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Is integrated transit planar portal dosimetry able to detect geometric
changes in lung cancer patients treated with volumetric modulated
arc therapy?
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ABSTRACT

Background. Geometric changes are frequent during the course of treatment of lung cancer patients. This may
potentially result in deviations between the planned and actual delivered dose. Electronic portal imaging device
(EPID)-based integrated transit planar portal dosimetry (ITPD) is a fast method for absolute in-treatment dose
verification. The aim of this study was to investigate if ITPD could detect geometric changes in lung cancer patients.
Materials and methods. A total of 460 patients treated with volumetric modulated arc therapy (VMAT)
following daily cone beam computed tomography (CT)-based setup were visually inspected for geometrical
changes on a daily basis. Forty-six patients were subject to changes and had a re-CT and an adaptive treatment
plan. The reasons for adaptation were: change in atelectasis (n = 18), tumor regression (n = 9), change in pleural
effusion (n = 8) or other causes (n = 11). The ITPDs were calculated on both the initial planning CT and the re-
CT and compared with a global gamma (y) evaluation (criteria: 3%\3mm). A treatment fraction failed when the
percentage of pixels failing in the radiation fields exceeded 10%. Dose-volume histograms (DVHs) were
compared between the initial plan versus the plan re-calculated on the re-CT.

Results. The ITPD threshold method detected 76% of the changes in atelectasis, while only 50% of the tumor regres-
sion cases and 42% of the pleural effusion cases were detected. Only 10% of the cases adapted for other reasons were
detected with ITPD. The method has a 17% false-positive rate. No significant correlations were found between changes
in DVH metrics and v fail-rates.

Conclusions. This study showed that most cases with geometric changes caused by atelectasis could be captured by
ITPD, however for other causes ITPD is not sensitive enough to detect the clinically relevant changes and no predictive
power of ITPD was found.

Anatomical changes occur in around 23% of lung
cancer patients during a course of radiotherapy

changes can result in significant changes between
the planned and delivered dose [1-5]. With the

[1]. Several anatomical changes may occur in the
lung, i.e. disappearing or developing atelectasis or
pleural effusion, tumor shrinkage, shifts of the tumor
and/or metastatic lymph nodes. These anatomical

introduction of complex treatment delivery tech-
niques of external beam radiotherapy (EBRT) such
as volumetric modulated arc therapy (VMAT), radi-
ation dose can be delivered with high conformality,
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reducing dose to the organs at risk (OARs) [6-8].
VMAT delivers its dose by using many degrees of
freedom during the dose optimization such as gantry
angle, field shape, dose per segment and dose rate.
The high occurrence rate of anatomical changes
happening through the treatment and the highly
dynamic delivery makes in-treatment verification of
the dose essential for ensuring the treatment delivery
quality to the patient. The electronic portal imaging
device (EPID) has been demonstrated to be an
accurate tool for in-treatment dose verification
[9,10]. Several methods for EPID dose verification
have been demonstrated, e.g. planar dose verifica-
tion with integrated and, more recently, also time-
resolved verification, or three-dimensional (3D)
EPID dose verification [11-13].

Several groups have investigated the predictive
power of planar dosimetry. Nijsten et al. [14] showed
that it was possible to predict changes in the
dose volume histogram (DVH) for conformal radio-
therapy of breast cancer. Others have shown that per-
beam planar dosimetry of intensity modulated
radiotherapy (IMRT) show little or no correlation to
clinically relevant dose changes [15,16]. Especially
for VMAT the predictive power of integrated transit
planar dosimetry (ITPD) may be questionable as
Mans et al. [9] reported a very low frequency of
treatments needing adaptation, based on planar
dosimetry. Conversely, it has been shown in a clinical
study that at least 12% of lung cancer patients suf-
fering from changes due to atelectasis, pleural effu-
sion or pneumonia may benefit from an adaptive
radiotherapy strategy to ensure target coverage or to
avoid normal tissue complications [1]. The actual
number of patients needing adaptation is higher
when deviations in, e.g. tumor and lymph node
positions are concerned [1].

