning uncertainties deterio-
rate highly conformal isodose distributions with steep 
dose gradients. The sensitivity of charged particles 
with respect to tissue density variations along the 
beam path pronounces these effects. 

 So far, image guidance in proton beam therapy 
is mostly based on planar x-ray imaging. Volumetric 
CT or cone beam CT is acquired seldom prior to 
each fraction in order to extract 6 degree of freedom 
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information with respect to set-up uncertainties 
including effects of density variations. The advent 
of technological solutions for image guidance in 
advanced photon beam therapy and the more 
detailed insight into set-up uncertainties infl uenced 
treatment plan robustness considerations. Treat-
ment plan robustness has played an important role 
in proton therapy, although the main concerns 
were related to range uncertainties and stopping 
power conversion [6], CT artifacts [7] or temporal 
redistribution of density heterogeneities within 
the patient [8,9]. As shown by several groups, the 
latter is a very pronounced source of error, espe-
cially outside the cranial region, which potentially 
leads to a vast degradation of a previously accepted 
dose distribution [10]. 

 While the outcome regarding CT calibration 
uncertainties and artifacts can be directly translated 
to various tumor sites, the diffi culty concerning 
patient positioning must be addressed individually. 
Recent literature describes the impact of set-up 
uncertainties and density heterogeneities on the fi nite 
range of protons for prostate cancer [11]. So far no 
similar systematic multi-patient analysis has been 
performed for cranial targets. 

 The purpose of the present work was to evaluate 
dosimetric treatment plan robustness of IMPT plans 
for cranial malignancies (tumors of the skull base 
(SB) and the paranasal sinus (PS)) with respect 
to translational set-up uncertainties. Different beam 
confi gurations mimicking 1) a classical parallel 
opposed fi eld set-up and 2) a two beam approach 
based on the minimization of normal tissue damage 
were compared to 3) a highly sophisticated 
multi-fi eld strategy with respect to treatment plan 
robustness.  

 Material and methods  

 Patients and volumes 

 Fourteen patients, who had received conventional 
photon radiation therapy (RT) at the Department of 
Radiooncology of the MedUniWien/AKH Vienna, 
were selected for this retrospective treatment planning 
study. Their target volumes were localized in regions 
characterized by elevated heterogeneity. The cohort 
was split into two even groups consisting of either 
patients suffering from tumors in the SB or in the PS 
region. All patients were immobilized with a com-
mercially available high-precision mask system (Head-
STEP TM /BiteSTEP TM , Elekta, Crawley, UK), which 
was equipped with an additional upper jaw fi xation 
for motion reduction in cranio-caudal direction [12]. 
All cases underwent planning CT acquisition in 
treatment position with a multi-slice CT scanner 

(Somatom Volume Zoom, Siemens, Erlangen, 
Germany) in a 4 mm slice thickness acquisition 
mode. Representative contours, originally being pre-
pared for photon irradiation according to in-house 
delineation protocols, were retained for proton treat-
ment planning. They encompassed clinical target 
volume (CTV), brainstem (BS) and ipsi- as well as 
contra-lateral optical nerves (OI and OC). Median 
CTV size was 48.7 (14.6 – 115.9) cm 3  in the SB group 
and 172.8 (71.3 – 259.6) cm 3  in the PS group. The 
optic chiasm was neither contoured nor dosimetri-
cally evaluated because it was always fully included in 
the target volumes. The planning target volume (PTV) 
covered the CTV plus additional 3 mm safety margin 
[13]. In case of overlap with OARs it was manually 
modifi ed towards these structures.   

 Treatment planning 

 All IMPT treatment plans were generated with the 
treatment planning system (TPS) XiO (V4.41; CMS/
Elekta, Crawley, UK). The energy dependent spot 
sigma was calculated internally by the planning soft-
ware based on an initial spot sigma of 3 mm in air. 
The lateral spot spacing of the pencil beams was 
5 mm. The energy dependent distance between two 
spot layers was designed to be in the order of a single 
Bragg peak (width at 80% of the peak maximum) at 
the respective depth [14]. The dose calculation grid 
was set to 3    �    3 �    3 mm 3  and a relative biological 
effectiveness (RBE) of 1.1 (relative to  60 Co) was 
applied. 

