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ARTICLE INFO ABSTRACT

Purpose: The aim of this study is to evaluate the plan delivery accuracy of intensity-modulated radiation therapy
(IMRT) by using textural features calculated from fluence maps.

Methods: In total, 202 IMRT plans were generated with the Trilogy (C-series linac) and TrueBeam STx systems.
Fluence maps were obtained for each IMRT plan. With the fluence map, six textural features were calculated,
namely angular second moment (ASM), inverse difference moment (IDM), contrast, variance, correlation, and entropy
(particular displacement distances, d = 1, 5, and 10). To evaluate performances of textural features in predicting
IMRT delivery accuracy, Spearman’s rank correlation coefficients (r;) were calculated between textural feature
values and measures of conventional methods.

Results: For Trilogy, correlation (d = 1) showed r; values of —0.764 (p < 0.001) with gamma passing rates of
2%/1 mm and 0.863 (p < 0.001) with multi-leaf collimator (MLC) errors. For TrueBeam STx, variance (d = 10)
showed r; values of 0.691 (p < 0.001) with gamma passing rates of 1%/2mm and —0.585 (p < 0.001) with
MLC errors.

Conclusion: Correlation (d = 1) for Trilogy and variance (d = 10) for TrueBeam STx demonstrated the potential in
predicting IMRT delivery accuracy with high correlations to conventional IMRT delivery accuracy measures.
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1. Introduction

Intensity-modulated radiation therapy (IMRT) is widely adopted in
clinical settings because of its capability to deliver conformal pre-
scription doses to target volumes and simultaneously minimize normal
tissue irradiation [1-9]. To acquire this optimal dose distribution, IMRT
techniques modulate photon intensities using multi-leaf collimator
(MLC) movements to generate an optimal fluence map. As the level of
difficulty of the desired dose distribution increases, the complexity of
the fluence map also increases, which increases both the dose calcula-
tion and mechanical MLC movement uncertainties [10-14]. In this re-
spect, highly-modulated IMRT plans may fail to deliver the desired dose
distribution to a patient. Therefore, the pre-treatment verification of
IMRT plan delivery accuracy, such as through patient-specific quality
assurance (QA), is strongly recommended by international guidelines
and is routinely performed in clinical settings [15,16].

For patient-specific QAs in general, dose distributions calculated

from the treatment planning system (TPS) are compared to those
measured by various measurement devices with gamma-index method.
The gamma-index method suggested by Low et al. quantitatively eval-
uates the similarity of two dose distributions, point by point, using dose
differences combined with distance-to-agreements, ie., gamma cri-
terion [17]. The gamma passing rate is percentage of the number of
measurement points which meet the gamma criterion in comparison
with calculated points to the whole number of evaluated points [18].
Although the gamma-index method has been widely adopted in the
clinical setting, it is limited by low sensitivity for detecting mechanical
parameter errors, inaccurate dose calculations, and clinical irrelevance
[19-21].

As an alternative to the gamma analysis, the modulation index (MI)
was suggested by several studies as a way to verify IMRT delivery ac-
curacy [2,11,13,18]. Compared to the measurement-based patient-
specific QA methods, the modulation index has the advantage of early
IMRT plan detection, through which the delivery accuracy is low
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Table 1
Intensity modulated radiation therapy (IMRT) Plan information.
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Treatment site N  Photon energy Prescription dose (Gy) Do, Dosgas Fraction number
Trilogy
HN 40 6 MV 67.5, 54, 48 (for PTV1, PTV2, PTV3, 71.3 = 1.3,67.3 = 1.5, 66.2 = 1.0, 52.6 = 1.1, 30
respectively) 51.8 = 2.0 47.2 = 1.5
Prostate (PP) 21 15 MV 50.4 53.1 + 0.4 48.4 = 0.6 28
Prostate (BP) 21 15MV 30.6 32.1 = 0.3 29.7 = 0.2 17
Liver 11 15MV 50 51.9 = 0.3 48.8 = 0.3 20
Spine 9 15MV 30 324 + 1.4 27.4 + 3.3 10
TrueBeam STx
Lung SABR 20 6 MV FFF 60 68.3 = 1.4 57.0 = 0.5 4
Spine SABR 20 10 MV FFF 16 17.3 = 0.6 16.0 = 0.6 1
Liver SABR 20 10 MV FFF 42 447 = 1.4 41.1 = 0.7 3
Brain 20 6 MV 30 31.4 = 0.7 29.4 = 0.5 10
HN 20 6 MV 67.5, 54, 48 for PTV1, PTV2, PTV3, 71.5 = 0.8,67.2 = 1.1, 65.9 + 0.4,52.3 * 0.7, 30
respectively) 521 = 1.8 46.9 = 0.7

Abbreviations: Dy, = near maximum dose, dose received by at least 2% volume of the target volume; Dggy, = near minimum dose, dose received by at least 98%
volume of the target volume; HN = head and neck; PP = primary plan; BP = boost plan; SABR = stereotactic ablative radiotherapy; FFF = flattening filter free.

because it can be calculated at the planning level. Furthermore, the
modulation index can be used in the IMRT optimization process by
preventing the generation of excessively modulated plans during
planning. In this respect, previous studies have proposed various
modulation indices. Webb et al. evaluated the complexity of IMRT plans
by changes in adjacent beamlets that exceed a certain portion of a
standard deviation of the fluence map [22,23]. McNiven et al. quanti-
fied variations of beam apertures and the degrees of MLC movements,
introducing the modulation complexity score (MCS) [12]. Du et al.
proposed modulation indices that analyse beam aperture irregularities,
which include the plan averaged beam area (PA), plan averaged beam
irregularity (PI), and plan averaged beam modulation (PM), for both
IMRT and volumetric-modulated arc therapy (VMAT) [2]. We have also
proposed modulation indices that were textural features calculated
from the VMAT fluence maps [24,25]. In that study, considerable cor-
relations were demonstrated between textural feature values and con-
ventional patient-specific QA measures of gamma passing rates and
mechanical errors during VMAT delivery, which were acquired from
machine log files recorded in the linear accelerator (linac) control
system.

Textural analysis on fluence maps have been suggested for evalu-
ating the degree of VMAT modulation in previous studies [24,25];
however, this method for IMRT has not been tested. Because the prin-
ciples of photon beam modulation techniques and mechanical mod-
ulation parameters of IMRT differ from those of VMAT, the feasibility of
using textural features as modulation indices for IMRT should be in-
vestigated. In addition, previous studies of VMAT textural features were
limited, due to only utilizing a single type of linac, a single photon
energy, a single type of dosimeter, and limited treatment sites of only
head and neck (HN) and prostate cancers [24,25]. More comprehensive
studies that test the performance of textural features as modulation
indices are required. Therefore, in this study, we evaluated the com-
prehensive performance of textural features that were calculated from
IMRT fluence maps as modulation indices by utilizing two types of li-
nacs, various photon energies, two diode measurement arrays with
different geometries, and various treatment sites. Correlations between
the values of textural features and the conventional measures of IMRT
plan verification methods were investigated. The conventional mea-
sures of IMRT plan verification methods were as follows:

i) Global gamma passing rates with various gamma criteria,
ii) Differences in MLC positions between the planned and the actual
delivery,
iii) Differences in dose-volumetric (DV) parameters between original
IMRT plans and the plans reconstructed with actual MLC positions
during plan delivery.
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To acquire reliable results, we analysed a total of 202 IMRT plans in
this study.

