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Abstract: One method for detecting radiotherapy treatment errors is to capture the exit dose
using an electronic portal imaging device. In comparison with,a baseline integrated image,
subsequent fractions can be compared and differences insimages suggest a difference in the
radiation treatment delivered. The aim of this work was t0 assess the sensitivity of a commercial
software PerFRACTION in detecting such differencesparising from three possible sources: (i)
changes in the radiation beam or EPID position; (ii)sehanges in the patient position; and (iii)
changes in the patient anatomy. By systematically introducing errors, PerFRACTION was
shown to be very sensitive to changes in the radiation beam: Variation in the beam output could
be detected within 0.3%, field size within 0.4 mm, collimator rotation within 0.3° and MLC
positioning could be verified to within 0.1 mm. EPID misalignment could be detected within
0.3 mm. PerFRACTION was able to detect the mispositioning of an anthropomorphic phantom
by 3 mm with static beams, however there was a relative dependency between the patient
geometry and the direction of/thesshift. VMAT beams were less sensitive to patient
misalignments, with a shift of 10-mm only detectable once a strict criterion of 1% dose
difference was applied. In another simulated scenario PerFRACTION was also able to detect a
weight loss equivalent to @ 5.mm change in patient separation in VMAT plans and 10 mm in
conformal plans. This work showed that the PerFRACTION software could be relied upon to
detect potential radiotherapy treatment errors, arising from a variety of sources.
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Body of Manuscript

1. Introduction

Medical radiation incidents can have dire and fatal consequences.t The safe and accurate
delivery of radiation therapy requires three components: (i) a high level quality assurance
(QA) programme to ensure correct functioning of the LINAC; (ii) pre-treatment verification
checks for individual patients, such as independent monitor unit calculation programs and QA
measurements; and (iii) in vivo dose measurements during the radiation delivery of an
individual patient. Compared to the first two components; in vivo dosimetry (IVVD) is not only
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capable of detecting major errors and assessing deviations between the planned.and the
delivered dose, but it can also record the dose delivered to individual patients and thus fulfils
legal requirements.*

The use of routine IVD has been recommended since 2006 in the UK, in an annual report from
the Chief Medical Officer.> Subsequently, The Royal College of Radiographers recommended
the implementation of 1D, but barriers obstructing the implementation, such as time and cost,
were also identified,. A variety of in vivo dosimetry methods exist, but'use of the.electronic
portal imaging device (EPID) is an attractive, non-interventional, method that has experienced
a proliferation recently with the increased application of IMRT»and VMAT treatment
techniques.* 7 Among the available tools for the prevention of errorsyit has been shown that the
EPID is highly effective at detecting errors when utilized on the first,day of, and during,
treatments.® ® Almost all modern LINACs come equipped ‘with EPIDs, however one of the
reasons that EPID-based dosimetry has taken time to becomewidespread is that the commercial
software required to automatically acquire and analyze the images was not available. 4 1% 1
This is now changing and PerFRACTION (Sun Nuclear Corporation, Melbourne, FL) is one
such software option that will be assessed in this work:
&

PerFRACTION offers the ability of automatic retrieval and analysis of EPID images acquired
during treatment fractions. In the version of\the software tested in this work (Version 2), a
predicted dose map can either originate from a baseline fraction (usually the first fraction) or
from the treatment plan. In this work we focus.on the first of these; namely on the ability of the
system to detect relative errors between_fractions. An assessment of the fraction-by-fraction
absolute dose will follow in a separate.publication.

In daily clinical practice the.deployment ofthe EPID beyond the patient allows for the exit
dose to be captured. Any potential change in this exit dose between fractions indicates a
potential change in the patient’s treatment, which could arise from a number of sources.*? In
this work we investigate changes that could originate from three possible factors: (i) changes
in the radiation beam from,the.machine or EPID misalignment; (ii) changes in the patient
position; or (iii) changes in the patient anatomy. This work aims to investigate the sensitivity
of a commercial EPID dosimetry system to changes originating from these three error
sources.

To date there have been two other studies that also assess the sensitivity of PerFRACTION to
changes in the radiation beam, but no studies have investigated the sensitivity to EPID panel
misalignment. Zhuang and Olch*? varied the jaw position, induced MLC leaf position errors,
collimator rotation errors and altered the machine output. The major difference with our work
is thedesting on an‘Elekta LINAC (Zhuang and Olch tested a TrueBeam Varian LINAC) and
the testing' of EPID misalignments. Bresciani et al'* performed an investigation on the
PerFRACTION sensitivity and detection thresholds (gamma analysis, global passing rate with
variable %DD and DTA values) for various VMAT plans by delivering dose to a spherical
target inside a thoracic anthropomorphic phantom. They tested machine output modifications,
such as single leaf MLC position variations at specific control points. They tested the
sensitivity to patient anatomical changes through the removal of 1.25 and 2.5 cm thick bolus
material to mimic patient weight loss. In our work we also investigate the sensitivity to
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patient anatomic variations through the removal of bolus sheets but look at the impact on
3DCRT (with two different energies) as well as VMAT plans. In the same work, Bresciani et
al'4 also assessed patient misalignment sensitivity through shifts of the phantom in-the
anterior-posterior direction. Hseih et al*® delivered 7-field IMRT plans to a phantom and five
canine cadaver heads. The sensitivity of PerFRACTION to patient misalignment was assessed
by subjecting the cadavers to translational position errors of 1, 3 and 5 mmywith images
analyzed using gamma analysis and percentage differences. In our work we shift an
anthropomorphic 3D printed head phantom between 1 to 40 mm, and assessed. the impact on
3DCRT, IMRT and VMAT plans. ~