 Three different beam arrangements, subsequently 
denoted as  α ,  β  and  γ , were studied. Beam arrange-
ment  α  simulated the scenario where only a fi xed 
horizontal beam-line is available, while  β  and  γ  rep-
resented full gantry strategies. The respective beam 
confi gurations were defi ned as follows. Beam arrange-
ment  α  was composed of two lateral parallel-opposed 
beams for SB as well as PS patients and represented 
a classical approach in light ion therapy. Arrange-
ment  β  comprised two individualized fi elds which 
were chosen to maximize the benefi t for OARs [15]. 
Above  ‘ simple ’  beam arrangements were chosen 
because in IMPT acceptable dose distributions can 
be achieved already with a few beams or even a sin-
gle beam. Beam arrangement  γ  was intended to rep-
resent a more sophisticated, multi-fi eld arrangement. 
It was made up of four beams ( �    70 ° ,  �    110 ° ) in the 
SB group [16] and three beams (0 ° ,  �    40 ° ) in the PS 
group [17]. 

 The original proton treatment plans, in the fol-
lowing referred to as P 0 , were designed to deliver 
a median dose of 2 GyE to the PTV. P 0  plans 
were considered dosimetrically acceptable if 95% of 
the PTV was covered by 95% of the prescription 
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dose [18]. Figure 1 shows a transversal isocentric 
slice of a representative patient of both groups with 
corresponding original dose distributions (P 0 ).   

 Test of treatment plan robustness 

 In order to test dosimetric robustness of the prepared 
P 0 , treatment delivery in presence of systematic 
translational patient misalignment was simulated. 
This was achieved by recomputing P 0  after introduc-
ing shifts of the scanning raster with respect to the 
planning isocenter. The values of the shifts were 
derived from an in-house performed, CBCT-based 
reproducibility analysis of the high-precision mask 
system mentioned above. From this analysis, the fol-
lowing maximum translational shifts were derived: 
3 mm in lateral (left-right) as well as longitudinal 
(cranio-caudal) and 2.3 mm in vertical (anterio-
posterior) direction [12]. Comparable outcome con-
cerning maximum shifts of similar high-precision 
systems was reported in recent literature [5]. For 
each of the 14 cases, P 0  was recalculated six times 
according to the above mentioned maximum positive 
and negative shifts along the major anatomical axes. 
Shifted plans, labeled as P shift  hereafter, defi ne recom-
puted plans with shifts applied in the denoted direc-
tions. Rotational misalignments of the patients were 
neglected in the context of this study according to 

the fi ndings of Sejpal et   al. [19] and Meyer et   al. [20]. 
Although they applied larger rotational uncertainties 
than reported in our institution they observed mini-
mal attributable dose deviations and concluded clin-
ical irrelevance. Hence, 21 plans were generated per 
patient (P 0  and six shifted plans per beam arrange-
ment) and 294 plans in total.   

 Data analysis 

 For each recomputed treatment plan (P shift ) the 
following dosimetric metrics (M i ) were derived for 
the CTV: Target coverage (TC), homogeneity 
index (HI), average dose (D mean ) and median dose 
(D median ). TC was defi ned as the quotient of the 
target volume receiving a certain dose level (here 
95% of the prescribed dose) and the full target 
volume expressed in percent [21]. HI represents a 
percental measure of dose homogeneity in the 
target given as the quotient of dose range and 
prescribed dose [22]. 

 For P 0  plans, above indices were also calculated 
for the PTV in order to demonstrate initial treatment 
plan quality. For respective organs at risk (OAR) the 
average dose D mean  and the dose to 2% of the volume 
(D 2% ) being a surrogate for the near maximum dose 
were calculated. Above metrics were explained in 
more detail in the literature [18]. 

  Figure 1.      Representative layer of a SB (upper row) and PS (lower row) case. The left column depicts beam arrangement  α  (two lateral 
opposed beam ports). The central column represents one representative setup of beam arrangement  β  (individual OAR sparing two beam 
arrangement) while the right column shows beam arrangement  γ  (four (SB) and three (PS) beam ports, respectively).  
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 For the classifi cation of the impact of set-up 
errors on the nominal dose distributions boxplots 
including P 0  as well as all P shift  were generated. Addi-
tionally, the difference  Δ M i  

   Δ M  i    �      M  i ( P  shift ) �  M  i ( P  o )  (1)

 of respective indices M i  in relation to P 0  was calcu-
lated.  Δ M i  was used to compare different beam 
arrangements according to treatment plan robust-
ness. The smaller the values the more robust the 
respective treatment plans. 

 For statistical analyses SPSS 17.0 (SPSS Inc., 
Chicago, USA) was utilized. Paired two-sided 
Wilcoxon rank sum tests were applied and statistical 
signifi cance was assumed for a p-value    �    0.05.    