The aim of this study was therefore to investigate
whether ITPD for VMAT has added value in detect-
ing dose differences caused by anatomical changes
throughout the treatment in a large cohort of lung
cancer patients.

Material and methods
Patient cohort and treatment adaptation

In this retrospective study we assessed the entire
population (460 patients) of non-small cell lung can-
cer (NSCLC) and small cell lung cancer (SCLC)
patients radically treated at our department between
January 2013 and September 2014. All patients were
treated using VMAT, applying the dose in one or two
(semi-) arcs, using 10 MV photon beam quality,
delivered with a Varian True Beam linear accelerator
(Varian Medical Systems, Palo Alto, CA, USA).

Treatment planning was performed using Varian’s
treatment planning system Eclipse version 11 and
the Acuros dose calculation algorithm. From this
database, we analyzed in depth the identified 46
NSCLC/SCLC patients for whom treatment was
adapted during their course of (chemo)radiotherapy
(Table I). The decision to adapt treatment was taken
in clinical practice and was based on anatomical dis-
crepancies seen in the daily kV cone beam computed
tomography (CBCT), e.g. on CBCT the CTV shifted
outside the planning target volume (PTV) on CTP,
or pleural effusion caused a reduction in dose to the
PTV. After visual signaling, the dose was re-calcu-
lated on the CBCT and in a patient board, it was
decided in consensus by the radiation oncologist and
medical physicist whether a plan needed adaptation.
In this study, differences were categorized as either:
1) change in atelectasis [a collapse or closure of
(parts of the) the lung, resulting in a reduced or
absent gas exchange] (n=18); 2) tumor regression
(n=9); 3) change in pleural effusion (fluid accumu-
lated in the pleural cavity) (n = 8); 4) other changes
(n=11), e.g. patient positioning. When relevant geo-
metrical differences were observed in the daily CBCT
images compared to the original planning CT (CTP),

Table I. Patient and tumor characteristics. (The ¢T and cN refer
to the 7th edition of the UICC-TNM staging for lung cancer).

Item Percentage
Age (mean= SD) 71 £6 year
Gender
Female 15 32
Male 31 68
Tumor histology
NSCLC 43 93
SCLC 3 7
Clinical tumor stage
cT1 7 15
cT2 16 35
cT3 3 7
cT4 20 43
Clinical lymph node stage
cNO 10 21
cN1 3 7
cN2 17 37
cN3 16 35
Tumor location
left 14 30
right 32 70
Upper lobe 21 46
lower lobe 11 24
middle lobe 6 13
bronchus 8 17
Adaptation reason
Atelectasis 18 39
Tumor regression 8 17
Pleural effusion 9 20
Other 11 24

cN, clinical nodal stage; cT, clinical primary tumor stage; SD,
standard deviation.



it was decided to acquire a new planning-CT (CT)).
On this CT, contours were re-delineated from scratch
and it was used for treatment adaptation. For this
study, the 3D dose for each adapted case was ana-
lyzed in the treatment planning system by first rigidly
registering CTp with CT, on bony anatomy and then
copying the original treatment plan on the CT,
resulting in simulated delivered dose D, which was
then compared to the originally planned dose D
based on the CTp.

Integrated transit planar dosimetry (ITPD)

ITPD was used to compare planned versus deliv-
ered dose at the level of the EPID (Dgpp) with the
patient in the beam. A validated prediction model
was used to simulate both the planned and deliv-
ered I'TPD dose (DEPID_p and DEPID_d) using the
patient geometries described by CTp and CT, [17].
DEPID_p and Dgpyp 4 Were then compared with a
global gamma (y) evaluation with dose-difference
(DD) and distance to agreement (DTA) criteria of
3%/3mm [18,19]. For each field the percentage
pixels exceeding unity (P(|y|> 1)) inside the whole
field was extracted. A dose delivery difference was
flagged (i.e. considered significant) when our cur-
rent clinical action level was exceeded, which was
when one of the arcs of the plan exhibits a P(|y| > 1)
of at least 10% of the pixels. Supplementary Figure
1 (available online at http://informahealthcare.
com/doi/abs/10.3109/0284186X.2015.1061213)
shows a schematic overview of the calculation of
the ITPD.