2. Materials and methods
2.1. Patient selection

A total of 181 patients with various treatment sites, including HN
cancer, prostate cancer, liver cancer, lung cancer, brain tumours, and
spine tumours, were retrospectively selected for this study. Approval for
this study was obtained from the institutional review board (IRB No.
1802-069-922). All patients were scanned with the Brilliance CT Big
Bore™ (Philips, Amsterdam, the Netherlands).

2.2. IMRT planning

For IMRT planning, two types of linacs were used: the Trilogy™ with
the Millennium 120 MLC system (C-series linac), and the TrueBeam™
STx with the High-definition (HD) 120 MLC system (Varian Medical
Systems, Palo Alto, CA, USA). The TrueBeam STx, which is more ad-
vanced than the C-series linacs, is an integrated system that centrally
controls mechanical parameters during plan delivery using encoder
signals, while the mechanical parameters of the Trilogy are controlled
individually, using potentiometer signals. The most significant differ-
ence between the Trilogy and the TrueBeam STx is the MLC leaf width.
The MLC leaf widths of the TrueBeam STx (2.5 mm at the central region
and 5 mm at the periphery region) are half of those of the Trilogy (5 mm
at the central region and 10 mm at the periphery region).

Information of IMRT plans generated in this study is summarized in
Table 1. For HN IMRT plans, simultaneous integrated boost (SIB)
technique was used with a total of three target volumes. The target
volumes of the IMRT plans for prostate cancer, liver cancer, and spine
tumor were located deep inside a body, therefore, 15 MV photon beams
with a higher penetration were used for those plans.

For all IMRT plans in this study, the dose volume optimizer (DVO,
ver. 13.7, Varian Medical System, Palo Alto, CA, USA) in the Eclipse™
treatment planning system (TPS) (ver. 13.7, Varian Medical System,
Palo Alto, CA, USA) was used to optimize the IMRT plans. All IMRT
plans in this study were optimized to meet the dose constraints stated in
the Radiation Therapy Oncology Group (RTOG) protocols [26]. The
monitor unit (MU) constraints and normal tissue objective (NTO) were
not considered during IMRT optimization. Fluence-smoothing factors in
the x and y directions were 40 and 30, respectively. After optimization,
dose distributions were calculated using the anisotropic analytic algo-
rithm (AAA, ver. 13.7, Varian Medical System, Palo Alto, CA, USA) with
a calculation grid of 1 mm. All IMRT plans were normalized, such that
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the dose received by 100% of the target volume was equal to or higher
than 90% of the prescription dose as recommended by the International
Commission on Radiation Units and Measurements (ICRU) Report 91
[27].

2.3. Calculation of textural features from fluence maps

To generate fluence maps, each IMRT plan was exported in DICOM-
RT file format from the TPS. Using an in-house program written in
MATLAB (R2016a, Mathworks, Inc., Natick, MA, USA), MLC positions
and MUs for all segments of each field were obtained, and then the sub
fluence maps for each field were generated by superposition of MUs,
which were shaped by the MLCs of all segments. By summation of the
sub fluence maps for an IMRT plan, fluence maps for each IMRT plan
were acquired.

In order to improve the efficiency and analysis accuracy, a region of
interest (ROI) in the fluence map was defined, which was an area in the
fluence map with values greater than 1. With this ROI, a grey level co-
occurrence matrix (GLCM), which is a matrix that represents the spe-
cific spatial relationships of the pixels of interest with specific intensity
values, and its neighbour was generated, to calculate textural features.
Before generating GLCMs, the fluence maps were normalized so that
each beamlet in the fluence map had a grey level ranging from 0 to 127,
to remove the effect of differences in the maximum MUs of IMRT plans
on the GLCM sizes. Particular displacement distances (d) of 1, 5, and 10,
which are offsets of a pair of pixels, were used to create GLCMs. When
generating GLCMs, particular angles (6) of 0°, 45°, 90°, and 135° were
adopted. For each value of d, four GLCMs were obtained with a total of
four 6 angles. For each GLCM, a total of six types of textural features
were calculated: angular second moment (ASM), inverse difference mo-
ment (IDM), contrast, variance, correlation, and entropy. The calculation
methods for the six types of textural features were the same as those in
previous studies [24,25]. For each value of d, the textural features of
the same type, which were calculated from four GLCMs were simply
averaged. Therefore, a total of 18 textural features were calculated for
each IMRT plan in this study (3 values of d X 6 types of textural fea-
tures). The method to calculate the textural features from the fluence
maps is described in detail in the supplementary material S1.

2.4. Measures of IMRT plan delivery accuracy

A total of three types of conventional verification methods for
measuring IMRT delivery accuracy were adopted in this study, which
included 2D global gamma evaluation, mechanical parameter analysis
with machine log files recorded in the linac control system during plan
delivery, and DV parameter analysis between the original IMRT plans
and the IMRT plans that were reconstructed with machine log files.

For global gamma evaluation, measurements of 2D dose distribu-
tions were performed with the MapCHECK2 inserted into the
MapPAHN™ and the ArcCHECK™ (Sun Nuclear Corporation,
Melbourne, FL, USA). As references, the calculated dose distributions
were exported from the TPS by generating verification plans with do-
simeter CT images. The calculated dose distribution grid sizes were
1 mm. For both the MapCHECK2 and the ArcCHECK dosimeters, the
relative sensitivity calibration of each diode and absolute dose cali-
bration were carried out before 2D dose distribution measurements.
The measured dose distributions were compared to the calculated dose
distributions (references), with various gamma criteria of 3%/3 mm,
2%/2 mm, 2%/1 mm, 1%/2 mm, and 1%/1 mm. Gamma passing rates
with each gamma criterion were acquired.

During IMRT plan delivery, for 2D dose distribution measurements,
the actual MLC positions and corresponding MU values were recorded
as machine log files in the linac control system. With the machine log
files, the actual MLC positions during IMRT plan delivery were com-
pared to the planned MLC positions, and the differences between the
actual and the planned MLC positions (MLC positional errors) were
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calculated.

The machine log files were formatted as DICOM RT files and im-
ported into the TPS (a pseudo-code is presented in supplementary
material S2). After that, the dose distribution (assumed to be an actual
dose distribution) that was given to each patient were calculated with
the patient CT images and structure set, which were identical to those
that were used to calculate the dose distributions of the original IMRT
plan. Clinically relevant DV parameters were calculated from the IMRT
plans that were reconstructed using machine log files and compared to
those of the original IMRT plans. The differences between the actual
and planned DV parameters were calculated.

