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Fundamental study for application of
3D phase-sensitive inversion recovery
sequence to multiple sclerosis
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[Abstract]

This study clarified the relationship between imaging parameters and contrast during application of the 3D phase-
sensitive inversion recovery (PSIR) method for detection of multiple sclerosis. In this phantom study, we investigated the
effects of the turbo field echo (TFE) factor, shot interval, and inversion time (TI) on contrast. A TFE factor of 30 and shot
interval of 1000 ms were employed. In the in vivo study, visual evaluations were performed to assess the brain tissue
contrast when TI variations were noted.This in vivo study enrolled 10 healthy volunteers. 3D-PSIR images were acquired
with six different inversion times (300, 400, 500, 600, 700, and 800 ms).A longer inversion time for 3D-PSIR increased the
contrast of the brain tissue.To apply 3D-PSIR to multiple sclerosis lesions, a TI of 700 ms is suitable when the TFE factor
is 30 and the shot interval is 1000 ms.
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(WM), gray matter (GM), and cerebrospinal

1 Introduction fluid (CSF) and higher SNR >V,

Double inversion recovery (DIR) has been
widely used to detect cortical lesions in
patients diagnosed with multiple sclerosis
(MS)"™. However, DIR has been reported to
have a low signal-to-noise ratio (SNR) and
sensitivity for cortical lesions ”. Phase-sensitive
inversion recovery (PSIR) is a Ti-weighted
sequence that uses the inversion recovery (IR)
method, which has been reported to improve
the detection of cortical lesions in patients with
MS, compared to that of DIR, because of its
excellent contrast between the white matter

B, WA Y, R, s e,
il BT

1) R R R B R~ 7EF

2) JRREPRBIREENRE BB R
Received July 31, 2022; accepted January 3, 2023

20 (580) & HAZHBEGMBM&EE 2023, vol.70 no.848

In a previous study, PSIR was obtained by
reconstructing real images acquired using a
2D-IR turbo spin-echo (TSE) sequence ™",
In the present study, we investigated the
contrast of 3D-PSIR based on a gradient echo
sequence, in which two signals were acquired
and phase correction was performed. Since
3D-PSIR can prevent IR-induced signal polarity
reversal by phase correction, it is a well-known
imaging sequence that enables visualization
of the injured myocardium regardless of
the inversion time (TD to nullify the signal
intensity of the normal myocardium in late
gadolinium-enhanced cardiac imaging '*.
However, because PSIR uses the IR method,
the contrast is expected to change depending

7, 13) In

on the timing of signal acquisition
a previous study, a TI of approximately

400 ms was used in 2D-PSIR 'V; however,



because the repetition time (TR) and echo
time (TE) are different in each report, the
contrast is expected to differ with the same TI.
Furthermore, the optimal TI may differ when
using 3D-PSIR, and the turbo field echo (TFE)
factor and shot interval are also expected to
affect the contrast.

The purpose of this study was to clarify the
relationship between imaging parameters and
contrast when applying the 3D-PSIR method
for detection of MS.

2 Materials and Methods

2.1 Theory

Magnetic resonance imaging (MRI) scans
were acquired using a 3.0-T MRI system with
a 32-channel phased-array head coil (Ingenia;
Philips Healthcare, Best, Netherlands). In
the PSIR of this study, after the nonselective
inversion pulse, signal acquisition was
performed with a fast gradient echo after each
of the two TIs. The first TI (first acquisition)
acquired the magnitude-T: contrast image,
and the second TI (second acquisition)
acquired the reference image. Since the T:
contrast image has an inverted signal polarity
depending on the TI setting, the following
procedure was used to calculate the PSIR
image with preserved signal polarity: A Bl
field correction map was created from the
phase information obtained in the second
acquisition, and phase correction was
performed on the signals obtained in the
first and second acquisitions. The phase-
corrected signal was divided into real and
imaginary parts using quadrature phase-
sensitive detection, and the real and imaginary
images were calculated using a complex
Fourier transform. Subsequently, a magnitude
image was calculated from the first acquisition
and a phase image was calculated from the
second acquisition. The magnitude image was
multiplied by the phase image to reconstruct
the real image and obtain the PSIR image. The
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Fig.1 Overview of PSIR sequence

After Tl from the inversion pulse, the Ti contrast image
was acquired by a fast gradient echo. After a certain time,
a fast gradient echo was used to acquire a reference
image. The PSIR was reconstructed from the two images,
and the timing of the two image acquisitions was adjusted
by the shot interval.

timing of the two acquisitions can be adjusted
using shot intervals. Figure 1 presents an

overview of the sequence.