2. Material and methods

2.1. PerFRACTION software

The PerFRACTION software (Version 2.0.4) comprises a dedicated serverthat is connected
to the record and verify system (Mosaiq version 2.6.4, ELEKTA;Stockholm, Sweden) and
EPID image database (iView 5.1, ELEKTA Stockholm, Sweden). PerFRACTION
automatically retrieves EPID images from the iView database using.an automated query
retrieve process, after which they are processed. No user interaction'is required; all EPID
images and logs for each fraction are automatically retrieved:and analyzed according to a
user-defined protocol. &

2.2. Acquisition mode and general analysis

All plans were created using Monaco 5.1 (ELEKTA, Stockholm, Sweden) (details of the
plans created can be found in subsections 2.3, 2.4 and 2.5). In Monaco, 3DCRT plans use the
Collapsed Cone dose calculation algorithm and, IMRT/VVMAT plans use Monte Carlo. In
PerFRACTION doses are calculated usingsa.Superposition/Convolution algorithm consisting
of three steps (fluence calculation within the accelerator head, TERMA calculation from the
accelerator head to the patient, and superposition within the patient).

All plans were exported to Mesaig.for delivery and delivered on LINACs with an Elekta
Agility head (80 MLCs, each 5 mmiin,width in the plane of the isocenter). Exit doses were
captured using the iView EPID. The iView EPID has an amorphous silicon panel with a
resolution of 1024 x 1024 pixels, each with a dimension of 0.4 mm x 0.4 mm, giving an
active sensor area 0of/410 mm x 410 mm. Images were acquired at a fixed SSD of 160 cm. For
all plans, integrated images were acquired.

In this study the 2D, relative mode of PerFRACTION was assessed, in which one fraction acts
as a baselinefor future fractions. To ensure that errors are not introduced by LINAC variation
or drift throughout the experiment, two images were acquired at the start and one at the end of
the experiment as a control. Once the baseline fraction has been selected (usually fraction 1),
PerFRACTION. automatically compares future deliveries against this delivered dose. In this
study gamma analysis'® and percentage dose difference (DD) comparison methods were
utilized.

2.3. Experimental measurements — Radiation beam and EPID misalignment errors

The methodology of Zhuang and Olch?® was utilized to determine the sensitivity of
PerFRACTION to radiation beam errors. This involves the following general procedure. (i)
Deliver a standard field (in our case 10 cm x 10 cm), which acts as the baseline image. (ii)
Deliver an ‘erroneous’ field, which has some small alterations compared to the baseline. (iii)
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Compare the erroneous image to the baseline using PerFRACTION. (iv) In thegamma
analysis tolerance settings, vary either the distance-to-agreement (DTA) or DD tolefance until
the gamma passing rate reaches an acceptable value. The acceptable passing rates:defined.are
stated in their corresponding subsections, but was generally 95%. (v) The difference between
the tolerance that must be applied to achieve an acceptable passing rate and the magnitude of
error introduced is defined as the ‘sensitivity’ of PerFRACTION, to a given error. The
various test situations are described below.

Nominally the 10 x 10 cm square was delivered with 200 MU. To inyestigate the'effect of a
change in the output of the machine this was varied with £0.5%, +1.0%, #1.5% MUs. The
acquired images were compared with the baseline using the DD method. The DD tolerance
had to be increased above the induced error to reach a passing rate above 95%. When
comparing the reference image with the erroneous images, the acceptable DD passing rate
was defined to be 95%.

The field size was varied symmetrically in size from a 10 x 10 cmbeam by £2 mm, £4 mm
and +6 mm. The field isocenter remained the same and the individual edges of the field were
varied by £1 mm, £2 mm and £3 mm. The acquired’images were compared with the baseline
using the gamma analysis method, with a constant DD0f 1.0%#(to remove any small
variations in LINAC output between deliveries and ensure that the analysis focuses on the
field size error). When comparing the reference image with the erroneous images, the
acceptable gamma analysis passing rate was defined to be 95%.