 Results  

 Initial planning results (P 0 ) 

 Dosimetric data of the original proton treatment 
plans P 0  are summarized in Table I. The initial 
planning goal (delivery of 95% prescribed dose to 
95% of PTV) was fulfilled for all beam arrange-
ments and both tumor indications except of one 
case in the PS group whose target volume was 
fully embedded in extremely low density material 
(air) . Largest HI values were 16.6 % and 29.3% 
for SB and PS tumors, respectively. Median HI 
values decreased from beam arrangement  α  to  γ . 
Generally, median and mean values and narrow 
range of all indices indicate high quality of P 0  with 
respect to target volumes. M i  regarding OARs 
were characterized by high fluctuations due to 
patient specific individual anatomic situations of 
the targets.   

 Treatment plan robustness 

 Dose distributions were distorted after applying 
virtual translational set-up errors of the patients 
and consequently the quality of the recalculated 
treatment plans decreased. The boxplots in 
Figures 2, 3 and 4 show the infl uence of shift 
directions and beam set-ups on the above listed 
indices for both tumor indications. The following 
paragraphs are dedicated to respective dosimetric 
parameters M i . Values in parentheses represent 
median values of respective P shift  listed in the text 
to be compared to the values of P 0  in Table I, 
followed by the p-value. Median values were 
calculated over the patient groups. 

 Beam arrangement related treatment plan robust-
ness is addressed thereafter and was evaluated by 
comparing  Δ  M  i  of respective beam confi gurations  α , 
 β  and  γ  within one and the same shift direction. The 
results are summarized in Tables II and III for SB 
and PS patients, respectively. Medians of  Δ M i  regard-
ing particular shift directions are listed only for those 
shifts where statistically signifi cant differences were 
obtained.   

 Skull base cases   

 Target coverage.   Shifts in cranial and caudal as well as 
in anterior direction altered target coverage signifi -
cantly for all three beam arrangements [P cranial  97.1% 
(0.02), P caudal  97.3% (0.02), P anterior  96% (0.03) for 
 α ; P cranial  96.9% (0.02), P caudal  97.4% (0.02), P anterior  
95.8% (0.02) for  β ; P cranial  95.9% (0.02), P caudal  
96.9% (0.02), P anterior  96.6% (0.02) for  γ ]. Addition-
ally, left lateral shifts caused a statistically signifi cant 
decrease of the TC for beam arrangement  β  [P left  
95.3% (0.03)] and  γ  [P left  98.1% (0.03)]. 

  Table I. Initial treatment planning results (P 0 ) for both tumor indications and all beam arrangements. BS, brainstem; D mean , average dose; 
D median , median dose; D 2% , near maximum dose (dose to 2% of the respective volume); HI, homogeneity index; OC, contra-lateral optical 
nerve; OI, ipsi-lateral optical nerve; TC, target coverage.  

Indication 
Arrangement

Skull base Paranasal sinus

 α  Median [range]  β  Median [range]  γ  Median [range]  α  Median [range]  β  Median [range]  γ  Median [range]

PTV TC [%] 96.4 [95.5, 98.4] 97.2 [95.4, 98.5] 96.8 [95, 97.6] 95.1 [93.8, 99] 97.3 [95.4, 99.1] 98.5 [98, 99.1]
HI [%] 10.5 [6.8, 16.6] 8.9 [7.6, 13.4] 8.5 [6.4, 12.5] 11.7 [5.1, 29.3] 11 [6, 14] 7.5 [4.4, 8]
D mean  [GyE] 1.99 [1.99, 2] 1.99 [1.99, 2] 1.99 [1.98, 1.99] 1.99 [1.98, 2.04] 2.01 [2, 2.01] 2 [2, 2.01]
D median  [GyE] 2 [1.99, 2] 2 [1.99, 2] 2 [1.99, 2] 2 [1.99, 2.03] 2.01 [2, 2.02] 2 [2, 2.01]

CTV TC [%] 98 [96.9, 99.6] 98.7 [96.7, 99.8] 98.8 [96.9, 99.7] 98.4 [97.5, 100] 99.2 [98.8, 100] 99.9 [99.6, 100]
HI [%] 8.6 [3, 12.3] 7 [4.7, 11.2] 7.3 [2.9, 9.4] 8.1 [2.8, 21.2] 9.1 [3.9, 10.3] 4.9 [2.8, 6.2]
D mean  [GyE] 2 [1.99, 2.01] 2 [1.99, 2] 1.99 [1.99, 2] 2 [1.99, 2.04] 2.02 [2, 2.02] 2 [2, 2.01]
D median  [GyE] 2 [1.99, 2] 1.99 [1.99, 2] 2 [1.99, 2.01] 2 [1.99, 2.03] 2.02 [2, 2.02] 2 [2, 2.01]

BS D mean  [GyE] 0.89 [0.64, 1.17] 0.73 [0.57, 0.78] 0.94 [0.69, 1] 0.03 [0.01, 0.12] 0.08 [0.03, 0.32] 0.08 [0.05, 0.29]
D 2%  [GyE] 1.82 [1.79, 1.84] 1.81 [1.78, 1.91] 1.81 [1.8, 1.92] 0.37 [0.07, 0.99] 0.91 [0.23, 1.36] 0.96 [0.4, 1.32]