2.5. Correlation analysis between textural features and measures of
conventional IMRT plan delivery accuracy verification methods

To test the performance of textural features as modulation indices,
the correlations between the textural feature values and measures of the
conventional IMRT verification methods were investigated with
Spearman’s rank correlation coefficients (r;) values. The corresponding
p values for r; were also calculated, to determine whether the correla-
tion was statistically significant. When correlations were identified
between textural features and DV parameter difference, numerous
correlations were investigated (308 correlations were examined).
Therefore, in this study, we only counted the number of DV parameters
that had correlations with p values less than 0.05.

For comparisons, the conventional modulation indices that have
been suggested by previous studies, which were the Webb’s modulation
index (MIwepp), MCS, and PA were also calculated, and the correlations
of these modulation indices to measures of the conventional IMRT plan
verification methods were investigated for each IMRT plan.

3. Results
3.1. The values of textural features and conventional modulation indices

The values of textural features and conventional modulation indices
with the Trilogy and the TrueBeam STx systems are shown in Table 2
and 3, respectively.

The HN IMRT plans are known to be highly modulated, owing to the
proximity of organs at risk (OAR) to the target volumes, the concave-
shaped target volumes that reduce doses to the spinal cord and brain
stem, and multiple adjoining target volumes with various prescription
doses. The prostate and lung SABR IMRT plans are known to be rela-
tively lowly modulated owing to the convex or ellipsoidal target vo-
lumes, small-sized target volumes (lung SABR IMRT), and general lack
of proximal OARs near the target volumes (lung SABR IMRT).
Therefore, the values of ASM, contrast, and variance decreased as the
modulation degree increased (the smallest values were observed for HN
IMRT plans, while the largest values were observed for prostate or lung
SABR IMRT plans). On the contrary, the values of IDM, correlation, and
entropy increased with increases in the modulation degrees of IMRT
plans (the largest values were for HN IMRT plans, while the smallest
were for prostate or lung SABR plans, in general). This result was
consistent with a previous study [24,25].

For conventional modulation indices, Mlyep, and PA should in-
crease as the IMRT modulation degree increases, while the MCS should
decrease, by their definitions [2,22,23]. The MCS and PA showed
consistent tendencies with their definitions. However, for Mlyepp, We
observed that that the spine IMRT plans were most highly modulated
with the Trilogy system and the brain IMRT plans were most highly
modulated with the TrueBeam STx system, which is inconsistent with
the results of other modulation indices and textural features.

3.2. Correlation to the gamma passing rates

The ry values and corresponding p values of the textural features and
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Table 2
The values of textural features and conventional modulation indices for intensity modulated radiation therapy (IMRT) plans with the Trilogy system.

HN (n = 40) Prostate (PP) (n = 21) Prostate (BP) (n = 21) Liver (n = 11) Spine (n = 9)

d Textural features
ASM (x10™%) 1 1.13 £ 0.24 2.24 + 0.77 3.67 = 1.35 2.35 = 1.59 2.10 = 1.11
5 0.79 = 0.18 2.29 *+ 0.56 3.57 = 1.16 1.65 = 0.90 1.70 = 0.78
10 0.98 = 0.26 4.33 = 1.59 8.86 = 5.10 2.43 = 2.38 2.44 + 1.36
IDM 1 0.33 = 0.02 0.26 = 0.02 0.28 = 0.02 0.32 = 0.04 0.28 = 0.07
5 0.15 = 0.01 0.11 = 0.02 0.12 *= 0.02 0.15 = 0.03 0.13 = 0.04
10 0.11 = 0.01 0.07 = 0.01 0.08 = 0.02 0.11 + 0.03 0.10 = 0.02
Contrast (x 10%) 1 0.10 = 0.02 0.45 = 0.11 0.61 = 0.15 0.24 = 0.15 0.33 = 0.16
5 0.53 = 0.13 2.06 = 0.51 2.00 = 0.63 1.15 £ 0.59 1.31 = 0.65
10 0.83 = 0.22 3.10 = 0.65 3.21 = 1.22 1.94 + 0.84 1.97 = 0.77
Variance 1 39.06 = 3.54 51.74 = 4.20 49.65 + 5.65 49.90 + 5.92 47.48 * 6.91
5 41.29 = 3.90 55.98 + 4.54 53.84 = 6.04 52.62 * 6.60 50.57 = 7.11
10 42,51 + 4.22 55.47 = 4.81 52.83 + 8.90 53.49 + 6.10 51.99 + 8.11
Correlation 1 0.94 = 0.01 0.84 = 0.03 0.76 = 0.05 0.91 = 0.05 0.86 = 0.07
5 0.70 = 0.06 0.38 = 0.11 0.37 = 0.12 0.62 = 0.13 0.50 = 0.25
10 0.57 = 0.08 0.05 = 0.15 0.03 = 0.17 0.37 = 0.21 0.28 + 0.28
Entropy 1 3.18 = 0.06 2.84 = 0.09 2.64 = 0.09 293 = 0.19 2,94 = 0.15
5 3.37 = 0.07 2.79 = 0.10 2.60 = 0.10 3.02 = 0.25 2.99 = 0.22
10 3.33 = 0.07 2.57 = 0.14 2.25 = 0.19 2.92 = 0.34 2.86 = 0.29

Conventional modulation indices

Mlyepy (X107%) 414 = 1.11 3.34 £ 0.71 3.18 = 0.43 5.14 = 2.14 5.46 = 2.68
MCS (X107 1) 0.30 = 0.05 0.81 = 0.14 0.94 = 0.13 0.78 = 0.24 0.63 = 0.25
PA 2.27 = 0.41 0.95 = 0.22 0.90 = 0.14 1.72 = 0.60 2.01 = 1.40

Abbreviations: HN = head and neck; PP = primary plan; BP = boost plan; d = particular displacement distance; ASM = angular second moment; IDM

inverse

difference moment; Mly.p, = modulation index suggested by Webb et al.; MCS = modulation complexity score; PA = plan averaged beam area.

the conventional modulation indices to the global gamma passing rates
that were obtained with the Trilogy system are shown in Table 4 and 5.
Only the ry values with p values less than 0.05 are shown in Table 4 and
5. All of the IMRT plans that were investigated in this study were
clinically acceptable, with gamma passing rates higher than 95% with
3%/3 mm gamma criterion. The r; values of the correlation (particular
displacement distances, d = 1) to every gamma passing rate, regardless
of the gamma criteria, were always highest for both the MapCHECK2
and ArcCHECK, i.e., the correlations between the correlation (d = 1) and

Table 3

gamma passing rates with various gamma criteria were always stron-
gest for both the MapCHECK2 and ArcCHECK measurements, compared
to the other textural features. The strongest correlation was observed
between the correlation (d = 1) and the gamma passing rate with 2%,/1
mm from ArcCHECK measurements (r; =-0.764 with p < 0.001).
Correlation (d = 10) and PA also showed generally strong correlations
to the gamma passing rates with various gamma criteria for both the
MapCHECK2 and ArcCHECK measurements, although these r; values
were lower than those of correlation (d = 1). For all of the textural

The values of textural features and conventional modulation indices for intensity modulated radiation therapy (IMRT) plans with the TrueBeam STx system.
Abbreviations: SABR = stereotactic ablative radiotherapy; HN = head and neck; d = particular displacement distance; ASM = angular second moment;
IDM = inverse difference moment; Mly.p, = modulation index suggested by Webb et al.; MCS = modulation complexity score; PA = plan averaged beam area.