Maintaining a 10 x 10 cm field, the collimator was rotated about the isocenter by £1°, £2°, and
+3 ©, It is necessary to relate the error intreduced by a collimator rotation to a change in the
field edge in terms of Cartesian co-ordinates, because the DTA tolerance for gamma analysis
tolerances in PerFRACTION is defined in,Cartesian co-ordinates. Therefore, rotations of a
specific angle @ (in degrees) correspond to a field edge change d defined by equation 1,

d = 2 x(1 =cos 0)/2 sin (4-5 - g) 1)
where X is the size of the jaw (the distance from the isocenter to the jaw, in this case 5 cm). The
acquired images were comp%r’ed with the baseline using the gamma analysis method, with a
constant DD of 1.0%¢(to ignore any small variations in LINAC output between deliveries and
ensure that the analysis focuses an the collimator rotation error). When comparing the reference
image with the erroneous images, the acceptable gamma analysis passing rate was defined to
be 99% (higher than the standard 95% because of the very few pixels involved in the change).

The shape of the 10.x 10 cm field was altered by altering the positions of a group of five
MLCs in the center of.one of the field edges. The positions of the five MLCs were altered by
+1, +2 and £3 mm. When comparing the reference image with the erroneous images, the
acceptable gammaranalysis passing rate was defined to be 99% (higher than the standard 95%
because of the very few pixels involved in the change).

The shapeofithe 10 x 10 cm field was altered by altering the position of a single MLC at the
center of one of the field edges. The position of this MLC was varied by +1, +2 and £3 mm.
When comparing the reference image with the erroneous images, the acceptable gamma
analysis passing rate was defined to be 99% (higher than the standard 95% because of the
very few pixels involved in the change).
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8 The 10 x 10 cm field was delivered, with the iView EPID panel misaligned. Given that the

9 190 position of the iView cannot be controlled digitally by the user, the offsets were measured,.by
10 a ruler in comparison with the light field. Thus, the iView panel was separatelysshifted: 2.5
11 mm, 6.0 mm and 10 mm towards the gantry (G); and 3.0 mm, 6.0 mm and 10.0 mmitowards
12 the left-hand side of the patient (B). These distances were measured at the plane of the panel
13 (160 cm SID), but the software makes an analysis at the isocenter. The corresponding shifts at
14 195  isocenter were thus: 1.6 mm, 3.8 mm and 6.3 mm towards G; and 1.9 mm; 3:8 mm and 6.3
15 mm towards B. When comparing the reference image with the errongous images, the

16 acceptable gamma analysis passing rate was defined to be 95%.

17

18 2.4. Experimental Measurements — Patient misalignment
200 To test the impact of patient misalignment an anthropomorphic head phantem was used. The
PseudoPatient™ 3D printed head phantom (RTSafe, Athens, Greece) has a realistic patient

20 geometry, with the skull composed of bone equivalent density material. Immobilization and
21 localization of the phantom was achieved using a stereotactic headshell device (UNGER

22 Medizintechnik GmbH, Muehlheim- Kaerlich, Germany).

23 205

24 Plans were created with the isocenter at the base of theskull, sethat any misalignments

25 would result in beams passing through different heterogeneities and thus different radiological
26 path lengths. Plans were created with three.different treatment techniques: 3DCRT; step-and-
27 shoot IMRT; and VMAT. For the 3DCRT case; four beams were created, with equal

28 210 weighting, at the four cardinal angles. For the IMRT case, seven equally spaced beams were
29 used (0°, 51°, 102°, 153°, 204°, 255°, 306°). Far.the VMAT case a single full arc was used. No
30 couch or collimator rotations were used in;any of.the plans.

31

32 Following alignment of the phantom on the.LINAC using our clinical standard CBCT brain
33 215  protocol, baseline EPID images were acquired and tests were made with the phantom shifted
34 from the isocenter. To test the sensitivity to patient misalignment it is not necessary to

35 separately shift in all threedirections (i.e. Left-Right, Ant-Post, Sup-Inf). To understand this,
36 it is important to consider that the cause of failure in the 2D analysis is due to dose arriving at
37 the EPID that is different from that delivered on the first fraction. Assuming no radiation

38 220 beam errors, a different dose will be received if there is a variance in the beam absorption

39 caused by passing through different heterogeneities. Moving in different directions simply

40 changes the anatomy through.which the beam passes, which thus changes the beam

a1 absorption andithe image at the EPID. Therefore, the impact of patient misalignment on the

49 EPID image.isidependent.on the relative geometry of the patient, the position of the isocenter
225  and the magnitude of.the shift. Given the first two are patient-specific, it is only necessary to
test diffefent magnitudes of shift, in a single direction. Thus, the phantom was shifted in the
45 Left-Right.directiononly, by moving the couch by various distances: 1, 3, 5, 10, 20, 30, 40
mm,

47 230 Images were analyzed using the gamma method, with a tolerance of 3% / 2 mm and global
48 normalization (in the absence of established guidelines for in vivo EPID monitoring, the
49 AAPM TG-218 guidelines!’ for patient-specific QA were employed).

