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Fig. 10 Wavelength components of LED lighting.

The laser wavelength used by VOXELAN is 680 nm, so there is a high possibility of misrecognition
in the surrounding light with a color temperature of 2700 K, where components of that wavelength

are relatively prominent.

5. CONCLUSION

The VOXELAN HEV-600M 3D body surface
scanner utilized in this study demonstrated
compatibility with the lighting conditions typi-
cal of daily clinical practice. Nonetheless, given
its reliance on red light, consideration of both
the object's color and ambient lighting hue is
imperative. Additionally, the determination of
Von Luschan’s chromatic scale No. 28 as the
skin color recognition threshold for VOXELAN
signifies a critical criterion for its future appli-

cation.
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[Abstract]

This study aimed to determine the optimum dose rate (DR) of intensity-modulated radiation therapy (IMRT) for
patients with prostate cancer in relation to the multileaf collimator (MLC) position errors based on the DR and gamma
pass rate (GPR). A gamma evaluation was performed using a 3% dose difference and 2 mm distance-to-agreement
criteria with a dose threshold of 10%. The MLC position error was measured using DynaLog files. The GPR was
measured using MapCHECK2 and EBT3. The delivery time decreased from 97 sec to 83 sec when the DR increased
from 500 to 600 monitor units per minute (MU/min). However, the difference between DR 500 and 600 MU/min was
not significant (p > 0.05). The MLC position errors increased with increasing DR but no significant difference was
observed in the maximum root mean square errors between the DRs of 300 and 400 MU/min, 400 and 500 MU/min,
and 500 and 600 MU/min (p > 0.05). The mean percentage GPRs of 97.6%, 96.2%, 97.0%, and 95.7% were observed
for the DRs of 300, 400, 500, and 600 MU/min, respectively, in EBT3. However, no significant difference was observed
in the GPRs of DRs 300, 400, 500, and 600 MU/min (p > 0.05). The GPR of a DR 600 MU/min using EBT3 were at the
very limit of 95% criteria. Therefore, we suggested that a DR of 500 MU/min was the most acceptable rate considering
clinical safety.

DR of 300 monitor units per minute (MU/

Introduction min) or 400 MU/min is routinely applied in

The intensity-modulated radiation therapy
(IMRT) technique uses a multileaf collimator
(MLC) to modify the beam fluence in the
same treatment field in order to improve the
conformity of the prescribed dose distribution
around the tumor region'™. This modulation
using MLC can be achieved using the sliding
window (dynamic MLC [DMLCD technique.
DMLC is a treatment technique in which
both the dose rate (DR) and leaf velocity
(LV) are continually adjusted by MLC shapes
when the beam is on. An increase in the
DR greatly reduced the delivery time®”,
thus decreasing the burden on the patient;
in particular, a longer delivery time causes
result in patient repositioning or movement
during a therapeutic session. However,

increasing DR cause the faster LV, and a
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DMLC-IMRT because higher LV affects the

- g
510 yorwerk et al.”

MLC position accuracy
recommended that the DR for sliding window
IMRT should be 300 MU/min or 400 MU/min
for patients with prostate cancer according
to the dose volume histograms of the organs

1.'” examined the effect

at risk. Kaviarasu et a
of DR on treatment accuracy using portal
dosimetry gamma evaluation (GE) and created
a workflow for pretreatment IMRT quality
assurance (QA) using portal dosimetry with a
default DR of 400 MU/min for the approved
treatment plan. Thus, a higher DR of 500 or
600 MU/min was not applicable.

On the contrary, Ghasroddashti et al.®”
conducted a survey of the relationship between
DR and the number of MUs; however, they

did not explicitly indicate which DR was
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acceptable, and a higher DR will possibly
allow sufficient time to increase the number
of patients treated in a day. Furthermore,
Slosarek et al.” suggested that the difference
between DRs of 100 MU/min and 600 MU/
min, measured using the radiation planning
index, was minor, and a low DR of 100 MU/
min did not have a significant impact on
the differences in treatment accuracy even if
larger MLC position errors occurred in DR 600
MU/min than that in DR 100 MU/min. These
studies can potentially apply a higher DR of
500 or 600 MU/min.

Although these studies evaluated dose
distribution using GE, few studies have
evaluated proportion of MLC position errors
in detail based on DR changes in the clinical
radiation plan. Furthermore, the optimal DR
has not been determined such as previous
studies“'”. This study aimed to determine the
optimal DR in DMLC-IMRT for patients with
prostate cancer in terms of relationship with
the MLC position errors according to the DR
and the influence of DR on dose distribution.

Materials and Methods

Patient data

Data of 15 patients with prostate cancer
treated using DMLC-IMRT in our institution
between June 2019 and January 2020 were
retrospectively obtained. Their median age
was 71 years (range, 50-81 years). According
to the Comprehensive Cancer Network Risk
classification for Prostate cancer (ver. 4,
2018), four patients had low-grade prostate
cancer and 11 had intermediate-grade

'V All patients were treated for

prostate cancer
prostate cancer with a dose of 76 Gy (2 Gy
per fraction) using a 7 field IMRT with 10 MV

photon beams energy.

Computed tomography simulation and
delineation
Computed tomography (CT) axial scans with

a slice thickness of 2.5 mm were performed for
all patients using a 16 slice CT scanner (Bright
Speed Elite Pro Vision; GE Healthcare, USA).
The CT images were then transferred to a
treatment planning system (TPS; Varian Medical
Systems, Palo Alto, CA, USA) for treatment
planning. The target volumes were contoured
by a physician. The clinical target volumes
(CTVs) were the prostate, the proximal 1 cm
of the seminal vesicle for intermediate-risk
patients, and the prostate for low-risk patients.
The planning target volumes (PTVs) consisted
of the CTV with a posterior 5 mm margin and
a 7 mm margin for other directions (superior,
inferior, anterior, right lateral, and left lateral).
The prescribed dose was planned to be 95% of
the PTV.

Linear accelerator and treatment planning system

The treatment plans were calculated using
a Clinac iX (Varian Medical Systems) linear
accelerator equipped with a Millennium
120-leaf MLC (central: 20 cm of field, 5 mm
leaf width; outer: 20 cm field, 10 mm leaf
width) capable of IMRT delivery for different
DRs (300, 400, 500, and 600 MU/min). All
plans were created using Varian's Eclipse
TPS incorporating the Anisotropic Analytical

Algorithm version 13.6, and the associated

Clinical plan Dose rate Recalculate

300MU/min

Copy optimal fluence 400MU/min

Comparison

Change dose rate

€]
Recalculations leaf motion
and dose distribution

@ .
Compare four plans 600MU/min

500MU/min

Fig. 1 Flow of copied clinical plans for four DRs:
300, 400, 500, and 600 MU/min.

First, the clinical plan was copied, and optimization
process was not modified; second, the clinical plan was
changed based on the four DRs: 300, 400, 500, and 600
MU/min; and third, the leaf motion calculator was rerun for
each field, and the dose distribution was recalculated in
four copied plans.
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Table1 Dosevolumehistgramparametersofthecopiedfourplans.

Structure Constrainttype

Doserate (MU/min)

errors (0-0.05, 0.05-0.5, 0.5-
1.0, and 1.0-1.5 mm). The

300 400 500 600 MLC position errors represent
Max (Gy) 80.33 80.34 80.34 80.35 the differences in the MLC
PTV Mean (Gy) ~ 77.84  77.84  77.83 7781 positions between the planned
D99% (%) 97.46 97.49 97.52 97.53 . -
and actual delivery positions.
0,
V76Gy (%) 2.89 243 247 249 The analysis value of DynaLog
V70Gy (%) 8.43 8.45 8.47 8.49
—_— V65Gy (%) 11.06 11.08 11.10 1112 files was expressed as the root
VE0Gy (%) 13.36 13.39 13.40 13.42 mean square (RMS). The RMS
V50Gy (%) 17.99 18.03 18.05 18.08 errors are used to condense
V40Gy (%) 24.05 24.10 24.14 24.19 i . y
a set of errors into a single
V75Gy (%) 8.80 8.80 8.76 8.76 representative value'”. The
Bladder V65Gy (%) 16.41 16.42 16.41 16.41 RMS |
VAOGy (%) 3489 3491 8492  34.96 errors are ahways greater

Dataarepresentedasmeanvalues.
PTV,planningtargetvolume

leaf motion calculator version 13.6 (Varian
Medical Systems). The linear accelerator was
equipped with a maximum LV of 2.5 cm/sec.
In addition, the number of segment settings for
DMLC-IMRT was automatically calculated in
the TPS. Clinical plans (DR 600 MU/min) were
copied for four DRs: 300, 400, 500, and 600
MU/min. Figure 1 shows the flow of the four
copied plans. The optimal fluence patterns
determined during the initial optimization
process were not modified, and the only DRs
were changed for all plans. Table 1 lists the
dose volume histogram parameters for four
copied plans. These parameters were much the

same values in spite of the different DRs.