Lung SABR (n = 20) Spine SABR (n = 20) Liver SABR (n = 20) Brain (n = 20) HN (n = 20)
d Textural features
ASM (x10~%) 1 4.95 = 1.45 1.77 + 0.61 3.70 = 1.38 5.92 = 4.52 1.62 = 0.48
5 3.98 = 1.54 1.60 = 0.51 2.56 = 1.03 3.23 = 2,56 0.90 = 0.30
10 7.23 = 3.71 2.33 = 0.83 4.04 = 2.23 3.53 = 2.96 1.08 = 0.31
IDM 1 0.29 + 0.04 0.25 + 0.03 0.31 + 0.05 0.39 = 0.07 0.41 = 0.04
5 0.12 = 0.03 0.10 = 0.01 0.13 = 0.03 0.18 = 0.06 0.18 = 0.02
10 0.11 = 0.16 0.07 = 0.01 0.09 = 0.02 0.13 = 0.05 0.13 = 0.02
Contrast (x10%) 1 0.47 = 0.21 0.20 = 0.09 0.29 *+ 0.14 0.22 *+ 0.16 0.05 = 0.01
5 2.50 = 0.55 1.61 * 0.57 1.83 = 0.73 1.51 *+ 0.93 0.40 = 0.14
10 3.81 = 0.98 2.77 = 0.96 3.05 = 1.18 2.68 = 1.49 0.70 += 0.27
Variance 1 5298 * 4.75 46.43 + 6.03 48.01 * 8.17 50.65 * 5.24 37.80 + 3.53
5 57.11 * 4.59 50.08 + 6.98 52.50 * 9.14 55.52 *+ 6.22 39.51 + 3.76
10 56.70 + 10.47 51.99 + 7.66 54.54 + 9.48 58.47 + 7.03 40.50 *= 4.04
Correlation 1 0.83 = 0.08 0.91 = 0.03 0.87 = 0.06 0.92 = 0.06 0.96 + 0.01
5 0.25 *+ 0.12 0.39 + 0.12 0.37 = 0.14 0.55 *+ 0.21 0.75 = 0.08
10 -0.11 = 0.14 0.02 = 0.15 0.03 = 0.19 0.28 = 0.27 0.59 + 0.13
Entropy 1 2.54 = 0.14 2.96 = 0.09 271 = 0.17 2.74 = 0.25 3.07 = 0.08
5 2.55 * 0.19 299 *+ 0.13 2.78 + 0.21 2.90 + 0.28 3.37 = 0.07
10 2.30 = 0.47 2.85 = 0.17 2.65 = 0.27 2.85 = 0.30 3.37 = 0.06
Conventional modulation indices
Mlwebb (x1073) 7.97 £ 1.41 5.62 + 1.48 7.83 + 2.46 9.20 *+ 2.56 6.12 = 2.24
MCS (x10™1) 1.25 + 0.18 0.64 = 0.19 1.11 *+ 0.42 1.40 = 0.46 0.35 = 0.08
PA 1.01 + 0.45 1.13 + 0.53 1.39 + 0.67 3.72 = 1.85 3.72 = 0.82

Abbreviations: d = particular displacement distance; r; (p) = the values of Spearman’s correlation coefficient (corresponding p value); ASM = angular second mo-
ment; IDM = inverse difference moment; My, = modulation index suggested by Webb et al.; MCS = modulation complexity score; PA = plan averaged beam

area.
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Correlations of textural features and conventional modulation indices to the global gamma passing rates from the MapCHECK2 measurements with the Trilogy

2%/1 mm

1%/2 mm

1%/1 mm

0.496 (< 0.001)
0.545 (< 0.001)
0.555 (< 0.001)
—0.603 (< 0.001)
—0.561 (< 0.001)
0.567 (< 0.001)
0.598 (< 0.001)
0.554 (< 0.001)
0.508 (< 0.001)
0.312 (0.001)
0.344 (< 0.001)
—0.225 (0.023)
—0.647 (< 0.001)
—0.615 (< 0.001)
—0.627 (< 0.001)
—0.532 (< 0.001)
—0.555 (< 0.001)
—0.562 (< 0.001)
—0.347 (< 0.001)
0.377 (< 0.001)
—0.645 (< 0.001)

0.375 (< 0.001)
0.341 (< 0.001)
0.347 (< 0.001)

0.226 (0.022)
0.357 (< 0.001)
0.252 (0.011)
0.240 (0.015)

—0.418 (< 0.001)
—0.292 (0.003)
—0.291 (0.003)
—0.403 (< 0.001)
—0.383 (< 0.001)
—0.378 (< 0.001)
—0.323 (0.001)
0.272 (0.006)
—0.286 (0.004)

0.314 (0.001)
0.337 (0.001)
0.364 (< 0.001)
—0.395 (< 0.001)
0.361 (< 0.001)
0.355 (< 0.001)
0.390 (< 0.001)
0.331 (0.001)
0.284 (0.004)

—0.469 (< 0.001)
—0.419 (< 0.001)
—0.413 (< 0.001)
—0.413 (< 0.001)
—0.341 (< 0.001)
—0.361 (< 0.001)
—0.229 (0.021)

—0.437 (< 0.001)

Correlations of textural features and conventional modulation indices to the global gamma passing rates from the ArcCHECK measurements with the Trilogy system.