OC D mean  [GyE] 0.28 [0, 1.66] 0.25 [0.01, 1.74] 0.29 [0, 1.6] 1.14 [0.94, 2.02] 0.98 [0.62, 2.01] 1.11 [1.02, 2.02]
D 2%  [GyE] 1.06 [0, 2.05] 0.83 [0.03, 2.03] 0.82 [0.04, 2.01] 1.52 [1.38, 2.07] 1.64 [1.41, 2.12] 1.55 [1.37, 2.05]

OI D mean  [GyE] 0.64 [0, 1.68] 0.72 [0.05, 1.6] 0.67 [0.01, 1.48] 1.89 [0.94, 2.01] 1.98 [1.15, 2.03] 1.94 [1.18, 2.03]
D 2%  [GyE] 1.87 [0.01, 2.14] 1.97 [0.21, 2.05] 1.91 [0.05, 2.03] 2.04 [1.43, 2.08] 2.09 [1.47, 2.1] 2.03 [1.47, 2.06]
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 When comparing different beam set-ups treat-
ment plan robustness concerning target coverage in 
the left shift direction differed signifi cantly between 
beam arrangements  α  and  β , being less robust for 
the latter (median: 0% vs. �4%). Additionally, sig-
nifi cant differences were also found between beam 
arrangement  α  and  γ  (0% vs. �0.6%) for P left  and 
between  β  and  γ  (-2.7% vs. �2%) for P anterior . The 
latter were not assumed to be clinically relevant. 
Regarding all other shift directions no signifi cant 
difference was found for TC when comparing differ-
ent beam arrangements.   

 Dose homogeneity.   Concerning HI a similar behavior 
could be detected, i.e. statistically signifi cant changes 
for all beam arrangements for P cranial , P caudal  and P an-

terior  [P cranial  10.6% (0.02), P caudal  10.5% (0.03), P ante-

rior  12.5% (0.02) for  α ; P cranial  9.5% (0.03), P caudal  
11.8% (0.02), P anrerior  11.6% (0.02) for  β ; P cranial  10% 
(0.02), P caudal  9.5% (0.02), P anrerior  9.8% (0.02) for  γ ]. 
Furthermore, signifi cant differences were obtained for 
P right  and P left  for beam arrangement  β  and  γ . 

 HI showed big median differences of  Δ -values for 
P right  (0% vs. 5.6%) and P left  (0.1% vs. 3.5%) between 
beam arrangement  α  and  β , in favor for the fi rst. 

  Figure 2.      Boxplots representing target coverage (TC) as well as dose homogeneity (HI) of both tumor indications infl uenced by translational 
shifts of the patients for the three beam arrangements.  

  Figure 3.      Boxplots representing average (D mean ) and median dose (D median ) to the target volume of both tumor indications infl uenced by 
translational shifts of the patients for the three beam arrangements.  
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brainstem based on these shift orientations were 
found to be signifi cant for all of the three beam 
arrangements [P anterior  0.73 GyE (0.02), P posterior  1.08 
GyE (0.02) for  α ; P anterior  0.64 GyE (0.02), P posterior  
0.87 GyE (0.02) for  β ; P anterior  0.81 GyE (0.02), 
P posterior  1.01 GyE (0.02) for  γ ]. The same applied to 
D 2%  [P anterior  1.78 GyE (0.03), P posterior  1.86 GyE 
(0.02) for  α , P anterior  1.75 GyE (0.02), P posterior  1.91 
GyE (0.02) for  β , P anterior  1.72 GyE (0.02), P posterior  
1.92 GyE (0.02) for  γ ]. Due to the close vicinity of 
the brainstem with respect to the target volumes this 
can be explained by simple shifts of the high dose 
regions either further away from or closer to this sen-
sitive structure. D mean  for both optical nerves exhib-
ited a somehow similar behavior, i.e. their dosimetric 
parameters were most affected by shifts in anterio-
posterior direction (all p-values below 0.02). There 
was a very large spread of D 2%  for individual patients 

Between beam arrangement  α  and  γ  signifi cantly dif-
ferent homogeneity was obtained for both left and 
right shift orientations, being all below 2%.   

 Average and median dose.   Concerning average and 
median doses to the CTV beam arrangement  γ  
showed signifi cant differences between P 0  and P right , 
P left  and P posterior . For beam arrangement  α  and  β  
statistical signifi cances were obtained exclusively for 
the comparison between P 0  and P anterior . 