3D dose analysis

To quantify dose changes the DVHs for the planned
dose D and the delivered dose D, were compared.
The clinical target volume (CTV), the PTV and the
mediastinum as OAR were subject to investigation.
During treatment planning the mediastinum con-
straint was the hardest to meet and therefore the
mediastinum was part of the 3D dose analysis. Dp
and D distributions for the two CT scans were con-
verted to DVHs. For the CTV of the primary tumor
and the CTV of the lymph nodes, dose to 98% of
the volume (D,g,,), the dose to 95% of the volume
(Dys,,) and the dose to 5% of the volume (D)
were extracted from both Dp and D,. Furthermore,
a relative difference for each metric was calculated,
ie. AD = (Dp’fod’x)/Dp’x*loo with x =98%, 95%,
5% extracting the ADQS%, ADQS%, AD5% for the
CTVs. For the PTV the same relative differences
was calculated but for the mean dose (AD_ ),
ADy5, and AD,,,. Finally, for the mediastinum
the maximum dose (D, ), the dose to 2%, of the
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volume (D,,,) and the dose to 0.5 cm?, of the vol-
ume (D, 5_,3) were calculated, resulting in a AD___,
AD,,, AD 5 3. A DVH was considered to be devi-
ating significantly (DVH+) when one of the metrics
showed a difference of more than 4%. Otherwise, it
was considered DVH negative (DVH-). The 4%
threshold to define DVH+ cases was based on the
dose precision requirements as defined by Brahme
et al. [20]. For the DVH analysis compared to the
visual decision-making the positive predictive value
(PPV) and the false discovery rate (FDR) were cal-
culated to analyze the performance of the DVH
analysis. The PPV was calculated as PPV = number
of true positives/number of DVH+ cases and the
FDR was calculated as FDR = number of false pos-
itives/number of DVH+ cases. For comparison of
the DVH to the ITPD method, the sensitivity (num-
ber of true positives ITPD/number of DVH positive
cases) and specificity (number of true negative
ITPD/number of DVH negative cases) were calcu-
lated. A regression analysis was performed between
the DVH metrics and the maximum P(|y|> 1) over
all arcs of the treatment plan, determining the cor-
relation coefficients (R?).

Results

From the patients that were detected as needing
adaptation, I'TPD in total detected 49% with the cri-
terion of P(|y|>1)>10%. For the dose differences
caused by atelectasis the detection rate against the
DVH+ cases was 76%, for tumor regression 50%,
for pleural effusion 42% and for differences caused
by patient positioning and other causes a 10% detec-
tion rate was achieved. For the DVH detection versus
the visual decision-making the PPV was 87% while
the FDR was 13%.

For pleural effusion, weak correlations for
the AD,,, for the CTV lymph nodes (R?2=0.23)
and for the AD,,, of the mediastinum (R2=0.51)
were found (Table II). For the latter, also weak
correlations for the CTV of the lymph nodes for
the AD,,, (R*=0.65) and AD,,,, of the CTV of
the primary tumor (R?=0.38) were calculated
(Table II). No other significant correlations were
found (Table II).

Across the group, 40 patients were DVH+ and
six were DVH-. From the 40 DVH+ cases, 20 were
flagged with ITPD while from the DVH-cases only
one was flagged positive, resulting in a sensitivity of
0.50 and specificity of 0.83 between the DVH status
and ITPD. Figure 1 and Supplementary Figure 2
(available online at http://informahealthcare.com/
doi/abs/10.3109/0284186X.2015.1061213) depict
examples of patients that were flagged or not flagged
by I'TPD, respectively.
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Table II. R? values for different DVH metrics correlated to the 7 fail-rate, for the different structures,
the CTV of the primary tumor, the CTV of the lymph nodes, the PTV and the mediastinum.