51 2.5.'Measurements — Patient anatomy variation
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One of the most prevalent sites for replanning is the head and neck anatomical région, as
patients typically lose weight in the neck region during the course of their treatment®é, To
simulate whether PerFRACTION could detect such a change, a cylindrical PMMA phantem
was used and three layers of 5 mm thick bolus (UNGER Medizintechnik GmbH, Muehlheim=
Kaerlich, Germany) were fixed to the anterior half, as shown in Figure 1. Layers of bolus
were removed to simulate weight loss during treatment of the head and neck region andplans
were repeatedly delivered.

Fig. 1. Cylindrical phantom used for the patient.anatomy ‘variation study. (a) A vacuum bag and head
and neck shell were used to secure the position of the phantom. (b) Three layers of bolus were added to
the anterior of the shell, extending down over the lateral sides.

A variety of plans were created and tested=Plans with a single 3DCRT anterior beam were
created, for low (6 MV) and high energy. (15 MV) beams. A 3DCRT plan with four equally
weighted fields at cardinal angles was created, using 6 MV. A 6 MV VMAT plan was also
created, with one full arc. Faorall four plans dose was directed towards a small, approximately
spherical, target in the central.anterior region of the cylinder.

Following the acquisition of.the baseline image (fraction #1), a single layer of bolus was
removed (simulating aweight loss that equates to a change in patient width of 5 mm) and the
plan was delivered again (fraction #2). The second and third layers of bolus (fraction #3 and
fraction #4) were also removed and the plan was delivered again (simulating weight losses
equating to changes in patientwidths of 10 and 15 mm, respectively). As the bolus extended
over the anterior-and lateral parts of the cylinder, in the 3DCRT plan the anterior and
posterior fieldsiwere subjected to a changes in patient thickness of 5, 10 and 15 mm for the
removal of'one, two and three layers of bolus, respectively; but the left and right fields were
subjected to.thickness changes of 10, 20 and 30 mm for the removal of one, two and three
layers.of bolus; respectively.

3.Results

3.1. Radiation beam and EPID misalignment errors

In Figures 2-7 the impact on the passing rate when a variety of errors were intentionally
introduced to the radiation beam is presented. Each row corresponds to a different test; on the
leftis'the graph of gamma passing rates when varying the DTA tolerance; in the center is the
‘erroneous’ radiation field; and on the right is the gamma difference map when compared to a
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standard 10 x 10 cm field. Measurements were also made with the EPID{panel shifted
longitudinally and laterally by three different magnitudes. Table 1 provides quantitative details
of the results, together with the computed sensitivity of PerFRACTION to detect changes to
such errors. Each of the errors introduced will be discussed in sections 3.1.1 t03.1.6.

Table 1. Table of results for radiation beam errors. The magnitude of induced error is listed, together
with the dose difference (DD) or distance-to-agreement (DTA) tolerance required to obtain an
acceptable passing rate. For a given test, the sensitivity is the largest of these values,which is

highlighted with a bold and underlined typeface.

~

Lowest DD [%] or DTA [mm]

PerFRACTION

Test Induced error with acceptable passing rate sensitivity
Machine output +0.5%, -0.5% 0.8%, 0.7% 0.3%

+1.0%, -1.0% 1.2%, 1.0% 0.2%

+1.5%, -1.5% 1.6%, 1.5% 0.1%
Field size +1 mm, -1 mm 1.1 mm, 1.2 mm 0.2 mm

+2mm, -2 mm 2.2 mm, 2.4 mm 0.4 mm

+3 mm, -3 mm 3.4 mm, 3.4 mm 0.4 mm
Collimator rotation +1°,-1°, (0.9 mm) 0:8 mm, 0.8 mm 0.1° (0.1 mm)

+2°,-2°, (1.7 mm) 1.5 mm, 1:5m 0.2° (0.2 mm)

+3°, -3° (2.5 mm) 2.2 mm, 2.2 mm 0.3° (0.3 mm)
MLC group +1mm, -1 mm 1.0mm, 1.0 mm 0.0 mm

+2mm, -2 mm 2.0mm, 2.1 mm 0.1 mm

+3 mm, -3 mm 2.9 mm, 2.9 mm 0.1 mm
Single MLC (6X) +1mm, -1 mm 0.5 mm, 0.9 mm 0.4 mm

+2 mm, -2 mm 1.0 mm, 1.9 mm 1.0 mm

+3 mm;=3:mm 1.9 mm, 3.6 mm 1.1 mm
EPID misalignment (GT) 1.6 mm 1.5mm 0.1 mm

3.8mm 3.8 mm 0.0 mm

6.3 mm 6.0 mm 0.3 mm
EPID misalignment (AB) 1.9 mm 2.0 mm 0.1 mm

3.8 mm 3.6 mm 0.2 mm

6.3 mm 6.1 mm 0.2 mm

Abbreviations: DD = dose diffe@nce; DTA = distance-to-agreement.