 Regarding D mean  as well as D median  statistically 
signifi cant differences between the beam arrange-
ments were, if present, less than 0.6 cGyE and hence 
considered to be of no clinical relevance.   

 Organs at risk.   Treatment plan quality regarding 
the brainstem was mostly affected by shifts along 
the anterio-posterior axis. Variations of D mean  for the 

  Table II. Treatment plan robustness as a function of beam arrangements for the skull base indication.  Δ  of the various dosimetric indices 
are calculated according to formula 1. Median values are listed. a, anterior; cd, caudal; cr, cranial; l, left, p, posterior; r, right. Individual 
P shift  represent respective directions in which statistically signifi cant differences between beam arrangements were obtained.  

Skull base  α  vs.  β  α  vs.  γ  β  vs.  γ 

CTV  Δ  TC [%] 0 vs. �4 (P l ) 0 vs. �0.6 (P l ) �2.7 vs. �2 (P a )
 Δ  HI [%] 0 vs. 5.6 (P r ), 0.1 vs. 3.5 (P l ) 0 vs. 1.7 (P r ), 0.1 vs. 1.8 (P l ) 5.6 vs. 1.7 (P r )
 Δ  D mean  [cGyE] � �0.1 vs. 0.4 (P r ), 0.1 vs. �0.4 (P l ) �0.6 vs. 0.1 (P a ), 0.5 vs. �0.3 (P p )
 Δ  D median  

[cGyE]
� �0.1 vs. 0.5 (P r ), 0.1 vs. �0.4 (P l ) �0.2 vs. 0.3 (P a ), 0.2 vs. �0.4 (P p )

BS  Δ  D mean  [cGyE] � � �

 Δ  D 2%  [cGyE] �0.7 vs. �3.4 (P cd ) � �

OC  Δ  D mean  [cGyE] � 7.2 vs. 2.6 (P a ), �5.3 vs. 4.9 (P cd ) �

 Δ  D 2%  [cGyE] � � 1.5 vs. 2.8 (P cd )
OI  Δ  D mean  [cGyE] � � �5.3 vs. 0.4 (P cd )

 Δ  D 2%  [cGyE] � � 8.8 vs. �0.4 (P cr ), �7.7 vs. �0.4 (P cd )

  Figure 4.      Boxplots representing average (D mean ) and near maximum dose (D 2% ) to the brainstem of both tumor indications infl uenced by 
translational shifts of the patients for the three beam arrangements.  
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and hence no systematic statistically signifi cant 
differences between P 0  and any P shift  could be 
obtained. 

 For all OAR median  Δ M i  of respective beam 
arrangements did not show systematic signifi cant dif-
ferences. Median differences of the  Δ -values were in 
the order of a few cGyE. For quantitative data refer 
to Table II.    

 Paranasal sinus cases  

 Target coverage.   For patients suffering from tumors in 
the PS region, statistically signifi cant differences of 
the TC between the original and the shifted plans 
were obtained for all three beam arrangements in 
cranio-caudal [P cranial  92.6%, P caudal  97.1% for  α ; 
P cranial  98.2%, P caudal  98.5% for  β ; P cranial  99.2%, 
P caudal  99.5% for  γ ; all p-values    �    0.02], anterio-pos-
terior [P anterior  94.6% (0.02), P posterior  94.8% (0.03) 
for  α ; P anterior  97% (0.02), P posterior  97.9% (0.04) for 
 β ; P anterior  99.2% (0.02), P posterior  99.5% (0.02) for  γ ] 
as well as left lateral directions [P left  98.3% (0.03) for 
 α ; P left  96.9% (0.02) for  β ; P left  99.5% (0.02) for  γ ; 
all p-values    �    0.02]. For the OAR tailored beam 
arrangement  β  shifts in right lateral direction were 
also statistically signifi cantly different from P 0  with 
respect to target coverage [P right  98.1% (0.03)]. 

 Statistically signifi cant differences regarding beam 
set-up related TC were obtained for left shift directions 
between beam arrangement  α  and  β , favoring beam 
arrangement  α . In contrast to this for right and 
posterior shifts benefi ts for beam arrangement  β  
were detected. Comparing beam arrangement  α  and 
 γ  for all but the right shifts signifi cant difference 

were obtained. Beam arrangement  γ  (maximum 
 Δ TC    �    �0.6%) showed systematic benefi ts over the 
lateral beam arrangement  α . This behavior was equal 
in the comparison between beam arrangement  β  and  γ , 
showing systematically larger median  Δ TC for  β .   

 Dose homogeneity.   Dose homogeneity was mostly 
infl uenced by the same shift directions like target 
coverage (p    �    0.02), i.e. all but right, except for beam 
arrangement  α  left and caudal directions did not lead 
to statistically signifi cant differences from P 0 . 