CTV primary

tumor CTYV lymph nodes PTV Mediastinum
ADys,, vs. ADgy,,, vs.  ADg, vs. ADgy,, vs.  ADg s 3 vs.  AD,, vs.
P(jyD>1 P(|y)>1 P(yD>1 P(yH>1 P(yH>1 P(y)H>1
All patients 0.002 0.08 0 0.02 0.008 0.01
Atelectasis 0.01 0.06 0.14 0.004 0.20 0
Tumor regression 0.38 0.12 0.65 0.004 0 0.04
Pleural effusion 0.13 0.02 0.23 0.16 0.33 0.51
Other 0.004 0.09 0 0.23 0 0.01

CTV, clinical target volume; AD,, percentage difference between planned and measured DVH metric;
P(|y|>1), percentage Y pixels exceeding unity; PTV, planning target volume.

Discussion

In this study we have investigated the predictive
power of in-treatment I'TPD for detecting dose dif-
ferences caused by anatomic changes in NSCLC and
SCLC patients undergoing VMAT. For lung cancer
it has been shown that approximately 23% of the
patients show anatomical changes throughout the
course of treatment, while approximately 12% needs
adaptive actions to ensure treatment quality [1].
Considering the volume of > 400 lung cancer patients
at our clinic per year, > 44 of these patients each year
may benefit from adaptive strategies. However, with
ITPD we found no significant correlations between
vy fail-rates and DVH metrics for in-treatment geo-
metrical changes. Due to the lack of correlation
between 7 fail-rates and DVH metrics, different clin-
ical action levels, other then P(|y| > 1) of at least 10%
of the pixels are not expected to influence the results
significantly. For patients exhibiting tumor regres-
sion, a very weak correlation was found between the
CTV DVH metrics and vy fail-rates. A possible expla-
nation for the weak correlation may be that when a
tumor shrinks, lower densities around the target
(CTV) are observed, resulting in less beam attenua-
tion and therefore in a higher dose to the smaller
target volume (see the DVH in Figure 1). The lower
densities around the CTV may result in a higher
Dpgpip 4 due to reduced attenuation. The higher dose
captured in the ITPD might result in vy fail-rates with
a positive sign of the dose difference (see the red areas
in the ITPD vy images in Figure 1), which weakly
correlate to the changes in the DVH. Another expla-
nation for the weak correlation may be that the geo-
metrical difference in our study was always the same
(shrinkage) and that it always occurred in the high
dose volume. Notably, it should be mentioned that
the tumor shrinkage sub-group was small (n=8).
Several groups studied the predictive value of 7y
metrics and relevant changes in the 3D dose or DVH.
The studies can be roughly divided into two groups:

1) pre-treatment, and 2) in-treatment, studying
either: a) planar dosimetry, or b) 3D dosimetry. For
in-treatment planar dosimetry the positive predictive
values of y metrics has been shown for breast cancer
patients while another report presented it as a method
to detect dose differences over all treatment sites
[9,14]. For 3D in-treatment portal dosimetry a study
for head and neck cancer patients showed a positive
correlation between Yy metrics and changes in the
DVH [3]. All pre-treatment studies either using pla-
nar or 3D portal dosimetry report weak to no predic-
tive value of y metrics for changes in the 3D dose or
DVH [9,10,14,15]. In general for the pre-treatment
studies weak to no correlations have been found
while for the in-treatment studies some positive cor-
relations have been found.

Most previous studies have investigated pre-
treatment dosimetry either planar or 3D [15,
16,21,22]. The difference between our work and
most previous studies is that in-treatment planar
dosimetry for VMAT was used for lung cancer
patients. The studies of Rozendaal et al. [3] and
Nijsten et al. [13] have also looked at in-treatment
portal dosimetry for head and neck and breast cases,
respectively. The latter study also used in-treatment
planar dosimetry. This study showed that patient-
setup differences and relevant DVH changes can be
predicted for conformal radiotherapy (CRT) for
breast cancer patients. CRT I'TPDs are very differ-
ent from VMAT ITPDs because of the absence of
dose gradients caused by the delivery properties of
VMAT. The other in-treatment portal dosimetry
study of Rozendaal et al. [3] looked at VMAT for
head-and-neck cancer patients and found a positive
predictive value for y metrics and DVH metrics.
However, they used 3D portal dosimetry, which is
not comparable to planar portal dosimetry.