SID: 160 cm

Gamma passing [%]

0 0.5

—+—QOutput +0.5%
—+—Qutput +1.0%
—+—Qutput +1.5%
~---Qutput -0.5%
~@-=Qutput -1.0%
—&--Qutput -1.5%
——095% Passing
- - - - Error introduced

2

Dose difference tolerance [%]

Fign2..Results when varying the LINAC output. (Left: erroneous field; centre: gamma map; right

gamma passing rates).
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295 SID: 160 cm 100 . .
1
S
o 90 7+ Field size 10.2% 10.2 cm
c —+—Field size 10.4 x 10.4 cm
@ =+ Field size 10.6 x 10.6 cm
300 © g0 -0 Field size'9.8 x 9.8 cm
e h ~Field size 9.6 x 9.6 cm
E ; i ~o-Field size 9.4 x 9.4 cm
£ 70 H i ——95% Passing
© ] E - === Error introduced
Q ! é
60 ! L
305 o 1 2, s 4

Distance to agreement [mm]

Fig. 3. Results when varying the field size. (Left: erroneous field; centre: gamma map; right gamma
passing rates).
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100 e
SID: 160 cm f: ;“1 ? '
' '

99

~—+=Collimator 1
—*—Collimator 2
—+—Collimator 3
9~ Collimator 359
@ Collimator 358

~@-=Collimator 357
——99% Passing

98

97

Gamma passing [%]

"
.
"
.
.
:
96 :
.
.
.
.
.
.
.
.
.
.

o5 l J - - - - Error introduced
94 é
(]
200 93 . : :
0 1 2 °

Distance to agreement [mm]

Fig. 4. Results when collimator rotations were applied. (Left: erroneous field; centre: gamma map;
right gamma passing rates).

325

SID: 160 cm N

—+—=MLC group 1 mm out
—+—MLC group 2 mm out
—+—MLC group 3 mm out
~@-=MLC group 1 mm in
~-@-~MLC group 2 mm in
~-@--MLC group 3 mm in
———99% Passing
= = = = Error introduced

Gamma passing [%]

Distance to agreement [mm]

Fig. 5. Results when the position of a group of five MLCs are altered. (Left: erroneous field; centre:
gamma map;.right gamma passing rates).

340
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100

SID: 160 cm

99

98
——MLC 1 mm out
—+—MLC 2 mm out
—+—MLC 3 mm out
©--MLC 1 mm iny
~-@-MLC 2 mm in
~--~MLC 3 meilin |
—99% Passing
93 ! ' | - = - - Error ifftroduced

92

a7

96

95

94

Gamma passing [%]

91

0 1 2 3 4
Distance to agreement [mm]

Fig. 6. Results when the position of a single MLC is altered. (Left: erroneous field; centre: gamma map;
right gamma passing rates).

©
@

ol

——iView 1.6 mmto G
—+—iView 3.8 mmto G
—+—iView6.3mmto G
~&-iView 1.9 mmto B
' —&-iView 3.8 mmto B
J " ~e-iView 6.3 mmto B
i ' f —95% Passing
y 1 1 Error introduced

P, N - R J M. ‘
0 2 4 6 8 10
Distance,to agreement [mm]
Fig. 7. Results when the iView was misaligned. (Left: erroneous field;’centre: gamma map; right
gamma passing rates).

©
=

Gamma passing [%]

©
N

Table 1 and Figure 2 show the results when, varying the machine output by +0.5%, +1.0%,
+1.5%. The sensitivity of PerFRACTION to varying machine output was found to be 0.3%.

Table 1 and Figure 3 show the results when varying the field size by £2 mm, £4 mm and +6
mm. Individual jaws were,altered by £1 mm, 2 mm and +3 mm, and the sensitivity of
PerFRACTION was found to be 0.4 mm.

Table 1 and Figure 4 show the results when rotating the collimator of the 10 x 10 cm field by
+1°, +2%nd £3°. As explained in Section 2.3.3, rotations of £1°, +2° and +3° correspond to
maximum changes inthe sizeof the field along one edge of 0.9, 1.7 and 2.5 mm. It was found
that the sensitivity of PerFRACTION to rotating the collimator was 0.3 mm, which corresponds
to 0.3° for this field size

Table 1 and Figures'5.and 6 show the results when the MLC shape is varied. In Figure 2(d) the
results of vafying'a.group‘of five MLCs by +1, +2 and £3 mm is shown and in Figure 2(e) are
the same shifts of a'single MLC. It was found that PerFRACTION was sensitive to within 0.1
mm for a.group of MLCs and 1.1 mm for an individual MLC.

Table 1 and Figure 7.show the results when the EPID panel is misaligned. For shifts of 1.6, 1.5
and '6.3/mm in the GT direction and shifts of 1.9, 3.8 and 6.3 mm in the AB direction,
PerFRACTION was found to be sensitive to within 0.3 mm.