MLC position error

The positional accuracy of the DMLC was
evaluated from a DMLC log (DynaLog) file
containing MLC details'*'". These log files
contained DMLC delivery details recorded
every 50 ms to analyze the inaccuracy in
MLC motion for banks A and B. We analyzed
the log files of all IMRT copied plans while
changing only the DRs using the DoselLab v.6.8
FractionLab software (Mobius Medical Systems,
TX, USA). We assessed the following factors:
delivery time, number of MU, number of
segments, and proportion of MLC position
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than or equal to the mean of
the absolute value of the errors.
FractionLab software is used to
calculate the RMS errors for individual leaves
in files, ranges of gantry angles in files, and
entire leaf banks in a collection of files. For
a set of n errors (differences between the set
and delivered positions), the RMS errors were
calculated using the following formula:

2
RMS error = /@

Gamma evaluation (two-dimensional diode
array detector)

To evaluate the influence of DRs on the
dose distribution, all IMRT copied plans were
measured using MapCHECK2 (Sun Nuclear
Corporation, Melbourne, FL, USA) to compare
the dose distributions between the calculated
and measured doses; a GE was performed
using a 3% dose difference and 2 mm distance-
to-agreement criteria with a dose threshold
(TH) of 10% (3%/2 mm) to remove the noise,
as recommended by the American Association
of Physicists in Medicine Task Group (AAPM
TG) 21'%'”, MapCHECK2 has a measuring
area of 26 cm x 32 cm that consists of 1,527
solid-state SunPoint diode detectors with a
resolution of 0.8 mm X 0.8 mm, diagonal

detector spacing of 7.07 mm, and parallel
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detector spacing of 10 mm. MapCHECK2
was set up under an 8 cm water-equivalent
phantom (Solid Water HE; GAMMEX-RMI,
Middleton, WI, USA) and placed in a plane
with an isocenter. All treatment parameters
in the copied plans were the same as those
in the clinical plan, excluding the gantry and
collimator angles set to 0° for all fields. Before
the GE, MapCHECK?2 was calibrated according
to the manufacturer’s guidelines. A GE was
performed at an absolute dose. The calculated
and measured dose distributions were
compared using the SNC Patients™ v. 6.7.4
(Sun Nuclear Corporation). In addition, Woon

et al.’®

reported that the criterion of 3%/1
mm was the most sensitive gamma criterion
for MapCHECK2 to detect systematic MLC
errors. Therefore, we conducted a GE using
the criterion of 3%/1 mm in the additional

investigation.

Gamma evaluation (Film)

The radiochromic film used in this study
was a Gafchromic EBT3 (International
Specialty Products, Wayne, NJ, USA) with sheet
dimensions of 20.3 cm X 25.4 c¢cm. The film
was used according to the methods described
in the AAPM TG-55 report'”. To obtain the
calibration curve, the EBT3 film was cut into
smaller pieces measuring 6 cm x 6 c¢m in size,
and 12 of the smaller films were selected. Each
piece of film was placed under a 10 cm solid
water phantom with a 10 cm space underneath
to provide adequate backscatter, a field size
of 10 cm X 10 c¢m, and a 90 cm source-to-
surface distance. The films were then irradiated
using the Clinac iX linear accelerator with a
10 MV photon beam energy in the range of
0 MU to 500 MU (0, 10, 25, 50, 100, 150, 200,
250, 300, 350, 400, and 500 MU). To evaluate
the influence of DR on dose distributions,
the EBT3 film was sandwiched between T
mRT phantoms (IBA Dosimetry, GmbH,
Schwarzenbrunk, Germany) and placed in the
sagittal plane at the center of the phantom

Fig. 2 Experimental set-up for film evaluation using
I’'mRT phantom.

To evaluate the influence of dose rate on the dose
distribution, the EBT3 fim was sandwiched between I'mRT
phantoms and located in the sagittal plane at the center
of the phantom. Because sagittal plane could draw the
most rectum which was organ at risk, we verified the dose
distribution using sagittal plane. We evaluated the dose
distribution at the center of the PTV.

(Fig. 2). After irradiation, the films were kept in
a box in order to protect them from fluorescent
light for 24 h after irradiation exposure, and an
unexposed film was scanned using a flatbed
scanner (Epson Expression DS-G20000; Epson
Tokyo, Japan) in 48-bit RGB mode (red, 16-
bit color; green, 16-bit color; and blue, 16-
bit color) with a resolution of 75 dots/inch.
All treatment parameters in the copied plans
were the same as those in the clinical plan,
including the gantry and collimator angles. The
calculated and measured dose distributions
were compared using the DoseLab dose
comparison software ver.6.8 (Mobius Medical
Systems). A GE was performed with an
absolute dose using criteria of 3%/2 mm,
TH10%.

Dose rate dependence (preliminary experiment)

Actually delivered DRs of linear accelerator
were measured using two-dimensional (2D)
diode array detector (Profiler2 model1174;
Sun Nuclear Corporation). The measurement
were 20 cm X 20 cm open field size for
300 MU of 10 MV photon beams using
DRs of 300, 400, 500, and 600 MU/min. In
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addition, to verify the variations of radiation
output with DR in Clinac iX, a cylindrical
ion chamber (Farmer 30013; PTW GmbH,
Freiburg, Germany) and an electrometer
(RAMTEC Smart; TOYO Medic, Tokyo, Japan)
were used. The measurements were made
in water with a depth 10 cm and in an open
filed size of 10 cm x 10 cm for 100 MU of
10 MV photon beams using the DRs of 300,
400, 500, and 600 MU/min. The measurement
values for each DR were obtained from ten
measurements. Furthermore, we confirmed the
DR dependence of MapCHECK2 by measuring
100 MU in 10 cm X 10 cm open fields with 10
MV photon beams in the same setup (under an
8 cm solid water).

Statistical analysis

A comparison of Dynalog files for MLC
position errors between the four copied
plans was performed by repeated-measures
ANOVA or the Friedman test and post hoc
comparisons with Bonferroni/Dunn’s test
or Steel-Dwass test. Statistical significance
was set at P < 0.05. All statistical analyses
were performed using Excel 2015 software
(Microsoft, Redmond, WA, USA) with the
add-in software application Statcel4 (OMS
Publishing Inc. Tokyo, Japan).

Results

In the preliminary experiment

Table 2 shows the results of actually
delivered DRs. The actually delivered DR of
600 MU/min was slightly lower than that of
nominal value. Delivery beams for other DRs
(400, and 500 MU/min) measured by Profiler2

were the equivalent magnification values as

100.5

100.25

100

99.75
—&—Mapcheck2

-4-lon chember
99.5

Normalized detector response (%)

300 400 500 600
Dose rate (MU/min)

Fig. 3 Results of the dose rate (DR) dependence
for ion chamber and MapCHECK?2.

The output of the Clinac iX with 10 MV photon beams
measured by the ion chamber was quite constant for this
range of DRs with the maximum variation of 0.04% for the
DR of 600 MU/min (normalized with the DR of 300 MU/
min). The response of the MapCHECK?2 increased with
increasing DR value with a maximum variation of 0.4%.

nominal values normalized with a dose rate of
300 MU/min. Figure 3 shows the results of DR
dependence for ion chamber and MapCHECK2
in the preliminary experiment. The output
of the machine with a 10 MV photon beam
energy measured by the ion chamber was
quite constant for this range of DRs with a
maximum variation of 0.04% for DR of 600
MU/min (normalized with a DR of 300 MU/
min). The response of MapCHECK?2 increased
with increasing DR value, with a maximum
variation of 0.4%, which is equivalent and
comparable to the value of 0.21%-0.35% from

. . 2
previous studies® *".

MLC position error

Tables 3 and 4 show the differences in the
DRs analyzed based on the MLC position
errors in this study. Table 5 shows the results
of the statistical analysis of MLC position
errors. The delivery time decreased from 97
sec to 83 sec when the DR increased from
500 to 600 MU/min. However, the difference

Table 2 Results of actually delivered dose rates of linear accelerator

Dose rate (MU/min) 300

400 (%x1.33)

500 (x1.67) 600 (x2.0)

Profiler2 (pulse/sec) 180

240 (x1.33)

300 (x1.67) 350 (x1.94)

The number in parentheses indicated the magnification values normalized with a dose rate of 300 MU/min.
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between DR 500 and 600 MU/min was
not significant (p > 0.05, Table 4). The MU
values normalized with a DR of 300 MU/
min were expressed as a percentage increase
in increased DRs, and gains of 3.12% were
achieved for 400 MU/min, 6.47% for 500 MU/
min, and 9.80% for 600 MU/min; however,
no significant difference was observed in the
respective comparisons (p > 0.05, Table 4).
No significant differences were also observed
between the DRs of 300 and 400 MU/min, 400
and 500 MU/min, and 500 and 600 MU/min
for the number of segments (p > 0.05, Table 3).

Expressed in terms of percentage increased
in MUs per 100 MU/min increase DR, we
observed gains of approximately 3.3% which
was approximately the same and comparable
to the value of 4.1% from a previous study®.
The number of MUs and segments increased
with increasing DR but MU per segment
was slightly lower with increasing DR (Table
3). Moreover, no significant difference was
observed in the maximum RMS between the
DRs of 400 and 500 MU/min, and 500 and 600
MU/min (p > 0.05, Table 4).

The proportion of MLC position errors in

Table 3 Results of MLC position errors based on the dose rates.