2%/1 mm

1%/2 mm

1%/1 mm

Table 4
system.
3%/3 mm 2%/2 mm
d rs (p) with the MapCHECK2 measurements
ASM 1 0.393 (< 0.001) 0.414 (< 0.001)
5 0.414 (< 0.001) 0.416 (< 0.001)
10 0.414 (< 0.001) 0.418 (< 0.001)
IDM 1 —0.440 (< 0.001) —0.367 (< 0.001)
5 —0.421 (< 0.001) —0.361 (< 0.001)
10 —0.438 (< 0.001) 0.393 (< 0.001)
Contrast 1 0.463 (< 0.001) 0.468 (< 0.001)
5 0.382 (< 0.001) 0.372 (< 0.001)
10 0.352 (< 0.001) 0.352 (< 0.001)
Variance 1 0.261 (0.008) 0.200 (0.044)
5 0.273 (0.006) 0.226 (0.022)
10 - -
Correlation 1 —0.520 (< 0.001) —0.514 (< 0.001)
5 —0.413 (< 0.001) —0.409 (< 0.001)
10 —0.420 (< 0.001) —0.421 (< 0.001)
Entropy 1 —0.451 (< 0.001) —0.453 (< 0.001)
5 —0.443 (< 0.001) —0.446 (< 0.001)
10 —0.452 (< 0.001) —0.449 (< 0.001)
Mlwebb —0.398 (< 0.001) —0.386 (< 0.001)
MCS 0.391 (< 0.001) 0.347 (< 0.001)
PA —0.482 (< 0.001) —0.428 (< 0.001)
Table 5
3%/3 mm 2%/2 mm
d rs (p) with the ArcCHECK measurements
ASM 1 0.398 (< 0.001) 0.588 (< 0.001)
5 0.453 (< 0.001) 0.610 (< 0.001)
10 0.482 (< 0.001) 0.633 (< 0.001)
IDM 1 —0.470 (< 0.001) —0.578 (< 0.001)
5 —0.448 (< 0.001) —0.529 (< 0.001)
10 —0.508 (< 0.001) —0.578 (< 0.001)
Contrast 1 0.465 (< 0.001) 0.653 (< 0.001)
5 0.446 (< 0.001) 0.577 (< 0.001)
10 0.452 (< 0.001) 0.576 (< 0.001)
Variance 1 0.308 (0.002) 0.429 (< 0.001)
5 0.323 (0.001) 0.448 (< 0.001)
10 0.257 (0.009) 0.381 (< 0.001)
Correlation 1 —0.509 (< 0.001) —0.711 (< 0.001)
5 —0.492 (< 0.001) —0.607 (< 0.001)
10 —0.500 (< 0.001) —0.608 (< 0.001)
Entropy 1 —0.425 (< 0.001) —0.615 (< 0.001)
5 —0.458 (< 0.001) —0.634 (< 0.001)
10 —0.476 (< 0.001) —0.649 (< 0.001)
Mlwebb —0.271 (0.006) —0.346 (< 0.001)
MCS 0.426 (< 0.001) 0.589 (< 0.001)
PA —0.505 (< 0.001) —0.667 (< 0.001)

0.645 (< 0.001)
0.675 (< 0.001)
0.707 (< 0.001)
—0.647 (< 0.001)
—0.605 (< 0.001)
0.615 (< 0.001)
0.720 (< 0.001)
0.646 (< 0.001)
0.611 (< 0.001)
0.504 (< 0.001)
0.520 (< 0.001)
0.416 (< 0.001)
—0.764 (< 0.001)
—0.665 (< 0.001)
—0.661 (< 0.001)
—0.683 (< 0.001)
—0.706 (< 0.001)
—0.722 (< 0.001)
—0.355 (< 0.001)
0.660 (< 0.001)
—0.739 (< 0.001)

0.231 (0.019)
0.247 (0.012)
0.279 (0.004)
—0.301 (0.002)
—0.250 (0.011)
—0.257 (0.009)
0.260 (0.008)

—0.386 (< 0.001)
—0.264 (0.007)
—0.219 (0.027)
—0.231 (0.019)
—0.248 (0.012)
—0.269 (0.006)

—0.370 (< 0.001)

0.474 (< 0.001)
0.516 (< 0.001)
0.553 (< 0.001)
—0.549 (< 0.001)
—0.498 (< 0.001)
—0.482 (< 0.001)
0.564 (< 0.001)
0.482 (< 0.001)
0.436 (< 0.001)
0.328 (0.001)
0.341 (< 0.001)
0.244 (0.013)
—0.641 (< 0.001)
—0.540 (< 0.001)
—0.508 (< 0.001)
—0.499 (< 0.001)
—0.532 (< 0.001)
—0.556 (< 0.001)
—0.321 (0.001)
0.450 (< 0.001)
—0.627 (< 0.001)

Abbreviations: d = particular displacement distance; r; (p) = the values of Spearman’s correlation coefficient (corresponding p value); ASM = angular second mo-
ment; IDM = inverse difference moment; Mly.,, = modulation index suggested by Webb et al.; MCS = modulation complexity score; PA = plan averaged beam

area.

features, the gamma passing rates with 2%/1 mm generally showed
stronger correlations than the other gamma passing rates. Except for the
gamma passing rates with 1%/2 mm, every gamma passing rate showed
statistically significant correlations to every textural feature, with p
values less than 0.05.

The ry values and corresponding p values of the textural features and
the conventional modulation indices of the global gamma passing rates
that were obtained with the TrueBeam STx are shown in Table 6 and 7.
The ry values with p values of < 0.05 are shown in Table 6 and 7. No
textural feature or conventional modulation index consistently showed
the strongest correlation to every gamma passing rate, with various
gamma criteria. In addition, the correlations of the MapCHECK2 mea-
surements differed from those of the ArcCHECK2 measurements. For
the MapCHECK2 measurements, the MCS showed the strongest
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correlations to the gamma passing rates with 3%/3 mm and 2%/2 mm
(relatively loose gamma criteria), while variance (d = 10) showed the
strongest correlations to the gamma passing rates with 1%/2 mm and
1%/1 mm (relatively tight gamma criteria). For the ArcCHECK mea-
surements, the MCS showed the strongest correlations with every
gamma passing rate, except the gamma passing rates with 2%,/1 mm.
The variance (d = 10) showed the second strongest correlations with
every gamma passing rate, except the gamma passing rates with 2%/
1 mm. The strongest correlation was observed between the MCS and the
gamma passing rates with 1%/2mm (r; = 0.699 with p < 0.001).
Statistically significant correlations were more frequently observed
with the MapCHECK2 measurements than with the ArcCHECK mea-
surements.
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Correlations of textural features and conventional modulation indices to the global gamma passing rates from the MapCHECK2 measurements with the TrueBeam STx

2%/1 mm

1%/2 mm

1%/1 mm

Table 6
system.
3%/3 mm 2%/2 mm
d 15 (p) with the MapCHECK2 measurements
ASM 1 0.232 (0.020) 0.276 (0.005)
5 0.345 (< 0.001) 0.379 (< 0.001)
10 0.370 (< 0.001) 0.384 (< 0.001)
IDM 1 —0.227 (0.023) —0.275 (0.006)
5 —0.204 (0.041) —0.276 (0.005)
10 —0.216 (0.031) —0.265 (0.008)
Contrast 1 0.356 (< 0.001) 0.432 (< 0.001)
5 0.405 (< 0.001) 0.503 (< 0.001)
10 0.359 (< 0.001) 0.458 (< 0.001)
Variance 1 0.403 (< 0.001) 0.515 (< 0.001)
5 0.409 (< 0.001) 0.532 (< 0.001)
10 0.345 (< 0.001) 0.465 (< 0.001)
Correlation 1 —0.293 (0.003) —0.313 (0.002)
5 —0.293 (0.003) —0.331 (0.001)
10 —0.280 (0.005) —0.308 (0.002)
Entropy 1 —0.335 (< 0.001) —0.392 (< 0.001)
5 —0.383 (< 0.001) —0.435 (< 0.001)
10 —0.391 (< 0.001) —0.433 (< 0.001)
Miwebb —0.241 (0.016) —0.200 (0.046)
MCS 0.453 (< 0.001) —0.548 (< 0.001)
PA —0.223 (0.026) —0.236 (0.018)