  Δ HI differed statistically signifi cantly between 
beam arrangement  α  and  β  for left as well as right 
shift directions, being very robust for beam arrange-
ment  α . Comparing beam arrangement  α  with beam 
arrangement  γ  this holds as well for P right  and P left . 
Regarding posterior (7.6% vs. 3.3%) and cranial 
(4.5% vs. 2.2%) shifts beam arrangement  γ  was more 
robust. Beam arrangement  β  and  γ  differed signifi -
cantly for left and caudal shift orientations, showing 
benefi ts for the latter.   

 Average and median dose.   Considering average and 
median doses comparing P 0  and P shift , different shift 
directions led to signifi cant differences for respec-
tive beam arrangements: for beam arrangements 
 α  and  γ  the cranial shifts (p    �    0.02) while for 
beam arrangement  β  anterior and posterior shifts 
(p    �    0.02). 

 Although signifi cant differences were found 
between all beam arrangements for average and 
median doses to the CTV, medians of  Δ D mean  and 
 Δ D median  were very small and hence not assumed to 
be clinically relevant.   

  Table III. Treatment plan robustness as a function of beam arrangements for the paranasal sinus indication.  Δ M i  are calculated according 
to formula 1. Median values are listed. a, anterior; cd, caudal; cr, cranial; l, left; p, posterior; r, right. Individual P shift  represent respective 
directions in which statistically signifi cant differences between beam arrangements were obtained.  

Paranasal sinus  α  vs.  β  α  vs.  γ  β  vs.  γ 

 Δ  TC [%] 0 vs. 8 (P r ), �0.1 vs. �2.3 (P l ), 
�3.6 vs. �1.3 (P p )

�0.1 vs. 0.4 (P l ), �3.8 vs. �0.6 (P a ), 
�3.6 vs. �0.2 (P p ), �4.9 vs. 
�0.5 (P cr ), �1.7 vs. �0.5 (P cd )

8 vs. �0.6 (P r ), �2.3 vs. �0.4 (P l ), 
�2.7 vs. �0.6 (P a ), �1 vs. �0.5 
(P cr ), �0.9 vs. �0.5 (P cd )

 Δ  HI [%] 0.1 vs. 4.8 (P r ), 0.1 vs. 3.1 (P l ) 0.1 vs. 2.7 (P r ), 0.1 vs. 1.7 (P l ), 
7.6 vs. 3.3 (P p ), 4.5 vs. 2.2 (P cr )

3.1 vs. 1.7 (P l ), 4.2 vs. 2.2 (P cd )

 Δ  D mean  [cGyE] �0.4 vs. �1.2 (P a ), �0.4 vs. 
2.8 (P p ), �1.5 vs. �0.2 (P cr )

�1.5 vs. �0.4 (P cr ) 0.2 vs. �0.2 (P r ), �1.2 vs. �0.3 (P a ), 
2.8 vs. 0.2 (P p ), �0.2 vs. �0.4 (P cr )

 Δ  D median  [cGyE] 0 vs. �1.5 (P a ), �0.2 vs. 2.8 (P p ), 
�1 vs. �0.1 (P cr )

�1 vs. �0.4 (P cr ) 0.3 vs. �0.1 (P r ), �1.5 vs. �0.1 (P a ), 
2.8 vs. �0.1 (P p )

 Δ  D mean  [cGyE] � 0 vs. 0.3 (P r ), 0 vs. 0.3 (P l ), 
0.3 vs. 2.8 (P cr )

�0.9 vs. 0.3 (P r ), 0.8 vs. 2.4 (P p )

 Δ  D 2%  [cGyE] �16.7 vs. �8.4 (P a ), 25 vs. 
9.6 (P p )

3.9 vs. 15.8 (P cr ), �5.3 vs. 
16 (P cd )

�

 Δ  D mean  [cGyE] 8.2 vs. 0.1 (P cd ) �4.1 vs. �2.9 (P p ) �

 Δ  D 2%  [cGyE] � 5.5 vs. 9.9 (P cd ) �0.9 vs. 9.9 (P cd )
 Δ  D mean  [cGyE] � � �3.8 vs. 3.1 (P cd )
 Δ  D 2%  [cGyE] �0.1 vs. 3.2 (P r ), �1.1 vs. 