300 MU/min

400 MU/min

500 MU/min

600 MU/min

Delivery time (sec)
Monitor unit (MU)
Segment

151.85 = 21.64
757.27 £ 108.49
668.27 £ 51.10

116.82 = 15.89
780.87 £ 107.73
696.87 £ 63.63

97.22 £12.75
806.27 £ 106.4
735.33 £ 65.83

83.71 = 10.66
1 831.47 = 106.43
770.07 £ 65.70

MU per segment 1.13 1.12 1.09 1.08
Leaf speed Minimum (cm/sec) 0.20 £ 0.06 0.24 £ 0.06 0.28 = 0.07 0.33 = 0.09
Leaf speed Maximum (cm/sec) 2.10 £ 0.08 2.20 £ 0.07 2.24 +0.08 2.26 = 0.07
Mean RMS error (mm) 0.18 £ 0.03 0.23 = 0.03 0.27 £ 0.03 0.30 = 0.03
Max RMS error (mm) 0.47 £ 0.07 0.54 = 0.07 0.59 £+ 0.07 0.64 + 0.08
MLC bank A
0-0.05 mm (%) 41,53 = 13.58 36.51 = 13.45 33.16 = 13.26 30.58 = 13.01
0.05-0.5 mm (%) 54.74 + 1413 57.32 = 13.14 57.99 + 15.03 57.47 = 16.35
0.5-1.0 mm (%) 3.47 £ 252 549 £ 3.73 7.96 = 5.03 10.32 £ 5.68
1.0-1.5 mm (%) 0.24 £ 0.37 0.55 £ 0.57 0.89 = 0.76 1.36 £ 0.94
MLC bank B
0-0.05 mm (%) 42.39 = 12.43 36.58 + 12.97 33.02 + 12.87 30.49 = 12.15
0.05-0.5 mm (%) 54.25 + 12.63 57.53 = 13.13 58.72 + 13.56 58.90 + 13.44
0.5-1.0 mm (%) 3.13 £ 227 5.08 £ 3.22 7.23 = 4.03 9.43 £+ 4.89
1.0-1.5 mm (%) 0.22 £0.35 0.52 £ 0.56 0.83 £ 0.73 1.28 = 0.98
Data are presented as mean £ standard deviation.
MLC, multi leaf collimator; RMS, root mean square.
Table 4 Results of Dynalog files based on the dose rates.
Analysis of variance
i i Leaf speed
Data Dilrll\wlgry Mﬁp]:’ior Segment Minimum ¥ Maximum
p-value 2.84E-33 4.12E-38 1.17E-65 3.22E-07 1.02E-06
Post hoc comparisons
comparison Deflivery Mon@tor Segment B Leaf speed .
Doserate 1 Dose rate 2 time unit Minimum Maximum
300 400 h n.s. n.s. n.s. *
500 . ns. * X .
600 - ns. ok ok -
400 500 = n.s. n.s. n.s. n.s.
600 ** n.s. * * n.s.
500 600 n.s. n.s. n.s. n.s. n.s.

Analysis of variance was calculated using repeated measures of analysis of variance or the Friedman test.
The Bonferroni/Dunn’s test or Steel-Dwass test was used for post hoc comparisons. n.s., not significant; *,

p <0.05;*, p<0.01.
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Table 5 Results of the statistical analysis of MLC position errors.

Analysis of variance

- Mean — Max 0-0.05 mm 0.05-0.5 mm 0.5-1.0 mm 1.0-1.5 mm
Leaf position RMS RMS
error error bank A bank B bank A bankB bankA bankB bank A bank B
p-value 7.66E-44 270E-32 6.91E-66 292E-104 2.33E-12 1.10E-17 b5.46E-66 1.2E-656 4.4E-60 2.7E-60
Post hoc comparisons
comparison '\Rﬂﬁﬂag Ig/',\jg 0-0.05 mm 0.05-0.5 mm 0.5-1.0 mm 1.0-1.5mm
Doserate 1 Doserate 2 gy error bank A bankB bank A bankB bankA bankB bank A bank B
300 400 Kk ﬂ.S. *k ** n.S. n.S. *k *x *% Kk
500 ok . wox - n.s. * ok wox - ok
600 *% *k *k *K n's' * *k *K *K *%
400 500 . n.s. n.s. n.s. n.s. n.s. ** . e **
600 Kk Kk *k *x ﬂ.S. n.S, *k *k *x *k
500 600 * n.s. n.s. n.s. n.s. n.s. ** - - -

Analysis of variance was calculated using repeated measures of analysis of variance or the Friedman test. The Bonferroni/
Dunn’s test or Steel-Dwass test was used for post hoc comparisons. n.s., not significant; *, p < 0.05; **, p < 0.01. MLC,

multi leaf collimator; RMS, root mean square.

approximately > 90% of the total errors in the
DRs 300, 400, 500, and 600 MU/min in banks
A and B were within 0-0.05 mm and 0.05-0.5
mm (Table 3). No significant difference was
observed in the MLC position errors between
the DRs of 300 and 400 MU/min, 400 and
500 MU/min, 400 and 600 MU/min, and 500
and 600 MU/min in banks A and B (range
0.05-0.5 mm) (p > 0.05, Table 5). In addition,
no significant difference was observed in the
MLC position errors between the DRs of 400
and 500 MU/min, 500 and 600 MU/min in
banks A and B (range: 0 mm-0.05 mm) (p
> 0.05, Table 4). Furthermore, no significant
difference was observed in the Max RMS
errors between 300 and 400 MU/min, 400 and
500 MU/min, and 500 and 600 MU/min (p >
0.05, Table 5). On the contrary, MLC position
errors of the all comparisons in banks A and
B (range: 0.5-1.0 mm and 1.0-1.5 mm) were
statistically differences. (p < 0.05, Table 5).

Gamma evaluation

Figure 4 shows the mean values of gamma
pass rates (GPRs) for MapCHECK2 and EBT3
according to DRs. The mean percentage GPRs
of 99.6%, 99.5%, 99.4%, and 99.5% were
observed for the DRs of 300, 400, 500, and
600 MU/min, respectively, in MapCHECK2.
The mean percentage GPRs of 97.6%, 96.2%,
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Fig. 4 Gamma pass rates (GPRs) for MapCHECK2
and EBT3 according to the varying dose
rates (DRs).

The mean percentage GPRs of 99.6%, 99.5%, 99.4%,
and 99.5% were observed for the DRs of 300, 400, 500,
and 600 MU/min, respectively, with the gamma criteria of
3%/2 mm in MapCheck2. The mean percentage GPRs of
97.6%, 96.2%, 97.0%, and 95.7% were observed for the
DRs of 300, 400, 500, and 600 MU/min, respectively, with
the gamma criteria of 3%/2 mm in EBTS.

97.0%, and 95.7% were observed for the
DRs of 300, 400, 500, and 600 MU/min,
respectively, in EBT3. Based on the GE of
EBT3 films, the GPR of a DR of 600 MU/min
was lowest than that of other DRs. However,
no significant difference was observed in the
GPRs of DRs 300, 400, 500, and 600 MU/min
(p > 0.05).

Figure 5 shows the mean values of GPRs
with the most sensitive criterion 3%/1 mm
for MapCHECK2 according to DRs. The mean
percentage GPRs of 90.3%, 89.8%, 89.6%, and
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Fig. 5 Gamma pass rate (GPR) with the most sensitive
criterion 3%/1 mm for MapCHECK2 "®.

The mean percentage GPRs of 90.3%, 89.8%, 89.6%,
and 89.1% were observed for the DRs of 300, 400, 500,
and 600 MU/min, respectively, with the gamma criteria of
3%/1 mm in MapCHECK2.

89.1% for DRs of 300, 400, 500, and 600 MU/
min, respectively, were observed (Fig. 5). The
GPRs decreased with increasing DR; the GPR
of a DR of 600 MU/min was lowest value
as well as in EBT3. However, no significant
difference was observed in the GPRs of DRs
300, 400, 500, and 600 MU/min (p > 0.03).

Discussion

In this study, we evaluated the MLC
position errors between the planned and
actual delivery positions using Dynalog files.
These log files of the delivered IMRT contain
significant information used to assess the
routine IMRT QA and are commonly used for
patient-specific IMRT QA* **. Furthermore,
these log files are a promising tool for IMRT
QA automation that reduces the time spent
on IMRT QA and can be used to analyze

24) In

the entire IMRT day-to-day delivery
this study, DynaLog files were considered to
reflect the accuracy of the MLC position, and
our results were highly reliable.

The number of MUs increased with increasing
DR (Table 3), suggesting a larger number
of small MU segments. Previous studies
demonstrated that a small MU segment may
result in delivery inaccuracy in IMRT**”.

1 28)

Huang et a reported that the presence

of small MU segments has a strong impact
on GPRs. However, these studies did not
investigate a small MU segment with MUs
fewer than 1. Therefore, small MU segments
had a little effect on the GPRs in this study
because the MU per segment value was much
the same based on the DR (Table 3). In a
comprehensive multicenter study, Kerns et
al.”” revealed that the parameters, including
gantry angle, number of beam holdoffs, and
number of segments, commonly thought to
affect MLC performance were found to have
no such effect. Therefore, we considered that
increasing the number of small MU segments
had no effect on the GPRs and MLC position
errors.