0.206 (0.040)
0.293 (0.003)
0.299 (0.002)
—0.235 (0.019)
—0.256 (0.010)
—0.233 (0.020)
0.357 (< 0.001)
0.451 (< 0.001)
0.408 (< 0.001)
0.491 (< 0.001)
0.519 (< 0.001)
0.451 (< 0.001)
—0.235 (0.018)
—0.257 (0.010)
—0.243 (0.015)
—0.312 (0.002)
—0.344 (< 0.001)
—0.346 (< 0.001)

0.509 (< 0.001)

0.273 (0.006)

0.277 (0.005)

—0.256 (0.010)
—0.259 (0.009)
—0.328 (0.001)
0.350 (< 0.001)
0.419 (< 0.001)
0.488 (< 0.001)
0.403 (0.001)

0.449 (< 0.001)
0.522 (< 0.001)
—0.259 (0.009)
—0.285 (0.004)
—0.318 (0.001)
—0.260 (0.009)
—0.323 (0.001)
—0.330 (0.001)

0.460 (< 0.001)

0.264 (0.008)

0.258 (0.009)

—0.222 (0.026)
—0.240 (0.016)
—0.300 (0.002)
0.336 (0.001)

0.420 (< 0.001)
0.477 (< 0.001)
0.438 (< 0.001)
0.486 (< 0.001)
0.540 (< 0.001)
—0.231 (0.021)
—0.252 (0.012)
—0.284 (0.004)
—0.260 (0.009)
—0.305 (0.002)
—0.307 (0.002)

0.486 (< 0.001)

Abbreviations: d = particular displacement distance; r; (p) = the values of Spearman’s correlation coefficient (corresponding p value); ASM = angular second mo-
ment; IDM = inverse difference moment; Mly.,, = modulation index suggested by Webb et al.; MCS = modulation complexity score; PA = plan averaged beam

area.
3.3. Correlations of the MLC positional errors

Correlations of textural features and conventional modulation in-
dices to the MLC positional errors are shown in Table 8. For the Trilogy
system, the mean MLC error was 0.25 mm # 0.04 mm, while the mean
MLC error of the TrueBeam STx system was 0.11 mm * 0.06 mm. For
both the Trilogy and TrueBeam STx systems, every correlation between
the textural features and the MLC errors was statistically significant,
with p values of < 0.05, except for that of ASM (d = 1) with the
TrueBeam STx MLC errors. For the Trilogy system, the ry values of ASM

(d =1, 5, and 10), contrast (d = 1 and 5), correlation (d = 1, 5, and 10),
entropy (d =1, 5, and 10), and PA were higher than 0.8 (all with
p < 0.001), showing strong correlations with MLC errors. In the case of
the TrueBeam STx system, the r; values were lower than those of the
Trilogy system. The variance (d = 1, 5, and 10) and PA showed r, values
higher than 0.55 (all with p < 0.001). The PA showed the strongest
correlations with MLC errors, among all factors (r; = 0.909 with
p < 0.001 for the Trilogy system and ry = 0.841 with p < 0.001 for
the TrueBeam STx system).

Table 7
Correlations of textural features and conventional modulation indices to the global gamma passing rates from the ArcCHECK measurements with the TrueBeam STx
system.
3%/3 mm 2%/2 mm 2%/1 mm 1%/2 mm 1%/1 mm
d rs (p) with the ArcCHECK measurements
ASM 1 0.223 (0.026) 0.336 (0.001) 0.290 0.454 (< 0.001) 0.473 (< 0.001)
5 - 0.289 (0.004) - 0.427 (< 0.001) 0.449 (< 0.001)
10 - 0.249 (0.012) - 0.389 (< 0.001) 0.406 (< 0.001)
IDM 1 —0.236 (0.018) - —0.249 (0.012) - -
5 - - —0.208 (0.038) - -
10 - - - - -
Contrast 1 - 0.281 (0.005) - 0.416 (< 0.001) 0.438 (< 0.001)
5 - 0.375 (< 0.001) - 0.501 (< 0.001) 0.470 (< 0.001)
10 - 0.418 (< 0.001) - 0.539 (< 0.001) 0.477 (< 0.001)
Variance 1 0.336 (0.001) 0.508 (< 0.001) 0.302 (0.002) 0.617 (< 0.001) 0.545 (< 0.001)
5 0.353 (< 0.001) 0.553 (< 0.001) 0.322 (0.001) 0.657 (< 0.001) 0.579 (< 0.001)
10 0.422 (< 0.001) 0.601 (< 0.001) 0.396 (< 0.001) 0.691 (< 0.001) 0.611 (< 0.001)
Correlation 1 - - - —0.244 (0.014) —0.295 (0.003)
5 - - - —0.248 (0.013) —0.262 (0.008)
10 - - - —0.250 (0.012) —0.242 (0.015)
Entropy 1 - —0.345 (< 0.001) —0.242 (0.015) —0.479 (< 0.001) —0.500 (< 0.001)
5 - —0.319 (0.001) - —0.465 (< 0.001) —0.474 (< 0.001)
10 - —0.283 (0.004) - —0.425 (< 0.001) —0.430 (< 0.001)
Mlwebb —0.375 (< 0.001) —0.341 (0.001) —0.518 (< 0.001) —0.292 (0.003) —0.380 (< 0.001)
MCS 0.431 (< 0.001) 0.602 (< 0.001) 0.451 (< 0.001) 0.699 (< 0.001) 0.672 (< 0.001)
PA —0.235 (0.019) - —0.225 (0.024) - -

Abbreviations: d = particular displacement distance; r; (p) = the values of Spearman’s correlation coefficient (corresponding p value); ASM = angular second mo-
ment; IDM = inverse difference moment; My, = modulation index suggested by Webb et al.; MCS = modulation complexity score; PA = plan averaged beam

area.
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Table 8

Correlations of textural features and conventional modulation indices to the
differences in multi-leaf collimator (MLC) positions with the Trilogy and
TrueBeam STx systems.