1.5 (P cr )
� �
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 Organs at risk.   Regarding D mean  to the brainstem, 
set-up errors in anterior [0.02 GyE (0.02)] as well 
as in posterior direction [0.05 GyE (0.02)] caused 
highest variations when irradiating with lateral 
opposed beam ports ( α ) in relation to P 0 . The same 
trend was observed for D 2%  [0.21 GyE, 0.63 GyE; 
both p-values    �    0.02]. Similar to SB cases this was 
caused by shifts away from or towards the high dose 
regions. For beam arrangement  β  the only signifi cant 
difference was obtained for caudal shifts concerning 
D mean  [0.07 GyE (0.04)] as well as for D 2%  
[0.72 GyE (0.04)]. In case of treatment with three 
beams ( γ ) all but caudal shifts caused signifi cantly 
different D mean  values (all p    �    0.03). Regarding D 2%  
shifts in anterior [0.8 GyE (0.03)], posterior [1.13 
GyE (0.02)], cranial [1.23 GyE (0.03)] and caudal 
[0.67 GyE (0.02)] direction caused statistically sig-
nifi cant differences from P 0 . For beam arrangement 
 α , D mean  of the optic nerves varied signifi cantly for 
shifts in anterior [contra: 1.27 GyE (0.04), ipsi: 1.91 
GyE (0.02)] and posterior [contra: 1.1 GyE (0.02), 
ipsi:1.87 GyE (0.03)] direction, while for other M i  
and beam arrangements no statistically signifi cant 
difference was obtained for optic nerves. 

 Rather large differences were obtained for the 
comparison between lateral ( α ) and the OAR sparing 
( β ) beam arrangements concerning the near maxi-
mum dose to the brainstem, especially for patient 
set-up errors in posterior (�16.7 cGyE vs. �8.4 
cGyE) and anterior (26 cGyE vs. 9.6 cGyE) direc-
tion. The differences were in favor for beam arrange-
ment  β . The comparison of beam arrangement  α  and 
 γ  resulted in a similar order of magnitude for P cranial  
and P caudal  for the benefi t of  γ . Average brainstem 
doses were found to be quite stable, regardless of 
shift orientation. Refer to Table III for numerical 
values regarding optical nerves.     

 Discussion 

 In this paper a dosimetric treatment plan robustness 
investigation analyzing potential impacts of inter-
fractional translational patient misalignment in rela-
tion to the planned scanning raster for IMPT was 
performed. The entire study aimed to give an insight 
in what could happen if patients receiving IMPT in 
the cranial region were systematically displaced. This 
might be the case if image guidance tools with a sys-
tematic error were used or patients would move due 
to tension or relaxing on a regular basis. 

 The study was based on three different beam 
arrangements, which were characterized by a differ-
ent number of beams as well as differing incident 
beam angles. They were chosen as follows. Beam 
arrangement  α  applied a very simple option, namely 
two lateral opposed beams and represented a 

classical approach in light ion therapy. The second 
consisted also of two beams which were not restricted 
to fi xed incident beam angles but tried to avoid crit-
ical structures or at least not to directly penetrate 
them. Structures of highest interest were the brain-
stem in the SB group and the contra-lateral optic 
nerve in the PS group [15]. The reason why the 
brainstem in the latter group was not treated as pri-
mary OAR for beam arrangement  β  was that it was 
mostly situated relatively far away from the target 
volumes. The third beam set-up employed additional 
beams which have been reported in recent literature 
[16,17]. The four beams in the SB group were dis-
tributed  ‘ star-like ’  around the target while for PS 
cases the two ports of beam arrangement  β  were 
maintained and the ipsi-lateral port was mirrored by 
the anterio-posterior axis to the contra-lateral part. 
At this point it should be emphasized again that only 
the gantry degree of freedom was exploited (coplanar 
treatment), i.e. the treatment couch was always fi xed 
at 0 ° . By utilizing only two beam ports (arrangement 
 α  and  β ), the degrees of freedom were restricted, 
despite achieving adequate initial plan quality (see 
Table I). Thus, such beam arrangements are more 
vulnerable to patient set-up errors. Comparing dif-
ferent beam arrangements it was found that for both 
tumor indications under investigation, the multi-
beam constellations (beam arrangement  γ ) showed 
benefi ts with respect to stability of treatment plans 
regarding the target indices TC and HI. This is obvi-
ous with respect to the smaller scattering range of 
the data (above all for PS patients) of the mentioned 
beam arrangement (see Figures 2 and 3), although 
better performance was not reaching statistical sig-
nifi cance. By adding additional beams, the fraction 
of dose to be delivered by individual beams is reduced 
and misalignment can be better compensated for. If 
one beam is strongly infl uenced by a certain shift 
orientation, the others may not be. 

 Regarding beam arrangement  α  it is obvious that 
shifts along the lateral patient axis had almost no 
infl uence on treatment plan quality because no com-
ponent of the shift is perpendicular to the incident 
beams. Hence, geographical miss can be ignored and 
only range effects play a role.  Δ M i  after shifts in 
anterio-posterior as well as cranio-caudal directions 
were more pronounced because they were exclusively 
perpendicular. 