A patient-specific QA for IMRT is extremely
important for ensuring the quality of care
for patients with cancer during radiotherapy.
Various methods, including the use of an
ion chamber, 2D array detectors, and an
electronic portal imaging device (EPID),
have been employed during pretreatment
verification to detect possible errors between
the calculated dose and the measured
dose®?. The MapCHECK2 used in this study
has a detection accuracy and a stability of
GPR equivalent to those of MatriXX (ion
chamber 2D array) and EPID*’. MapCHECK2
showed that a systematic MLC error of up
to 0.5 mm was not detected with a gamma
criterion of 3%/1 mm'”; in this study, almost
all MLC position errors in banks A and B were
within 0-0.05 mm and 0.05-0.5 mm (Table 3).
Therefore, MapCHECK2 with a GE of 3%/2
mm could not detect a slight difference in the
dose distribution according to the difference
in DRs (Fig. 4). However, the GPRs decreased
with increasing DR using criteria of 3%/1 mm
(Fig. 5). Previous studies were demonstrated
that 1 mm MLC position error produced about
5% errors in dose delivery and decreased
in average GPRs®"*’. We considered that
decreasing GPRs were influenced by MLC
position errors within 0.5-1.0 mm and 1.0-1.5
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mm (Table 5) .

By contrast, Gafchromic films were
designed for IMRT and QA because they
have high resolution and can detect slight
differences in the dose distribution®"?”.
Furthermore, Marroquin et al.*® evaluated
the uncertainty in an EBT3 film dosimetry
system, including the dynamic reproducibility,
uniformity, and orientation. They noted that
higher uncertainties were found because of
the relative orientation of the film and the
uniformity in the response of the scanner.
However, they reported that one must
strictly control the position and orientation
of the film, so that the total uncertainties are
considerably reduced. We considered that
the GE using EBT3 had a little uncertainty
because we performed the film analysis in
the same position on the scanner and in the
same orientation. In addition, Borca et al.*”
evaluated DR dependence in IMRT (6 MV and
15 MV) among various DRs (100, 300, and 600
MU/min). In another study by Ataei et al.*”,
DR dependence (6 MV and Co-60 gamma
rays) was observed between DRs of 200 and
400 ¢Gy/min. These studies found that DR
dependence was not significantly different
between the EBT3 films. Therefore, results of
the GE using the EBT3 films were not affected
by the difference in DRs, and the decrease
in the GPR with increasing DR in EBT3 was
considered to mainly reflect the inaccuracy of
MLC position errors according to the DRs.

Vorwerk et al.” recommended that
mechanical and technical aspects limit for
the LV of 2.5-3.0 cm/sec and for the DR of
300-400 MU/min should be respected for
prostate patients. In addition, we considered
that MLC position errors were less in the same
DRs because maximum LV was 2.5 cm/sec
in our study. Furthermore, Kaviarasu et al.'”
indicated that some fields of a DR 500 MU/
min showed the worse gamma value than DR
400 MU/min. They discussed that increasing
the DR increased the number of control points
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per min and increased the complexity of the
MLC delivery, but they did not investigate the
MLC. In addition, average gamma values were
same values for 400 and 500 MU/min, and
the maximum gamma value of a DR 400 MU/
min was slightly better (0.08 point) than that
of a DR 500 MU/min, and difference of point
absolute dose using ion chamber showed that
< 1% mean deviation for 400 and 500 MU/
min. These results showed that there were few
difference between the DR 400 and 500 MU/
min same as our study. More importantly, we
considered that intrafractional displacement of
the prostate during IMRT had a greater effect
on dose distribution than slightly difference of
MLC position errors between the DR 400 and
500 MU/min. Previous studies demonstrated
that the average 3D displacements of
intrafraction prostate were approximately
2-3 mm according to the immobilization
system and duration of radiotherapy™" **.
Furthermore, Kontaxis et al.”” reported that
the average drops in D99% coverage due to
displacement of the intrafraction prostate for
the PTV and CTV during radiation delivery
were 11% and 2.1%, respectively, using
combined 1.5T magnetic resonance imaging
and a linear accelerator system. Therefore, we
considered the influence for dose distribution,
the delivery time should be as short as
possible.

These results indicated that a DR of 500 or
600 MU/min was the acceptable rate when
reducing the delivery time. However, no
significant difference was observed between
DR 500 and 600 MU/min for the delivery time
(Table 4). Those causes were considered that
actually delivered DR of 600 MU/min was
slightly lower than that of nominal value. In
addition, the GPRs of a DR 600 MU/min was
larger decreased compared to DR 400 and 500
MU/min using MapCHECK2 with a gamma
criterion 3%/1 mm (Fig. 5). Furthermore, the
GPR of a DR 600 MU/min using EBT3 were at
the very limit of 95% criteria deciding by TG
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218" (Fig. 4). Therefore, we suggested that a
DR of 500 MU/min was the most acceptable
rate considering clinical safety.

With regard to the limitations, according to
our analysis, the MU values in DMLC-IMRT
increased with increasing DR. The usage of
greater MUs results in an increase in scattered
radiation and radiation leakage, causing

secondary malignancies

. In addition, the
transmitted radiation dose, which depends
on the transmission through the leaves, is
also higher"” and consequently increases the
integral dose to the organ at risk because of
inter- and intraleaf transmission leakage and
scatter. Decreasing these radiation doses is
important for the protection of organs at risk
and in normal tissues. However, we did not
consider these influences in terms of radiation

exposure in this study.

Conclusion

We considered the influence of DR on the
MLC position errors and GPR and found that
a DR of 500 MU/min was the most acceptable
rate when reducing the delivery time while
maintaining the MLC positional accuracy and
GPR.
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[Abstract]

The purpose in this study is to examine the effect of the luminance non-uniformity caused by the aged-deterioration
of medical liquid-crystal displays (LCDs) for the low contrast detectability using a contrast-detail phantom. Two
medical LCDs of the same-type with different operating times were used. The first was operated for 38,000 h (aged-
deterioration LCD) and the second for 200 h (non-deterioration LCD). These LCDs were calibrated to the grayscale
standard display function with a maximum luminance of 170 c¢d/m’ Contrast-detail images acquired under the
same exposure conditions were displayed on each LCD and an observer study was performed by ten radiological
technologists. The average image quality figures of the aged-deterioration and non-deterioration LCDs were 74.2 and
70.4, respectively and a significant difference was seen (p = 0.036). Our results indicated that the luminance non-

uniformity caused by aged-deterioration of the LCD may affect the low contrast detectability.

1 Introduction

In the past decade, liquid-crystal displays
(LCDs) with cold-cathode fluorescent lamp
(CCFL) backlights have increasingly been
used, replacing the use of cathode ray tube
monitors in medical settings as soft copy
reading devices. However, according to
investigations in Japan regarding the quality
control of LCDs, the rate of performing quality
control was low, implying that LCDs with
degraded quality may be used in hospitals."”
Aged-deterioration of LCDs can lead to a
decrease in the maximum luminance (Lmax),
change in chromaticity, and luminance non-
uniformity.” Takahashi et al. examined the
relationship between the Lm« and operating
time of the display backlight over a three-
year period for 249 LCDs (initial Lmax setting:
240 c¢d/m?*, color temperature: 7,500 K,
(RadiForce® RX210), EIZO Co., Ishikawa,

Japan).” They reported that the Lumux of 39 of
the LCDs were less than 170 cd/m* because
of aged-deterioration.” Akamine et al.
examined the color temperature of two same
type LCDs (RadiForce® RX210) with different
operating times (under 10,000 hours and over
20,000 hours). They reported that the color
temperature was different between these
LCDs due to deterioration of phosphor in the
CCFL and color filter.”

There is a case study report that display
performance will degrade with increasing time
in use, which in turn may degrade diagnostic
performance.” To the author’s knowledge,
there are no previous reports in the literature
regarding the effects of luminance non-
uniformity, caused by the deterioration of
the medical LCD, on soft copy reading. We
assumed that the luminance non-uniformity
may affect the low-contrast detectability. As
a preliminary study for exploring the effects
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(a) Aged-deterioration LCD  (b) Non-deterioration LCD
(ADLCD) (NDLCD)

(a) (b)

Fig.1 The same type LCDs with different
operation times displayed identical uniform
test-patterns. The operating times of (a)
and (b) were about 38,000 and 200 hours,
respectively. A luminance non-uniformity
was observed for the LCD with a longer
operation time.

of the LCD luminance non-uniformity, we
used the contrast-detailed (CD) phantom
and compared the low-contrast detectability
for two same type LCDs with different
operating times. The purpose of this study
was to examine the effect of luminance non-
uniformity caused by aged-deterioration for
the detectability of low-contrast signals.

2 Materials and Methods

A case study approach was used to perform
a physical evaluation and observer study for
medical LCDs (RadiForce® RX210, EIZO Co.)
Two same type color LCDs with different
operating times were used in this study. The
first was operated for about 38,000 hours
[aged-deterioration LCD (ADLCD)] and the
second for about 200 hours [non-deterioration
LCD (NDLCD)] (Fig.1). Both LCDs were
calibrated to the grayscale standard display
function (GSDF) with a Ly of 170 c¢d/m* by
using a quality-control software (RadiCS®,
EIZO Co.) and a near-range luminance meter
(RadiCS® UX1 Sensor, EIZO Co.).

First, we measured the luminance uniformity
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Fig. 2 Test patterns used in this study. (a) and
(b) are TG18-UNLS8O test pattern and the
original test pattern modified from TG18-
UNLS8O test pattern, respectively.

and variation of the luminance for the physical
evaluation of the LCDs before performing an
observer study to evaluate the low-contrast
detectability of the LCDs.