3.2. Patient misalignment
Table 2/shows the results for the patient misalignment simulation study. As expected, the
general trend the gamma passing rate decreases as the lateral shift increases.
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In the 3DCRT plan cardinal beams were delivered. The passing rates for the left'and right
lateral beams remained at 100.0% for a shift of up to 40 mm. However, the passingdrates for
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385  the anterior and posterior beams were affected for shifts greater than or equal to 3ymm.
For the step-and-shoot IMRT plan, all beams are affected by the lateral shift, butthe point at
which the passing rate falls below 95% varies for each beam due to the relative geometry.
between the beam and the patient heterogeneities.
390
The VMAT plan is unaffected by shifts in the patient of up to 30 mmj; when.assessed using
gamma analysis. To analyze the VMAT plan in more depth, an assessment was made both
with gamma analysis with tighter tolerances and using a DD method (i.e. DTA¢set to zero).
The results are shown in Table 3. It can be seen that with a strict DD tolerance of 1%, lateral
395  shifts of 10 mm could be detected.
Table 2. Table of results for the patient misalignment simulation study: Values are shown for gamma
passing rates for a tolerance of 3% / 2 mm. Passing rates with values less than 95% are highlighted in a
bold and underlined typeface.
#Fraction(Lateralshift applied)
Plan Field (Angle)
#1 (0 mm) #2 (1 mm) #3 (3 mm) #4 (5/mm) #5 (10 mm) #6 (20 mm) #7 (30 mm) #8 (40 mm)
3DCRT  Ant(0°) 100.0% 100.0% 93.4% 88.6% 75.9% 64.8% 59.5% 60.2%
Left (90°) 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Post (180°) 100.0% 100.0% 91.8% 86.8% 76.3% 69.6% 59.8% 60.0%
Right (270°) 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
IMRT Ant (0°) 100.0% 99.5% 94.9% 93.2% 82.5% 72.4% 70.9% 63.0%
LAO (51°) 100.0% 100.0% 96.5% 94.2% 89.6% 81.0% 76.5% 78.6%
LPO (102°) 100.0% 100.0% 100.0% 100.0% 100.0% 97.2% 91.8% 91.8%
PLO (153°) 100.0% 100.0% 95.2% 91.1% 83.9% 77.5% 67.4% 67.5%
PRO (204°) 100.0% 100.0% 99.3% 97.8% 94.8% 86.8% 65.6% 63.5%
RPO (255°) 100.0% 100.0% 100.0% 100.0% 100.0% 96.4% 87.6% 86.4%
RAO (306°) 100.0% 100.0% 100.0% 100.0% 97.4% 94.1% 84.6% 89.8%
VMAT _ Arcl 100.0% 100:0% 100.0% 100.0% 100.0% 100.0% 100.0% 90.8%
Table 3. Table of results for the,Qmient misalignment simulation study for the VMAT plan, assessed with
400 different gamma analysis tolerances and with different dose differences. Passing rates with values less
than 95% are highlighted in a boldfand underlined typeface.
#Fraction (Lateral shift applied)
Method Tolerance
#1:(0:mm) #2 (2 mm) #3 (3 mm) #4 (5 mm) #5 (10 mm) #6 (20 mm) #7 (30 mm) #8 (40 mm)
Gamma 3%/3mm 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 92.9%
Gamma 3% /2 mm 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 90.8%
Gamma 3%/1mm 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 84.3%
Gamma 2% /2 mm 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 99.3% 87.1%
Gamma 2% /1 mm 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 96.8% 78.5%
Gamma 1%/1mm 100.0% 100.0% 100.0% 100.0% 100.0% 99.8% 89.0% 76.0%
DD 3% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 96.5% 55.2%
DD 2% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 71.1% 37.8%
DD 1% 100.0% 100.0% 100.0% 98.9% 90.1% 69.5% 30.1% 17.1%

Abbreviations: DD = dose difference.

-10 -
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3.3. Patient anatomy variation
Table 4 shows the results for the study that simulates patient weight loss in the head and neck
anatomical area. As expected, there is a decrease in the passing rate as more bolus)is removed.

Table 4. Table of results for the patient weight loss simulation study. Values shown are.the gamma
passing rates for a tolerance of 3% / 2 mm. Passing rates with values less than 95% are highlighted in a
bold and underlined typeface.

#Fraction (Bolus thickness removed)s.

Plan Field #1 (0 mm) #2 (5 mm) #3 (10mm) #4 (15 mm)
3DCRT, 6X Ant 100.0% 100.0% 58.3% 51.6%
3DCRT, 15X Ant 100.0% 100.0% 67.3% 55.8%
3DCRT, Box Post 100.0% 100.0% 91.1% 52.7%

Left 100.0% 63.8% 49.4% 41.5%
Ant 100.0% 100.0% 44.2% 53.0%
Right 100.0% 72.3% 50.8% 43.3%
VMAT Arcl 100.0% 94.2% 69.5% 4.5%

For the 3DCRT single anterior beams, both 6 MV and:15 MV are equally affected, with very
similar passing rates when a specific bolus thickness is removed. Bolus removal of 5 mm is
not detected, but the passing rates drop dramatically at 10 mm, and even further 15 mm.