Trilogy TrueBeam STx
d rs P rs P
ASM 1 —0.814 < 0.001 - -
—-0.875 < 0.001 —0.324 0.001
10 -0.873 < 0.001 —0.425 < 0.001
IDM 1 0.719 < 0.001 0.468 < 0.001
0.668 < 0.001 0.432 < 0.001
10 0.672 < 0.001 0.370 < 0.001
Contrast 1 —0.859 < 0.001 —0.362 < 0.001
—0.805 < 0.001 —-0.336 0.001
10 —-0.749 < 0.001 —-0.232 0.020
Variance -0.617 < 0.001 —0.564 0.001
—0.641 < 0.001 —0.576 < 0.001
10 —0.499 < 0.001 —0.585 < 0.001
Correlation 1 0.863 < 0.001 0.398 < 0.001
0.808 < 0.001 0.479 < 0.001
10 0.826 < 0.001 0.477 < 0.001
Entropy 1 0.858 < 0.001 0.281 < 0.001
0.892 < 0.001 0.365 < 0.001
10 0.891 < 0.001 0.419 < 0.001
Mlwebb 0.213 0.032 0.411 < 0.001
MCS -0.727 < 0.001 - -
PA 0.909 < 0.001 0.841 < 0.001
Abbreviations: d = particular displacement distance; r; = the values of

Spearman’s correlation coefficient; ASM = angular second moment;
IDM = inverse difference moment; Mly.,, = modulation index suggested by
Webb et al.; MCS = modulation complexity score; PA = plan averaged beam
area.

3.4. Correlations of the differences in dose-volumetric parameters between
original IMRT plans and the IMRT plans reconstructed with machine log files

The percent of DV parameters that showed statistically significant
correlations (p < 0.05) between the differences in the actually deliv-
ered DV parameters compared to the planned DV parameters and tex-
tural features (and conventional modulation indices) to the whole DV
parameters tested in this study are shown in Fig. 1. A total of 152 and
156 DV parameters from IMRT plans with the Trilogy and TrueBeam
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STx systems were investigated, respectively. For the Trilogy, correlation
(d = 10) showed correlations (p < 0.05) to the DV parameter errors
most frequently (31.6%). Among the conventional modulation indices,
MCS showed correlations (p < 0.05) to the DV parameter errors most
frequently (21.1%). For the TrueBeam STx system, ASM (d = 10) and
MCS showed correlations (p < 0.05) to the DV parameter errors most
frequently (both 16.0%).

4. Discussion

The values of textural features calculated from IMRT plans with
various treatment sites in the present study were in close agreement
with those found in previous studies that analysed VMAT plans [24,25].
The values of ASM, contrast, and variance were small for the highly-
modulated IMRT plans (HN plans) and large for the lowly-modulated
IMRT plans (prostate or lung SABR plans). On the contrary, the values
of IDM, correlation, and entropy showed large values for the highly-
modulated IMRT plans and small values for the lowly-modulated IMRT
plans. This tendency was similar to those observed in previous studies
of VMAT plans [24,25]. Therefore, the changes in the textural feature
values according to the modulation degree of IMRT were similar to
those of VMAT. For the conventional modulation indices, the changes
in the values according to the modulation degree of IMRT in the present
study were also similar to those of previous studies, which showed that
MIepp and PA increased, while MCS decreased, as the IMRT modula-
tion degree increased [2,13,22]. Although the changes of textural fea-
tures were similar to those of previous studies, the performances of each
textural feature differed from those of previous studies [24,25].

In the previous study, contrast (d = 1) and variance (d = 1) showed
the best performances for predicting VMAT delivery accuracy [24,25].
On the contrary, in this study, correlation (d = 1) showed the best
performance, among all the tested textural features, in predicting
gamma passing rates. Correlation (d = 10) showed the best performance
towards predicting DV parameter errors with the Trilogy system. Both
the correlation (d = 1) and correlation (d = 10) showed generally good
performance in predicting MLC errors of the Trilogy system, with rg
values higher than 0.82 (p < 0.001). For the TrueBeam STx system,
variance (d = 10) generally showed the best performance, with gen-
erally strong correlations to various conventional verification methods.
Although the previous study was performed with a C-series linac and
MapCHECK2 dosimeter, the correlation (d = 1) showed the best

N
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-
o
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AP SN RRL

(b) TrueBeam STx

Fig. 1. The percent of dose-volumetric (DV) parameters with statistically significant correlations (p < 0.05) of the textural features and conventional modulation
indices to the differences in DV parameters, between original intensity modulated radiation therapy (IMRT) plans and the IMRT plans reconstructed with machine log
files. The textural features were angular second moment (ASM), inverse difference moment (IDM), contrast (Con), variance (Var), correlation (Cor), and entropy (Ent), with
particular displacement distances of 1, 5, and 10. The results of the conventional modulation indices, which were the modulation index suggested by Webb et al.
(MI_Webb), the modulation complexity score (MCS), and the plan-averaged beam area (PA), are also shown. A total of 152 and 156 DV parameters from IMRT plans

with the Trilogy and TrueBeam STx systems were investigated, respectively.
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Fig. 2. The fluence map of head and neck (HN) (a) and prostate primary (c) intensity modulated radiation therapy (IMRT) plans with the Trilogy system are shown.
The grey level co-occurrence matrices (GLCMs) of HN (b) and prostate primary (d) IMRT plans with the Trilogy system are also shown.

performance with the C-series linac (Trilogy) and the MapCHECK2
dosimeter in this study. Therefore, the capability of textural features to
predict IMRT delivery accuracy differs from VMAT delivery accuracy
predictions, owing to different delivery techniques between IMRT and
VMAT.

The textural feature that showed the strongest correlations to the
measures of the conventional IMRT verification methods with the
Trilogy system differed from those of the TrueBeam STx system (cor-
relation with d = 1 and 10 for the Trilogy vs. variance with d = 10 for
the TrueBeam STx). Because the MLC leaf widths of the Trilogy system
differ from those of the TrueBeam STx system, the resolution of the
fluence maps of the Trilogy system differ from those of the TrueBeam
STx system, i.e., higher resolution of the fluence maps of the TrueBeam
STx system than those of the Trilogy system. This difference could affect
the textural feature values and impact the capacity of textural features
to predict IMRT delivery accuracy. According to the results of this
study, we recommend correlation (d = 1 or 10) for use as a modulation
index for the C-series linac with the Millennium 120 MLC and variance
(d = 10) as a modulation index for the TrueBeam STx with the HD 120
MLC.

While reviewing the MLC errors, we found that correlations of the
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textural features to the MLC errors of the TrueBeam STx system were
always weaker than those of the Trilogy system. In this study, the mean
MLC error of the TrueBeam STx system was much smaller than that of
the Trilogy system (0.11 mm vs. 0.25 mm), because the TrueBeam STx
beam delivery system is more accurate and precise than that of the
Trilogy (C-series linac). Therefore, the ranges of MLC errors of the
TrueBeam STx system were smaller than those of the Trilogy system.
This could explain the weak correlations of textural features with the
MLC errors of the TrueBeam STx system that were observed in this
study. In an ideal radiotherapy machine with no MLC errors, there
might be no correlations between the textural features and MLC errors.
This can also be a reason why DV parameter errors showed statistically
significant correlations with the TrueBeam STx textural features, which
were generally smaller than those of the Trilogy system. Actually, the
magnitudes of the differences in the DV parameters between the ori-
ginal IMRT plans and the IMRT plans reconstructed with the machine
log files were generally smaller with the TrueBeam STx system than
with the Trilogy system (data are not shown). The accurate and precise
IMRT delivery capability of the TrueBeam STx system might result in
generally weaker correlations of the textural features to the measures of
the IMRT verification methods, compared to the results of the Trilogy
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Fig. 3. The fluence map of head and neck (HN) intensity modulated radiation therapy (IMRT) (a) and lung stereotactic ablative radiotherapy (SABR) (c) IMRT plans
with the TrueBeam STx system are shown. The grey level co-occurrence matrices (GLCMs) of HN IMRT (b) and lung SABR (d) IMRT plans with the TrureBeam STx

system are also shown.

system.