2.1 Measurement of luminance for physical
evaluation

In terms of the luminance non-uniformity
of medical LCDs, American Association of
Physicists in Medicine (AAPM) Task Group 18
(TG18) required that to measure luminance of
five points in the test pattern displayed on an
LCD (Fig. 2 (a)).” However, such test pattern
cannot evaluate the entire screen. Therefore,
an original test-pattern was modified based
on the TG18-UNLS8O test pattern. The test
pattern had the same pixel value as the
TG18-UNL8O test pattern and was divided
into 48 measurement regions (Fig. 2 (b)); the
luminance was measured corresponding to
each rectangular region. The original test-
pattern was displayed on the LCDs and
the luminance was measured by use of a
telescopic-type luminance meter (LS-100%,
Konica Minolta Co., Ltd., Tokyo, Japan). The
distance between the LCD and luminance
meter was 150 cm. The ambient light at the
center of the LCD measured by an illuminance
meter (ANA-F9®, Tokyo Koden Co., Tokyo,
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Japan) was 0.1 lux. Luminance measurement
in a telescopic-type luminance meter is
affected by stray light.” ¥ To minimize the light
emission from outside the focused area on the
telescopic-type luminance meter, the region
of the test pattern outside the measurement
area was covered by solid fiberboard. The
luminance was measured three times. The

luminance uniformity is given by

Luminance uniformity = (Litmax - Linmin) /
(meax+ mein) X 200, (1)

where Lmmax and Lmmin are the measured
maximum and minimum luminance including
the reflected luminance. The luminance
uniformity is calculated using only the Lnmax
and Lmmin. To evaluate the luminance variation
for the whole monitor screen, we also
calculated the standard deviation (SD) of the
luminance measured at 48 regions. Similarly,
we measured luminance uniformity and the
SD using TG18-UNLSO test pattern.

2.2 Observer study using CD phantom

The observer performance test was carried
out with a CD phantom (Kyoto Kagaku
Co., Ltd., Kyoto, Japan).” The CD phantom
had signals (concave signals) of diameters
ranging from 0.3 to 8.0 mm in 15 steps and
depths from 0.3 to 8.0 mm in 15 steps. For
the three largest diameters, there was a single
signal in the center, similar to conventional
CD phantoms. However, four-point selective
CD phantoms were used for the remaining
signals, comprising a signal in the center
and in one of the corners. Three CD images
were acquired. The exposure condition was
80 kV, 400 mA, and 25 ms and geometries
are shown in Fig. 3. A computed radiography
(CR) system (IP: ST-VN, IP reader FCR 5000°,
Fujifilm Co. Tokyo, Japan) was used for the
X-ray detector. The CD images in DICOM
format were displayed on both the ADLCD
and NDLCD. The display function of these

LCDs was calibrated GSDF with a Lmax of 170
cd/m’. The illuminance of the center of these
displays were set to 350 lux. This illuminance
determined based on the actual measured
illuminance at the center of this ADLCD,
which was used in the clinical practice. The
window level and window width were set to
512 and 1024, respectively. Ten radiological
technologists (1-11 years of experiences)
participated in the observer study. They could
observe the CD images at any distance, for
as long as needed. Each observer recorded
the depth at which each signal size in the
CD phantom could be recognized with 50%
confidence. The image quality figure (IQF)
was calculated from individual observer data

by the following equation;
IQF = 327°(Ci- Dy, (2)

where C; represents the depth value (contrast)
of the object (visible hole) in the column (i),
and D denotes the corresponding smallest
visible diameter (threshold diameter) in the
column (i). A small IQF value indicates high
detectability with a low-contrast signal.”""
A paired t-test analysis was performed to
examine the mean differences of IQF values
between ADLCD and NDLCD.

X-ray
tube
—_—
SID: 124 cm
Lucite phantom
CD phantom
Anti-scattergid —m—> —«————— |
(ratio 8:1, 40 IlnesW
Detector

Fig. 3 Geometries for acquiring CD with 7-cm-
thickness lucite phantoms.
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3 Results

The results of the measured luminance
using our original test pattern are shown in
Figs. 4 (a and b). Table 1 provides the values
of Lmmax, Lmmin, luminance uniformities, and
SD of the luminance value using the original
test pattern. The luminance uniformities
of ADLCD and NDLCD were 77.8% and
25.4%, respectively. The ADLCD displayed
a significant non-uniformity. The SDs of the
measured luminance for the ADLCD and
NDLCD were 9.30 and 3.15, respectively.
There was a significant difference in the SDs
between the ADLCD and NDLCD (F-test, p
< 0.01). On the other hand, for using TG18-
UNLSO test pattern, the luminance uniformities
of ADLCD and NDLCD were 23.2% and
10.6%, respectively. The SDs of the measured
luminance for the ADLCD and NDLCD were
5.12 and 2.5, respectively. There was not a
significant difference in the SDs between the
ADLCD and NDLCD.

For the observer performance test, the IQF
values of the ADLCD and NDLCD were 74.2 +
14.7 and 70.4 + 14.4, respectively. There was a
statistical difference in the IQF values for the
ADLCD and NDLCD (Fig. 5) (paired t-test, p =
0.036).

4 Discussion

We measured the luminance uniformity as
physical evaluation and IQF as low contrast
detectability, using two same type LCDs
with different operating times in order to
investigate the effect of luminance non-
uniformity due to aged-deterioration of the
medical LCD.

For both test patterns (TG18-UNLSO test
pattern and the original test pattern), the
luminance uniformity of the ADLCD was
poorer than that of the NDLCD because of
the degradation of the backlight or impurities
contained in the liquid crystal component
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Fig.4 Luminance values (cd/m?) measured using
the original test pattern (Fig. 2 (b)). (a) and (b)
are the luminance values corresponding to
small rectangular regions of the original test
pattern (Fig. 2 (b)) displayed on the ADLCD
and NDLCD, respectively.

Table 1 Results of physical evaluation for ADLCD
and NDLCD using the original test pattern

ADLCD NDLCD
LMimax 84.8 cd/m? 78.1 cd/m?
LMimin 37.3cd/m*  60.5 cd/m?
Luminance uniformity 77.8% 25.4%
SD of luminance value 9.30 3.15

SD; standard deviation, ADLCD; aged-deterioration LCD,
NDLCD; non-deterioration LCD

u
100 r )
*p<0.05
o Paired t-test
S 80 I
S 7
&
> 60 l
3 s0
& 40
E 5
20 -
Aged-deterioration LCD Non-deterioration LCD
(ADLCD) (NDLCD)
Fig. 5 Comparison of image quality figures (IQF)

between aged-deterioration LCD and non-
deterioration LCD.

(Fig.4 and Table 1). The criteria for the
acceptance test of the luminance uniformity
showed that the value of luminance uniformity
should be within 30%." ¥ When TG18-UNLS0
test pattern was used, the results of both
ADLCD and NDLCD were within this reference
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value (23.2% and 10.6%, respectively). On the
other hand, when our original test pattern was
used, the results of only ADLCD exceeded
this value (Table 1). The SD of the ADLCD
was significantly higher than that of the
NDLCD when the original pattern was used.
This is because by increasing the number of
measurement points for the luminance of the
entire screen, the variation in luminance of
the entire screen (non-uniformity), measured
more accurately compared to using TG18-
UNLSO test pattern.

There was a statistically significant difference
between the ADLCD and NDLCD with the
same Lmax (170 ¢d/m®) for IQF values (Fig. 5).
We estimated that the reason for the higher
IQF values of the ADLCD was because the
region with the non-uniformity, in particular
the black spot overlapping the signals of the
CD phantom, resulted in low detectability of
the low contrast signals.

In this study, we did not evaluate the
chromaticity of the monitor in detail. Krupinski
et al. reported that there is no significant
difference in the diagnostic ability of breast
biopsy virtual slide regions of interest for
calibrated color LCDs and uncalibrated color
LCDs.”” In our study, we calibrated the LCDs
before the experiment and it is considered
that the change in chromaticity has less
influence on the detectability of simple signals
using monochrome images.

Only one LCD was used as the aged-
deterioration sample; however, to our
knowledge, there are no reports in the
literature regarding the effects of luminance
non-uniformity caused by the aged-
deterioration of the LCD. This study revealed
that the non-uniformity of the LCD may
degrade the detectability of the low contrast
signals.

By measuring the luminance uniformity
regularly, degradation in low contrast
detectability due to aged-deterioration can
be detectable, however determining the

luminance uniformity is difficult because
the use of telescopic-type luminance meters
for measuring luminance uniformity is time
consuming, and scientific-grade 2D luminance
colorimeters are too costly for most users in
hospitals. Practical and easier methods such as
using commercially available digital cameras'"
should be contained in constancy tests in
certain guidelines and regular measurements

of the luminance uniformity is required.® '*

5 Conclusion

Because of either the degradation of the
backlight or impurities contained in the liquid
crystal component, the luminance uniformity
of ADLCD (77.8%) was degrade compared
to NDLCD (25.4%). There was a statistically
significant difference between the ADLCD
and NDLCD with the same Lmx (170 ¢d/m®)
for low contrast detectability (paired t-test,
p = 0.036). The detectability of low-contrast
signals may be lower due to the effects of
luminance non-uniformity caused by the

aged-deterioration of the LCD.
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[Abstract]

The purpose of this study was to determine effective scan parameter settings for decreasing image distortion and
acoustic noise by scanning phantoms with various parameters using the Quiet Suite combined readout segmented
multi-shot echo planar imaging (qQRESOLVE) with a 3T MRI scanner. The distortion rate of the slit area in the phantom
was calculated in the phantom experiment. Furthermore, peak sound pressure levels were calculated. The results
showed that with a decrease in echo spacing (ES) and field of view (FOV), for a thin slice thickness, an increase in
the parallel imaging factor (PIF) and matrix size (MS) were effective for decreasing image distortion (p<0.017). To
decrease acoustic noise, an increase in ES, number of segments (SEG), repetition time (TR), and FOV, and a decrease
in PIF and MS, were effective (p<0.017). With respect to routine clinical examinations, a decrease in ES and an
increase in PIF were effective for decreasing image distortion, and with an increase in ES, a decrease in PIF and SEG

were effective for decreasing acoustic noise.