For the 3DCRT four-field box plan, the leftand right fields are affected more as the bolus
extended over the top half of the cylinder and down the sides. Thus, the lateral fields were
subjected to twice the ‘weight loss’ from either side of the cylinder, and passing rates thus fall
when a single 5 mm thickness of/olus;is removed. As with the single anterior beam plans,
the anterior and posterior fields are unaffected'when 5 mm of bolus is removed. Gamma
passing rates become progressively worse,as subsequent layers of bolus are removed.

The VMAT plan is sensitive to 5.mm of weight loss. Gamma passing rates become
progressively worse as subsequent layers of bolus are removed.

4. Discussion N

In this work we havezdnvestigated the sensitivity of PerFRACTION in detecting errors in
radiation therapy treatments, from a variety of sources. It is possible that a mistreatment could
occur from an.error in the radiation beam, from the patient being misaligned, or if the
anatomy of the patient differs from that at the time of the planning CT.

In the commercial software PerFRACTION, it is possible to use integrated images captured
during treatments to assess the consistency of treatment. Treatment fractions are compared to
the first (baseline) fraction. If the treatment is identical then the images match. If, however,
thereds an alteration of the radiation beam, the patient position or the patient shape, then the
image formed will'vary. In this work we systematically investigated the sensitivity of
PerFRACTION to detect errors arising from these three separate sources.

4.1. Radiation beam and EPID misalignment errors

In general, PerFRACTION was found to be very sensitive to changes in the radiation beam.
Thesensitivity of PerFRACTION to varying machine output was found to be 0.3%, which is
inclose agreement with the results of Zhuang and Olch®® (0.2%)). In the clinical scenario

-11 -
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utilized by Bresciani et al,** dose output variations to the VMAT plans of 1% or'2% were not
detected until a very strict gamma criterion of 1%/1 mm was employed.

In our study it was found that PerFRACTION was sensitive to changes in the field size of 0.4
mm, which agrees well with Zhuang and Olch®3 (0.2 mm). It was found that PerFRACTION
was sensitive to collimator rotations of 0.3°, which is also in close agreement with the results
of Zhuang and Olch®® (0.59).

It was found that the sensitivity of PerFRACTION to detecting the position of-a group of five
MLCs was 0.1 mm. The ability of the software to detect the mispositioning of a single MLC
was more difficult to assess because so few pixels were involved{Using a threshold passing
rate of 99%, a single MLC could be detected with a sensitivity of 1.1 mm. The result of
Zhuang and Olch*®, which tested a series of single MLCs offset by different magnitudes, lies
between these two values, at 0.4 mm.

The sensitivity of PerFRACTION to errors in the alignment of the EPID panel was investigated
by delivering a 10 cm x 10 cm radiation field to a misaligned panel and comparing to the image
acquired with the EPID in the correct position. Forshifts of the EPID panel in the GT and AB
directions (for Elekta machines the EPID SSD' cannot be,adjusted) it was found that the
sensitivity of PerFRACTION was 0.3 mm. To datethere have been no other works looking into
the sensitivity of the system to EPID panel.misalignment,but it is encouraging that our result
is very similar to our field size sensitivity result.

4.2. Patient misalignment

Using an anthropomorphic head phantomy(PseudoPatient™, RTSafe) the sensitivity of
PerFRACTION to patient misalignment.was tested. It was found that the passing rate
significantly decreased if the shift resulted in the beams traversing different heterogeneities
than originally planned.

In the four-field 3DCRT plan, the leftilateral shifts applied in the study resulted in no change
to the heterogeneities traversed by the left and right lateral beams (the magnification of
certain structures with.the shift was negligible), and thus the passing rates remained at 100%,
even with shifts of 40 mm However, the anterior and posterior beams passed through
different anatomy with varying attenuation levels (in the nasal region), and thus the passing
rates dropped‘below 95% for.3' mm shifts.

The same effectwas observed for the IMRT plan. Being static step-and-shoot beams (equally-
spaced beams at angles of 0°, 51°, 102°, 153°, 204°, 255°, 306°) they are completely dependent
on the geometry of the phantom and the shift that is made. The weight of the beam is not
important:as beams are assessed individually and comparisons are made relative to the first
fraction of the beam. Inspection of Table 2 suggests that the Ant (0°), LAO (51°) and PLO
(153°) fields are affected most, whereas the LPO (102°) and RPO (255°) fields are most robust
to-patient shifts in the left direction. These results are in good agreement with those of Hseih
et al,’ who also shifted their canine cadaver in a lateral direction. They also delivered a 7-
field IMRT plan at the same angles and found that for a shift of 2 cm, using a gamma
criterion of 3% / 1 mm, that the Ant (0°), LAO (51°), PLO (153°) and RAO (306°) fields had
passing rates below 95%. In agreement with our results, the LPO (102°) and RPO (255°)
fields still had high passing rates (both >98%) even for a 2 cm shift.