Compared to results of the previous studies [24,25], the values of r;
between the textural features and gamma passing rates with various
gamma criteria were relatively low in this study. This might be caused
by the various treatment sites and various energies of this study. In
addition, the number of IMRT plan segments was generally four times
greater than that of VMAT plans. Owing to the fluence map generated
by a huge number of segments, the modulation degree information
could be smeared out for IMRT compared to VMAT. Nevertheless, some
textural features showed stronger correlations than the conventional
modulation indices to gamma passing rates (correlation with d = 1 and
variance with d = 10), having the possibility of evaluating the plan
deliverability as a modulation index. In the case of MLC errors, al-
though the PA exhibited the highest correlations to MLC errors, corre-
lation (d = 1) and variance (d = 10) also showed strong correlations to
MLC errors. In addition, they showed stronger correlations to the MLC
errors than did the MCS and Mlypb. Because the gamma-index method
and machine log file analysis have their own limitations, and there is no
golden reference to accurately represent IMRT delivery accuracy, no
single indicator will always show the strongest correlations to every
measure of the conventional IMRT verification methods. To review the
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results comprehensively, correlation (d =1 and 10) and variance
(d = 10) can be recommended to be used as modulation indices.

In this study, the gamma-index method was used as one of the
verification methods to evaluate IMRT plan delivery accuracy. As sev-
eral studies reported that the sensitivity of the gamma-index method
was variable to detect IMRT delivery errors and the gamma passing
rates depended on the type of dosimeters, measurement methods (true
composite, perpendicular field-by-field, and perpendicular composite),
and dose calculation algorithms [28-31]. In this regard, the American
Association of Physicists in Medicine (AAPM) task group (TG) 218 re-
port recommends that the gamma passing rates should not be used
alone but the comprehensive evaluation utilizing multiple gamma cri-
teria, gamma distributions, and gamma values together should be
performed when using the gamma-index method [31]. Therefore, we
might not observe consistent strong correlations between the textural
feature values and the gamma passing rates alone in the present study.
In the future, further study on the textural features in relation to the
comprehensive results of the gamma-index method following the AAPM
TG 218 will be performed.

The fluence maps and grey level co-occurrence matrices (GLCMs) of
the HN IMRT, prostate primary IMRT, and lung SABR IMRT plans are
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shown in Figs. 2 and 3. The fluence maps of HN IMRT plans (highly-
modulated IMRT plans) had small variations between neighbouring
beamlet intensities, owing to the summation of numerous irregular and
small fields over a wide area. The fluence maps of prostate primary
IMRT and lung SABR IMRT plans (lowly-modulated IMRT plans)
showed good homogeneities between beamlets with high intensities
inside the a ROI areas of fluence maps. They also showed steep gra-
dients at the border regions. In this respect, GLCMs of HN IMRT plans
showed more linearity and smaller values than those of prostate pri-
mary IMRT and lung SABR IMRT plans. Therefore, the ASM values of
prostate primary IMRT and lung SABR IMRT plans were higher than
those of HN IMRT plans. On the other hand, the fluence maps of
prostate primary IMRT and lung SABR IMRT plans were more uniform.
Because the IDM and contrast measure the contributions of pixels away
from the diagonal in the GLCM (proportionally for the IDM while in-
versely for the contrast), the IDM values of HN IMRT plans were high,
while those of contrast were low. Variance puts relatively high weights
on the pixels that differ from the mean value of GLCMs. Therefore, the
values of variance of HN IMRT plans were lower than those of prostate
primary IMRT and lung SABR IMRT plans. Because correlation measures
how correlated a pixel is to its neighbours over a whole fluence map,
which ranges from 1 to — 1, the mean values of correlation (d = 10) for
lung SABR IMRT plans had negative signs. Entropy is a measure of the
disorder and randomness of a fluence map. For example, white noise
images result in high entropy values. Therefore, HN IMRT plans that
have inhomogeneous regions inside ROIs of the fluence maps show
higher values than the prostate primary IMRT and lung SABR IMRT
plans.

Mathematical procedures to characterize textures fall into two
major categories: statistical and syntactic methods. In this study, we
used statistical methods to analyse the spatial distribution of grey va-
lues by using GLCM and then calculated a total of six textural features.
Besides the GLCM-based methods, which are popular in the field of
texture analysis, there are many other statistical feature-extraction
methods, such as the grey level run length matrix (GLRLM) [32], the
grey level difference matrix (GLDM) [33,34], and the grey level size
zone matrix (GLSZM) [35]. Hundreds or more textural features can be
derived from these matrices. These matrices can capture higher order
statistical relations between grey values in pixel pairs or groups of
pixels, in order to estimate their probability density functions [36].
Their validity in the medical field has been proved in several studies.
Mir et al. detected abnormalities in CT images using GLRLM and GLDM
[37]. Kim et al. utilized GLRLM and GLDM to detect micro-calcifica-
tions in digitized mammograms [38]. More optimal textual features can
be used for modulation indices when hundreds of textural features are
analysed, and this will be performed in the future. By identifying an
optimal textural feature, or modifying and combining some textural
features, to generate an optimal indicator for predicting IMRT delivery
accuracy, the generation of IMRT plans with high delivery accuracy
could be enabled by inserting these textural features into the planning
process. This will be investigated in the future.

The textural features could aid to evaluate IMRT delivery accuracy,
however, we cannot claim that the textural features can completely
replace the conventional patient-specific QA based on measurements
since they do not verify the final delivery accuracy of IMRT plans. For
example, calculation of the textural features cannot detect network
errors in the record and verify system or malfunction of the linac. The
textural features can be used as an auxiliary tool at planning level to
detect undeliverable IMRT plans owing to excessive modulations.

5. Conclusions

The correlation (d =1 and 10) for the C-series linac and variance
(d = 10) for the TrueBeam STx system showed excellent predictions of
IMRT plan delivery accuracies. These textural features could be used as
auxiliary tools to perform patient-specific QA and generate IMRT plans
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with high delivery accuracy at the planning level. The proposed ver-
ification method for IMRT delivery accuracy in this study is beneficial
for reducing resources in the clinical setting, because it can be simply
calculated with IMRT plans.
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