Introduction

Diffusion-weighted imaging (DWI) using
single-shot echo planar imaging (EPD) is
useful for the diagnosis of acute cerebral
infarction and brain tumors. However, it has
the disadvantages of causing significant image
distortion and very loud acoustic noise .
Image distortion may degrade the diagnostic
accuracy, and loud acoustic noise causes
discomfort and anxiety in patients. Moreover, a
decrease in acoustic noise is important to avoid
hearing impairment. Siemens Healthineers
has developed readout segmented multi-shot
EPI DWI (RESOLVE : readout segmentation
of long variable echo-trains) as an imaging
method to improve image distortion. RESOLVE
is a new multi-shot EPI DWI that segments
the readout direction in k-space. RESOLVE

decreases the readout time in k-space, which
allows short echo spacing, and can be used
in conjunction with parallel imaging methods.
In addition, parallel imaging methods can
be used to decrease dephasing and image
distortion®. However, RESOLVE has the
disadvantages of loud acoustic noise resulting
from the fast switching of the gradient field
and short echo spacing. Recently, RESOLVE
with the Quiet Suite method (qRESOLVE)
was developed to decrease discomfort and
avoid hearing impairment during routine
clinical examination. qRESOLVE is an
effective sequence that achieves silence by
automatically optimizing the shape of the
gradient field (the angle of the gradient field
is decreased)*”. In this study, a phantom was
scanned with various qRESOLVE parameters,
and effective parameter settings for decreasing
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image distortion and acoustic noise were

investigated.

Materials and Methods

1. Equipment

An MRI scanner (MAGNETOM Skyra syngo
VE11 3.0T (Siemens Healthineers)) was used.
The coil was a 20 channels head/neck coil
(Siemens Healthineers). A spherical phantom
(Siemens Healthineers : D165{1.25gNaS04 x
6H20}) and Japanese Industrial Standards (JIS)
phantom (Nikko Finds Industries : 95-1108Z
type) were used.

2. Scan parameters

In qRESOLVE, the echo spacing (ES),
parallel imaging factor (PIF), number of
segments (SEG), phase partial fourier (PpF),
repetition time (TR), matrix size (MS), slice
thickness (ST), and field of view (FOV) were
varied. The scan parameters are listed in Tables
1-1 through 1-8. The center of the phantom
was set to the isocenter, and the scan plane
was a transverse section. The phase encoding
direction was set to the left-right direction,
motion probing gradient (MPG) pulses were
applied in three axes, and a monopolar three-
scan trace was used in diffusion mode. The
parallel imaging method used was generalized
auto-calibrating partially parallel acquisitions
(GRAPPA)”.

3. Examination of distortion rate

The distortion rate is generally calculated
using the area method®. However, in this
study, ST, MS, and FOV also varied, and the
image could not be subtracted. Therefore, the
distortion rate was defined as in Eq. (1), based
on a report by Kajisako et al.” qRESOLVE with
various scan parameters (Tables 1-1 through
1-8) were evaluated in comparison with Tz-
weighted images (T:WI) (Table 2). The slit
area in the JIS phantom was imaged for both

sequences. Scans were performed 10 times
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to decrease sampling error, and the average

value was calculated.

Distortion rate(%) = (Wq/Wt) x 100 ----(1)

where Wq is the slit width measured by
gRESOLVE and Wt is the slit width measured
by T-WI. As shown in Fig. 1, Wt and Wq
were measured by drawing a straight line
perpendicular to the slits at both ends. The
closer the distortion rate is to 100, the less

image distortion is present.

4. Examination of acoustic noise
4.1. Peak sound pressure level

A spherical phantom was scanned
using qRESOLVE (Tables 1-1 through 1-8)
with various scan parameters to measure
acoustic noise. The measurement position
of acoustic noise (@) is shown in Fig. 2. The
measurement time was set to 1 min (because
the scan time for DWI using single-shot
echo planar imaging used in routine clinical
examination is approximately 1 min). The
maximum value during the measurement
period was used as the peak sound pressure
level (Lpeax) (dB). Scans were performed 10
times to decrease sampling error, and the
average value was calculated. An acoustic
sound measurement system (Kenneth Inc. :
YC-30) was used. The settings of the acoustic

noise measurement system are as follows :

the frequency-weighting characteristic was

£

qRESOLVE

Fig. 1 Slit width measuring method

Straight lines were drawn at the slits on both ends ; Wt
was measured on T2WI, and Wq was measured using
gRESOLVE.
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with a 3T MRI scanner

Table 1-1 Imaging parameters of gRESOLVE with Table 1-4 Imaging parameters of qRESOLVE with
various ES values various PpF values
ES (ms) 05 0.6 0.7 0.78 0.94 1 PpF Off 7/8 6/8
TR (ms) 4500 TR (ms) 4500
TE(ms) 83 92 100 107 122 127 TE (ms) 122 101 81
Band width (Hz/pixel) 620 465 372 318 250 228 Band width (Hz/pixel) 250
FOV (mm) 220%220 FOV (mm) 220%220
Slice thickness (mm) 5 Slice thickness (mm) 5
Slice gap (%) 20 Slice gap (%) 20
MS 192x192 MS 192x192
number of excitations 1 number of excitations 1
SEG 7 PIF GRAPPA 2
PIF GRAPPA 2 SEG 7
PpF Off ES (ms) 0.94
Fat suppression CHESS Fat suppression CHESS
b-factor (s/mm?) 0, 1000 b-factor (s/mm?) 0, 1000
Reacquistion mode on Reacquistion mode on

Filter

Raw filter, Distortion Correction (2D), Prescin Normalize

Filter

Raw filter, Distortion Correction (2D), Prescin Normalize

Table 1-2 Imaging parameters of gRESOLVE with Table 1-5 Imaging parameters of gRESOLVE with
various PIF values various MS values
PIF 2 3 4 MS 128%128 160x160 192x192 226X226
TR (ms) 4500 R (ms) 4500
TE (ms) 122 94 81 TE (ms) 94 108 122 137
Band width (Hz/pixel) 250 260 277 Band width (Hz/pixel) 275 256 250 240
FOV (mm) 220%220 FOV (mm) 220x%220
Slice thickness (mm) 5 Slice thickness (mm) 5
Slice gap (%) 20 Slice gap (%) 20
MS 192x192 number of excitations 1
number of excitations 1 SEG 7
SEG 7 PIF GRAPPA 2
ES (ms) 0.94 ES (ms) 0.94
PpF off PpF Off
Fat suppression CHESS Fat suppression CHESS
b-factor (s/mm?) 0, 1000 b-factor (s/mm?) 0, 1000

Reacquistion mode
Filter

on

Raw filter, Distortion Correction (2D), Prescin Normalize

Reacquistion mode
Filter

on

Raw filter, Distortion Correction (2D), Prescin Normalize

Table 1-3 Imaging parameters of gRESOLVE with Table 1-6 Imaging parameters of gRESOLVE with
various SEG values various TR values
SEG 3 5 7 9 11 TR (ms) 4030 4500 5000 5500 6000
TR (ms) 4500 TE (ms) 122
TE(ms) 122 122 122 122 122 Band width (Hz/pixel) 250
Band width (Hz/pixel) 521 326 250 207 176 FOV (mm) 220%220
FOV (mm) 220%220 Slice thickness (mm) 5
Slice thickness (mm) 5 Slice gap (%) 20
Slice gap (%) 20 MS 192x 192
MS 192x192 number of excitations 1
number of excitations 1 SEG 7
PIF GRAPPA 2 PIF GRAPPA 2
ES (ms) 0.94 ES (ms) 0.94
PpF Off PpF Off
Fat suppression CHESS Fat suppression CHESS
b-factor (s/mm?) 0, 1000 b-factor (s/mm?) 0, 1000
Reacquistion mode on Reacquistion mode on

Filter

Raw filter, Distortion Correction (2D), Prescin Normalize

Filter

Raw filter, Distortion Correction (2D), Prescin Normalize
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Table 1-7 Imaging parameters of gqRESOLVE with
various FOV values
FOV (mm) 100%100 150%150 ~ 200%200  250%250 300300
R (ms) 4500
TE (ms) 122
Band width (Hz/pixel) 277 260 250 241 237
Slice thickness (mm) 5
Slice gap (%) 20
MS 192 %192
number of excitations 1
SEG 7
PIF GRAPPA 2
ES (ms) 0.94
PpF Off
Fat suppression CHESS
b-factor (s/mm?) 0, 1000

Reacquistion mode
Filter

on

Raw filter, Distortion Correction (2D), Prescin Normalize
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Table 1-8 Imaging parameters of qRESOLVE with
various ST values
ST (mm) 1 3 5 7 10
R (ms) 4500
TE (ms) 122
Band width (Hz/pixel) 250
FOV (mm) 220%220
Slice gap (%) 20
MS 192 %192
number of excitations 1
SEG 7
PIF GRAPPA 2
ES (ms) 0.94
PpF Off
Fat suppression CHESS
b-factor (s/mm?) 0, 1000

Reacquistion mode
Filter

on

Raw filter, Distortion Correction (2D), Prescin Normalize

Table 2 Imaging parameters of T2WI
TaWI
R (ms) 4500
TE (ms) 88
Band width (Hz/pixel) 193
FOV (mm) 220x220
Slice gap (%) 20
MS 192x192
Slice thickness (mm) 5
number of excitations 1
PIF no used
ES (ms) 9.8
Filter Distortion Correction (2D), Prescin Normalize

set to C, and the time-weighting characteristic
was set to Fast. Furthermore, we calculated
the sound pressure level (dB) between the
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Fig. 2 Acoustic noise and time waveform
measurement position

The black dot (@) shows the measurement position for
acoustic noise and time waveform analysis. The distance
from the center of the gantry was approximately 4.5 m and
was located outside the five Gaussian lines (gray lines).
The height of the measurement point was 1.3 m above the
ground.

maximum and minimum of Lpeax using various

parameters and Eq. (2)¥ :

Sound pressure level (dB) =20logio(A/A0)

where A is the observed value and Ao is the

reference value (20 x 10°[Pa)).