-12 -
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1

2

3

4

5

6

7

8 490  In our study the VMAT plan was found to be insensitive to misalignments of up to80.mm

9 when assessed using gamma analysis, which agrees with other studies. Brescianit al* found
10 that for an anterior-posterior shift of 11 mm in an anthropomorphic thoracic phantom the 2%/
11 2 mm global gamma passing rates remained greater than 97.9%. The cause of this

12 ‘insensitivity’ is hypothesized to be because the higher weighted segmentsof the arc are

13 495 directed through gantry angles that are less affected by heterogeneities. As was found:in the
14 3DCRT and IMRT plans, beams that pass through the lateral directions-of the plan were much
15 less affected by a lateral shift. As the VMAT plan is not composed of static beams, it is much
16 more difficult to decompose the effect that patient misalignments will have on the result. If

17 the arc is more highly weighted through the lateral directions anddless through the anterior and
18 500  posterior directions, it would be less sensitive to a lateral shift (in this case):

19 Another possible reason for the passing rates of the VMAT plan being unaffected up to such
20 large patient shifts are that the gamma analysis method masks the differences. It has been

21 demonstrated previously by Bojecko et al*® that 5 or 10 mm positional displacements cannot
22 505 be readily detected by the gamma index (for their specific,patient cohort), with Kruse? also
23 finding that per-field gamma analysis is a poor predictor.of desimetric accuracy. As found by
24 Hsieh et al,'® the use of the DD method is more sensitive to'differences in the image as the

25 DTA component of the gamma analysis is not “masking errors in the gradient-rich fluence of
26 individual IMRT fields”. In our study we also found the DD to be more sensitive. With a 2%
27 510 DD tolerance 30 mm shifts were detected; andwith a 1% DD shifts of 10 mm were detected.
28 It is concluded that PerFRACTION can be reasonably sensitive to patient misalignments,

29 provided the DD method is used.

30

31 Given that the standard of care for many.anatomical sites is now IMRT or VMAT, the authors
32 515  recommend that EPID dosimetry not be relied upon to confirm the correct patient position,

33 which is consistent with many.other studies.®2%23 Gamma analysis masks the differences,

34 and even using a DD comparison'method with a 1% tolerance does not allow shifts of <10

35 mm to be detected. Daily CBCT imaging is considered more suitable for this purpose.

g? 520  4.3. Patient anatomy variation

38 It is well known that/patients receiving radiotherapy in the head and neck region experience
39 significant anatomic 'changes during their treatment course.*® This includes the shrinking of
40 the primary tumar, postoperative changes and edema, and changes in overall body weight. To

a1 simulate this neck weight loss, layers of bolus were removed from the surface of a cylindrical
525  PMMA phantom: Conformal 3DCRT and VMAT plans were used to test the sensitivity of

fé PerFRACTION to detect such weight loss.

44 For conformalplans/@ weight loss of 5 mm was undetected, but a weight loss of 10 mm led to
45 a drop in the global.gamma passing rate to as low as 44.2%, when using a 3% / 2 mm

46 530 criterion/PerFRACTION was more sensitive in the VMAT case however, with a weight loss
47 of -5 mm leading to a drop in the global gamma passing rate below 95%. This is an important
48 result as head and neck tumors are commonly treated using VMAT techniques. In a similar
49 study using an anthropomorphic phantom, Bresciani et al'* reported that the removal of 1.25
50 cm.of bolus was only detectable with a strict 1% / 1 mm criterion (64.8% passing rate), while
51 535  fora2% /2 mm criterion the passing rate was 99.1%. Hence, we conclude that for different
52 anatomical regions and different VMAT plans, there could be a large variety in the detection
53

54
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threshold of potential anatomical changes due to weight loss. However, if thereds a change to
be detected, PerFRACTION is sufficiently sensitive to locate it.

5. Conclusion

In this work we have systematically investigated the sensitivity of the commercial software
PerFRACTION to detect radiotherapy treatment errors. Integrated EPID images formed,from
the exit dose of erroneous treatment fractions were compared to a baseline and assessed using
a DD or 2D gamma analysis method. It was found that PerFRACTION.was highly sensitive
to changes in the radiation beam such as the beam output (0.3%), field size (0:4.mm),
collimator rotation (0.3°) or MLC positioning (0.1 mm), as well as ERID panel mispositioning
(0.3 mm). Changes in the patient positioning (3 mm) could be detected by PerFRACTION,
provided static beams were used and provided the misalignment led to'a.change in the
anatomical heterogeneity through which the beam passed. VMAT beams were less sensitive
to patient misalignments; a 10 mm shift could only be detected when using a very strict
criterion of 1% with the DD method. The authors recommend that daily CBCT imaging be
relied upon to confirm correct patient alignment. PerFRACTION was also able to detect
changes in patient anatomy, with VMAT and 3DCRT plans detecting weight losses of 5 mm
and 10 mm, respectively. By systematically testingsscenariosiaccording to errors from the
three sources (radiation beam; patient misalignment; patient.anatomy change), we have
demonstrated that PerFRACTION is a sensitive tool for detecting radiotherapy errors.
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