The large scale study of Mans et al. [9] using
ITPD showed a very low number of patient errors
detected with ITPD. Only 17 of more than
4000 patients were flagged of which only seven were
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Integrated 2D vy Dgpip 1 VS Depip 2
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Figure 1. An example of tumor regression which is accurately flagged by ITPD with high P(|y|>1) for each arc (28% and 29%,
respectively). The ITPD shows predominantly red areas indicating that the planar dose difference found in the 7y calculation shows a
positive dose difference, however, it should be noted that this could also be interpreted as a shift with a small positive DD. The DVH also
shows an over-dosage of the CTV (sky blue) and to the mediastinum (magenta), which could confirm that in this case the red areas are

caused by a dose difference and not a shift.

attributed to geometrical changes and the other cases
were ascribed to technical beam delivery failures. No
quantitative detection criteria were mentioned in this
study. From the sub-group of lung cancer patients
(454), two cases with dose differences were identified
(0.4%). This appears to be a very small fraction
compared to the present study where 20 cases (4.3%)
of 460 where detected by I'TPD with a sensitivity
of only 0.50.

ITPD seems to hide certain dose delivery changes,
which is reflected in the low sensitivity of 0.50.
This may have several causes. IMRT and especially
VMAT are highly dynamic treatment delivery
techniques utilizing many degrees of freedom to
deliver a single treatment beam in many small sub-
beams/control points. When all control points/timing

information are integrated in an I'TPD this results in
a high amount of dose gradients. It has been shown
in simulations for planar dosimetry that using a
v evaluation on ITPDs the detection-rate depends
on the fraction of gradients in the dose distribu-
tions [15].

The combined findings of previous and the present
work indicate that more advanced dose verification
techniques are necessary to verify VMAT dose distri-
butions, which should be able to capture the dynamic/
timed nature of advanced delivery techniques. A time-
resolved verification method may be essential to verify
these dynamic treatments. The applicability of time-
resolved EPID dosimetry has been demonstrated
recently for pre-treatment verification of VMAT treat-
ments [11,23,24]. Our group modified the y evaluation
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in such a way to extend the search space of the algo-
rithm into the time-domain [19]. Supplementary Fig-
ure 3 (available online at http://informahealthcare.
com/doi/abs/10.3109/0284186X.2015.1061213)
demonstrates an example where ITPD results in a
false negative, and where a dose difference caused by
a geometrical change is negated in the ITPD. It depicts
a spherical target moving in the horizontal direction in
such a way that it is no longer completely encompassed
by the rotating beam with a fixed square field size. As
a result the time-resolved EPID images show large dis-
crepancies (red and blue regions) at certain times, in
particular when the beams are perpendicular to the
horizontal plane that contains the motion direction
(Supplementary Figure 3 available online at http:/
informahealthcare.com/doi/abs/10.3109/0284186X.
2015.1061213). However, the time-integrated ITPD
image shows zero failure due to exact cancelling of the
time-resolved discrepancies. Another advantage of
time-resolved methods, when applied online, is that
gross delivery changes due to geometrical changes
could be detected and treatment could be interrupted
during the treatment [25].

In conclusion, time-integrated EPID dosimetry
in the form of ITPD has little to no predictive
power in detecting dose delivery changes due to
anatomical changes in lung cancer patients under-
going VMAT. A low sensitivity and no significant
correlations between changes in DVH metrics and
vy fail-rates render ITPD unsuitable in detecting a
large fraction of the relevant dose discrepancies.
More advanced in-treatment dose verifications
methods may be necessary to verify these types of
dynamic treatments. Time-resolved planar EPID
dosimetry TRTPD may be a good candidate for
such a method.
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