4.2. Time waveform analysis
The spherical phantom was scanned by
gRESOLVE with various scan parameters
(Tables 1-1 through 1-8) to analyze the time
waveform of acoustic noise. The recording
position of acoustic noise (@) is shown in
Fig. 2. The recorded data was transferred to a
personal computer (Microsoft Surface Pro3),
and the time waveform was analyzed. A
recording device for acoustic noise (TASCAM
: DR-05X) was used. Frequency analysis
software (NCH software Inc. : WavePad audio

editing software) was used.
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5. Statistical analysis

The distortion rate and acoustic noise (Lpeak)
obtained from the phantom experiment were
evaluated to determine significant differences
using the Friedman test. The signifacance level
was set at 5%, and it was corrected using the
Bonferroni method for multiple comparisons.

EZR? was used for statistical analysis.

Results

1. Examination of distortion rate
1-1. Distortion rate with various ES values

The distortion rates with various ES values
are listed in Table 3-1. The distortion rate
increased with an increase in ES. There was
a significant difference between ES values
(p<0.008).

1-2. Distortion rate with various PIF values

The distortion rates with various PIF values
are listed in Table 3-2. The distortion rate
decreased with an increase in PIF. There was
a significant difference between PIF values
(p<0.017).

1-3. Distortion rate with various SEG values

The distortion rates with various SEG values
are listed in Table 3-3. There was no change
in the distortion rate with an increase in
SEG. No significant difference was observed
between any of the SEG values (p>0.01).

1-4. Distortion rate with various PpF values

The distortion rates with various PpF values
are shown in Table 3-4. The distortion rate
decreased with a decrease in PpF. There was
a significant difference between any PpF
values (p<0.017).

1-5. Distortion rate with various TR values

The distortion rates with various TR values
are shown in Table 3-5. No significant
difference was observed between the TR
values (p>0.01). TR did not affect the distortion

with a 3T MRI scanner

Table 3-1 Distortion rate with various ES values

ES (ms) 0.5 0.6 0.7 0.78 0.94 1
distortionrate (%) 115.8 118.3 121.3 123.4 1282 130.6

Table 3-2 Distortion rate with various PIF values

PIF 2 3 4
distortion rate (%) 121.0 1141 111.2

Table 3-3 Distortion rate with various SEG values

SEG 3 5 7 9 11
distortion rate (%)  119.2 119.2 119.2 119.3 119.3

Table 3-4 Distortion rate with various PpF values

PpF Off 7/8 6/8
distortion rate (%) 120.9 121.5 123.6

Table 3-5 Distortion rate with various TR values

TR (ms) 4030 4500 5000 5500 6000
distortion rate (%) 120.9 120.9 120.9 120.8 120.9

Table 3-6 Distortion rate with various MS values

MS 128x128 160x160 192x192 226x%226
distortion rate (%) 119.4 118.3 117.6 117.2

Table 3-7 Distortion rate with various ST values

ST (mm) 1 3 5 7 10
distortion rate (%) 113.0 114.4 118.4 120.2 1238.0

Table 3-8 Distortion rate with various FOV values

FOV (mm) 100%100 150% 150 200x200 250%250 300X 300
distortion rate (%) notmeasured 113.6 118.4 123.5 128.7

rate.

1-6. Distortion rate with various MS values

The distortion rates with various MS values
are shown in Table 3-6. The distortion rate
decreased with an increase in MS. There was
a significant difference between MS values
(p<0.013).

1-7. Distortion rate with various ST values

The distortion rates with various ST values
are listed in Table 3-7. The distortion rate
increased with increasing ST. There was a
significant difference between ST values
(p<0.01).
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1-8. Distortion rate with various FOV values

The distortion rates with various FOV values
are listed in Table 3-8. The distortion rate
increased with an increase in the FOV. There
was a significant difference between FOV
values (p<0.013).

2. Examination of acoustic noise
2-1. Examination of Lpeax
2-1-1. Lpeak With various ES values

The results for Lpeax with various ES values
are shown in Table 4-1.With an increase in
ES, Lpeak decreased to 0.94 ms. There was a
significant difference between all ES values
except between 0.7 and 0.78 ms (p<0.008).
Using this result, the phantom experiment was
set to 0.94 ms (minimum value of Lpeak). There
was a level difference of 14.1 dB between
the maximum (with an ES of 0.5 ms) and
minimum (with an ES of 0.94 ms). According
to Eq.(2), the sound pressure level with an ES
of 0.5 ms was 5.1 times higher than that with
an ES of 0.94 ms.

2-1-2. Lpeax with various PIF values

The results for Lpeax with various PIF
values are listed in Table 4-2. Lyea increased
with increasing PIF. There was a significant
difference between PIF values (p<0.017).
There was a level difference of 1.6 dB
between the maximum (with a PIF of 4) and
minimum (with a PIF of 2). According to
Eq.(2), the sound pressure level with a PIF of
4 was 1.2 times higher than that with a PIF of
2.

2-1-8. Lpeak With various SEG values

The results for Lpeak with various SEG values
are listed in Table 4-3. Lpeak decreased with
increasing SEG, and there was a significant
difference between SEGs values (p<0.01).
There was a level difference of 4.7 dB
between the maximum (with a SEG of 3) and
minimum (with a SEG of 11). According to
Eq.(2), the sound pressure level with a SEG of
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Table 4-1  Lpeak With various ES values

ES (ms) 0.5 0.6 0.7 0.78 0.94 1
Lpeak (dB) 948 877 866 868 807 817

Table 4-2  Lpeak with various PIF values

PIF 2 3 4
Lpeax (dB) 82.2 83.2 83.8

Table 4-3  Lpeak With various SEG values

SEG 3 5 7 9 11
Loeak (dB) 86.3 83.4 82.6 81.9 81.6

Table 4-4  Lpeak With various PpF values

PpF Off 7/8 6/8
Lpeek (dB) 82.4 82.3 82.5

Table 4-5 Lpeak with various TR values

TR (ms) 4030 4500 5000 5500 6000
Lpeak (dB) 82.9 82.7 82.4 82.3 82.2

Table 4-6 Lpeak With various MS values

MS 128x128 160%x160 192x192 226%226
Lpeak (dB) 82.1 82.1 82.8 825

Table 4-7 Lpeak With various ST values

ST (mm) 1 3 5 7 10
Loca (dIB) 83.0 829 828 828 828

Table 4-8 Lpeak With various FOV values

FOV (mm) 100x100 150x150 200%200 250%250 300x300
Lpeax (dB) 82.9 82.7 82.4 82.3 82.2

3 was 1.7 times higher than that with a SEG of
11.

2-1-4. Lpeak With various PpF values

The results for Lpeak with various PpF values
are listed in Table 4-4. Lyeac showed almost no
change with decrease in PpF. There was no
significant difference between any PpF values
(p>0.017). There was a level difference of 0.2
dB between the maximum (with a PpF of 6/8)
and minimum (a PpF of 7/8) with various
PpF. According to Eq.(2), the sound pressure
level with a PpF of 6/8 was 1.0 times higher
than that with a PpF of 7/8.

2-1-5. Lpeak With various TR values
The results for Lpeak with various TR values
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are shown in Table 4-5. Lpeak decreased slightly
with an increase in TR. There was a significant
difference, except for between TR 5000 ms and
TR 5500 ms and between TR 5500 ms and TR
6000 ms (p<0.01). There was a level difference
of 0.7 dB between the maximum (with a TR
of 4030 ms) and minimum (with a TR of 6000
ms) with various TR. According to Eq.(2), the
sound pressure level with a TR of 4030 ms was
1.1 times higher than that with a TR of 6000

ms.

2-1-6. Lpeak With various MS values

The results for Lpeax with various MS values
are shown in Table 4-6. Lpeak increased slightly
with increasing MS. There was a significant
difference, except for between MS 128 X 128
and MS 160 x 160 (p<0.013). There was a level
difference of 0.4 dB between the maximum
(with a MS of 192 x192) and minimum
(with MS values of 128 x 128 or 160 x 160).
According to Eq.(2), the sound pressure level
with a MS of 192 x 192 was1.1 times higher
than that with MS values of 128 x 128 or 160
X 160.