 For arrangement  β  every shift direction has its 
perpendicular components and hence interplay 
effects of range and geographical miss of the targets 
were pronounced along each shift direction for the 
SB group. For a few SB patients the target coverage 
dropped below 85%, e.g. shifts in left lateral direc-
tion. Consequently, for this tumor indication, beam 
arrangement  β  with the aim of sparing OARs failed 
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to fulfi ll robustness criteria in the SB group for some 
patients and are often inferior compared to simple 
lateral beam ports (beam arrangement  α ). For PS 
cases beam arrangements  α  and  β  were comparable 
to each other, sometimes even showing benefi ts in 
favor for arrangement  β . Although differences of 
treatment plan robustness between the beam arrange-
ments were obtained for both patient groups regard-
ing average and median doses, they were not 
considered to have clinical impact. 

 According to the knowledge of the authors there 
is no investigation available addressing dosimetric 
treatment plan robustness for the cranial region in a 
cohort of patients. In a case study, Lomax [10] and 
Albertini et   al. [16] showed a sophisticated method 
for the analysis of dosimetric treatment plan robust-
ness adopting a concept of providing a full dose dif-
ference map of the original and the recalculated dose 
distribution. Similar to the underlying study they 
applied shifts along all major axes while rotational 
set-up errors of the patient were ignored. In addition 
to that they reported a worst case scenario based on 
the directions which most infl uenced the dose distri-
bution. In contrast to this, our comparison was trying 
to characterize treatment plan robustness by evaluat-
ing commonly accepted dose volume histogram 
(DVH) parameters, e.g. TC, HI, D 2%  and D mean . 
They are more intuitive to interpret and easier to 
perform for more patients and plans. We do believe 
that for clinical routine, besides visual inspection of 
the shifted dose distributions by an experienced radi-
ation oncologist, the use of such  ‘ simple ’  evaluation 
metrics is inevitable. Additionally, by not simulating 
a voxel by voxel worst case scenario, the dosimetric 
impact of individual shift directions on the global 
treatment plan quality can be studied. We decided to 
recalculate each initial treatment plan (P 0 ) six times 
in order to cover misalignment scenarios along all 
major anatomic axes of the patient. Combined set-up 
errors, up to an absolute value of 4.2 mm with our 
initial input parameters, were not considered in this 
context. 

 The use of a uniformly infl ated margin for proton 
therapy is a matter of debate because set-up errors 
of the patient (i.e. shifts of the planning isocenter) 
generally do not relate to rigid shifts of the dose dis-
tributions. Beam specifi c individualization of the 
PTV was proposed by Park et   al. [23]. To guarantee 
a simulation of realistic clinical treatment circum-
stances we pursued the isotropically infl ated PTV 
concept. To study the infl uence of margins was 
beyond the scope of this study. Nevertheless, several 
cases were evaluated by the use of an infl ated PTV, 
i.e. 5 mm. In general, a bigger margin did not affect 
the outcome of treatment plan robustness as a func-
tion of beam arrangement. 

 Based on the data reported in this article and 
recent fi ndings from other groups [10,16], transla-
tional set-up errors represent a non-negligible source 
of error in IMPT. Various options in order to include 
robustness criteria already into the optimization pro-
cess at the time of treatment planning have been 
proposed by several groups. In brief, Fredrikson 
et   al. [24] performed optimization aiming at mini-
mizing the objective function in a pre-calculated 
worst-case scenario utilizing stochastic programing 
and thus providing a boundary for how much the plan 
quality can decrease due to errors. Chen et   al. [25] 
suggested multi-criteria optimization. This allows 
exploring the trade-off between different objectives 
as well as the trade-off between robustness and nom-
inal plan quality at the same time, navigating through 
Pareto fronts. Additionally, by the application of such 
optimization strategies the above mentioned problem 
about safety margins becomes obsolete because opti-
mization is tailored directly to the CTV. In the long 
run, such optimization techniques incorporating 
alignment uncertainties of the patient a priori will be 
inevitable. 

 In conclusion, a systematic multi-case investigation 
evaluating dosimetric treatment plan robustness with 
respect to inter-fraction translational set-up errors 
was performed and evaluated as a function of beam 
arrangement. Already relatively small shifts distorted 
initially accepted dose distributions severely, depend-
ing on the shift directions. Hence it is obligatory to 
account for them and further research in this direction 
should be promoted. Comparing two and multi-beam 
arrangements benefi ts were obtained for the latter. 
Nonetheless, individual anatomic patient and treat-
ment circumstances must be carefully considered for 
judging which beam arrangement to apply.           
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