2-1-7. Lpeak With various ST values

The results for Lpeax with various ST values
are shown in Table 4-7. Lyeac was not affected
by ST. There was no significant difference
between any ST values (p>0.01). There was
a level difference of 0.2 dB between the
maximum (with a ST of 1 mm) and minimum
(with ST values of 5, 7, or 10 mm). According
to Eq.(2), the sound pressure level with a ST
of 1 mm was 1.0 times higher than that with

ST values of 5, 7, or 10 mm.

2-1-8. Lpeax With various FOV values

The results for Lyeak with various FOV values
are shown in Table 4-8. Lpcak decreased with
increasing FOV. There was a significant
difference, except for between FOV 200 X 200
mm and FOV 250 x 250 mm, and between
FOV 250 x 250 mm and FOV 300 x 300 mm

with a 3T MRI scanner

(p<0.01). There was a level difference of 0.7
dB between the maximum (with a FOV of 100
x 100 mm) and minimum (with a FOV of 300
x 300 mm) with various FOV. According to
Eq.(2), the sound pressure level with a FOV
of 100 X 100 mm was 1.1 times higher than
that with a FOV of 300 X 300 mm.

2.2. Time waveform analysis

The time waveforms of acoustic noise
measured with changes in various parameters
are shown in Fig. 3-10. In the time waveform,
the horizontal axis represents time (ms), and
the vertical axis represents sound pressure
(dB). Wada et al."” reported that the amplitude
of the vertical axis of the time waveform
increases as the acoustic noise increases. The
results of this study showed that the amplitude
of the time waveform decreased with increase
in ES, FOV, and SEG, and slightly decreased
with decreases in PIF and MS. The amplitude
of the time waveform showed little change
with any of the other parameters.

Discussion

Acoustic noise in MRI, especially in DWI
using single-shot echo planar imaging, is very
loud, and decreasing this noise is important
for decreasing discomfort and anxiety during
routine clinical examinations and preventing
hearing impairment. In this study, we
investigated the parameters of qRESOLVE that
were effective for decreasing image distortion
and acoustic noise.

First, we consider image distortion. With
respect to ES, the distortion rate increased
with an increase in ES. With an increase in
ES, the bandwidth (BW) was automatically
set to narrow, resulting in an increased phase
dispersion and thus an increased distortion
rate. Regarding the PIF, the distortion rate
decreased with an increase in the PIF. When
the reading time was shortened in the phase
direction, the BW was automatically set to a
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Fig. 3 Waveforms of gqRESOLVE with various ES
values (from left to right: 0.5, 0.6, 0.7, 0.78,
0.94, and 1.0 ms)

Fig. 4 Waveforms of gRESOLVE with various PIF
values (from left to right: 2, 3, and 4)

Fig. 7 Waveforms of gRESOLVE with various TR
values (from left to right: 4030, 4500,
5000, 5500, and 6000 ms)

Fig. 8 Waveforms of qRESOLVE with various MS
values (from left to right: 128 x 128, 160 X
160, 192 X 192, and 226 % 226)

Fig. 5 Waveforms of gRESOLVE with various SEG
values (from left to right: 3, 5, 7, 9, and

)

—_
—_

Fig. 6 Waveforms of gqRESOLVE with various PpF
values (from left to right: Off, 7/8, and 6/8)

wide range, resulting in suppressed dephasing
and thus a decreased distortion rate.
Concerning the SEG, with an increase in the
SEG, the segment width decreased to divide
k-space, thus decreasing the readout time.
As a result, it is expected to be effective in
suppressing dephasing and decreasing image
distortion. However, there was no significant
difference in the distortion rate between
SEGs. With an increase in SEG, the reading
time of each SEG decreased, but the BW was
automatically set to a narrow range; thus, the
distortion rate was not change. With respect to
the PpF, the distortion rate decreased with an
increase in PpF. Blurring was suppressed and
the distortion rate decreased with an increase
in the data filling of k-space, although the
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Fig. 9 Waveforms of gRESOLVE with various ST
values (from left to right: 1, 3, 5, 7, and
10 mm)

Fig. 10 Waveforms of gRESOLVE with various FOV
values (from left to right: 100 % 100, 150 X
150, 200 % 200, 250 % 250, and 300 % 300
mm)

BW and echo time (TE) did not change with
an increase in PpF. Regarding the TR, the
distortion rate did not change with an increase
in TR. The BW and TE did not change with
increasing TR. Concerning MS, the distortion
rate decreased with an increase in MS. The
BW automatically narrowed with an increase
in MS, but the magnetic field deflection in
the voxel decreased, resulting in a decreased
', With respect to ST, the
distortion rate increased with increasing ST.
The BW did not change with the ST thickness,
but the magnetic field deflection in the voxel

distortion rate '

increased, resulting in an increased distortion
rate'”. Regarding the FOV, the distortion
rate increased with increasing FOV. The BW

automatically narrowed with an increase in
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FOV, and the spatial resolution also increased.
Therefore, the ES, PIF, MS, ST and FOV
are effective parameters for decreasing the
distortion rate. However, in routine clinical
examinations, MS, ST and FOV change the
spatial resolution. Thus, the MS, ST and FOV
are not appropriate parameters. Furthermore,
it is appropriate to set PpF to “off” to avoid
image distortion resulting from blurring.
Therefore, a decrease in ES and an increase
in PIF are effective for decreasing image
distortion.

Next, we consider acoustic noise. Concerning
ES, Lpeak decreased with an increase in ES.
The BW was automatically set to narrow with
an increase in ES, resulting in a decrease in
the angle of the gradient field. With respect
to the PIF, Lyeak increased with an increase in
the PIF. The intensity of the blip applied in
the phase direction increased because of the
wide interval of the collected data, resulting
in an increase in the angle of gradient field.
Regarding the SEG, Lpeak decreased with
an increase in SEG. The BW automatically
narrowed with an increase in SEG, resulting in
a decrease in the angle of the gradient field.
However, the scan time increased threefold
with an increase in SEG (from a SEG of 3
to a SEG of 11); thus, parameter settings
with an increase in SEG should be avoided.
Concerning the PpF, Lpeak did not change
with increasing PpF. The BW and TE did not
change with increasing PpF. With respect
to the TR, Lpeak decreased slightly with an
increase in TR. It was assumed that the BW
and TE did not change, but acoustic sound
was slightly lower in the longer TR than in
shorter TR because the interval between
acoustic sounds was wide and less affected
by reverberation. Regarding the MS, Lpeak
increased slightly with an increase in MS. The
BW automatically narrowed and TE increased.
Generally, with a narrow in BW, resulting in
a decrease in the angle of the gradient field

and the acoustic noise is small. However,

with a 3T MRI scanner

because the amplitude of the gradient
increased simultaneously, Lpeax was assumed
to be increase. Concerning the ST, Lpe did
not change with the thickness of ST. The BW
and TE did not change with the thickness of
ST. With respect to the FOV, Lpeak decreased
slightly with an increase in the FOV. With an
increase in FOV, the BW was automatically
set to narrow, resulting in a decrease in the
angle of the gradient field. We calculated
the sound pressure level difference between
the maximum and minimum values of Lpeak
with various parameters using Eq.(2). The
maximum value of Lpeak was 5.1 times higher
than the minimum value in ES, 1.1 times
higher for FOV, 1.7 times higher for SEG, and
1.2 times higher for PIF. This suggests that
an increase in ES is the most effective way to
decrease acoustic noise. Individual differences
in hearing are common. A decrease in
acoustic noise is considered important to
prevent hearing impairment. Furthermore,
time waveform analysis of acoustic noise
showed that an increase in ES, FOV and SEG,
and a decrease in PIF and MS, are effective for
decreasing the acoustic noise. Therefore, the
effective parameters for decreasing acoustic
noise are ES, PIF, SEG, TR, MS, and FOV.
However, in routine clinical examinations,
an increase in SEG prolongs scan time and
increased the possibility of artifacts caused by
body motion. Therefore, a parameter setting
with an SEG of 9 or higher is not appropriate.
With an increase in TR, the scan time
increases and the image contrast changes,
while with an increase in MS, ST, and FOV,
the spatial resolution changes, so they are not
appropriate parameters. Therefore, an increase
in ES and SEG and a decrease in PIF are
effective for decreasing acoustic noise. ES, PIF,
and MS are common parameters employed
for decreasing image distortion and acoustic
noise. However, an increase in ES decreases
acoustic noise and increases image distortion,

whereas a decrease in PIF and MS decreases
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acoustic noise and increases image distortion.
Therefore, there is a trade-off relationship
in the parameter setting, and further study
is required. In the future, to determine the
optimal scan parameter setting for decreasing
image distortion and acoustic noise, we plan
to evaluate the head MRI images of healthy

volunteers.

Conclusion

In gRESOLVE, a decrease in image distortion
was achieved with a decrease in ES and FOV,
a thin slice thickness, and an increase in PIF
and MS (p<0.017). Furthermore, a decrease in
acoustic noise was achieved with an increase
in ES, SEG, TR, and FOV and a decrease in
PIF and MS (p<0.017). However, in routine
clinical examinations, a decrease in ES and
an increase in PIF are effective for decreasing
image distortion, and with an increase in ES,
and an increase in SEG and a decrease in PIF

are effective for decreasing acoustic noise.
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