2.2 Phantom study

To evaluate the image quality, we diluted
manganese chloride tetrahydrate (MCT) and
agar with saline to create phantoms for the
WM model (MCT 16 w/v%, agar 0.2 w/v%),
GM model (8 w/v%, agar 0.3 w/v%), and CSF
model (saline). The three phantoms were
stored in a polypropylene case, which was
filled with agar diluted with saline (0.1 w/v%).
Figure 2 shows an overview of the phantom.
T: and T: values of these materials are listed
in Table 1. Image quality was evaluated by the
contrast-to-noise ratio (CNR) using a region
of interest (ROD for each phantom (Fig.3).
The signal intensity was measured on the
console and the CNR was calculated using the
following formula:

CNR= | SL-SI | /SDgc, (1)

where SI, and SIy are the mean signal intensities
in phantoms a and b, respectively; SDsc is
the standard deviation of the background
signal intensity. The background ROI was
elliptical and large to reduce variation
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Table 1 T1 and T2 values of materials

T+ relaxation time T2 relaxation time

Material (ms) (ms)
WM model 824.0 67.6
GM model 1329.0 1141
CSF model 2906.2 2047.0

Fig.2 Overview of the phantom

Fig.3 Example of region of interest setting

with measurement location. Preliminary
experiments confirmed that the phantom
created in this study provided a contrast similar
to that of the in vivo phantom. Although it is
desirable to create a phantom that simulates
an MS lesion, the relaxation time of the lesion
has not been clarified; therefore, it was difficult
to create a phantom. In previous studies,
MS lesions were more hypointense than GM
lesions on 2D-PSIR " and were expected to
have a signal intensity between those of GM
and CSF.

3D-PSIR was performed using a 3D TFE
sequence. 3D-PSIR images with three different
TFE factors (20, 30, and 40), four different
shot intervals (800, 1000, 1200, and 1400 ms),
and nine different TIs (160, 200, 300, 400, 500,
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600, 700, 800, and 840 ms) were acquired
to investigate the CNR. Other parameters
were as follows: field of view, 250 mm; slice
orientation, coronal; pixel size, 0.98 x 0.96
mm; slice thickness, 4 mm; number of slices, 6;
number of excitations, 1; sensitivity encoding
factor, 1; profile order, linear; TR, 10 ms;
TE, 4.6 ms; flip angle (FA), 20°; PSIR FA, 5°;
bandwidth (BW), 540 Hz/pixel; and scan time,
29 s—1 min 38 s.

2.2.1 Investigation of TFE factor

The shot interval and TT were fixed at 1000
ms and 600 ms, respectively, and the TFE
factor varied between 20, 30, and 40. We
measured the CNR between the WM model
and GM models (WMn-GMnm), WM model and
CSF models (WMmn-CSFm), and GM model and
CSF models (GMn-CSFm) and evaluated the
change in CNR with changes in the TFE factor.

2.2.2 Investigation of shot interval

The TFE factor and TI were fixed at 30 and
600 ms, respectively, and the shot interval
varied between 800, 1000, 1200, and 1400 ms.
We measured the CNR between WMu-GMum,
WMu-CSFm, and GMn-CSFn and evaluated the
change in CNR with the changes in the shot

interval.

2.2.3 Investigation of Tl

The TFE factor and shot interval were
fixed at 30 and 1000 ms, respectively, and TI
varied between 160, 200, 300, 400, 500, 600,
700, 800, and 840 ms. We measured the CNR
between WMmn-GMm, WMn-CSFm, and GMu-
CSFu and evaluated the change in CNR with
the changes in TI. We evaluated the changes
in the mean signal intensities of each phantom
associated with TI change.

2.3 In vivo study

Ten healthy volunteers (five males and
five females; age range, 23-57 years; median
[interquartile range] age, 39.5 [12.5] years) were
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enrolled in this study. The Institutional Review
Board of Hyogo Medical University approved
this study, and informed consent was obtained
from all participants in accordance with the
Declaration of Helsinki (approval number
202104-52D).

3D-PSIR was performed using a 3D TFE
sequence. 3D-PSIR images with six different
TIs (300, 400, 500, 600, 700, and 800 ms)
were acquired to investigate the brain tissue
contrast. Other parameters were as follows:
field of view, 230 mm; slice orientation,
transverse; pixel size, 0.85 X 0.85 mmy; slice
thickness, 3 mm; number of slices, 35; number
of excitations, 1; sensitivity encoding factor,
2; profile order, linear; TFE factor, 30; shot
interval, 1000 ms; TR, 10 ms; TE, 4.6 ms;
FA, 20°; PSIR FA, 5°; BW, 540 Hz/pixel; and
scan time, 2 min 17 s. The imaging slab was
parallel to the anterior commissure-posterior
commissure line, and the center of the imaging

slab was set at the level of the insular cortex.

2.3.1 Visual evaluation
Five radiologists (10—
26 years of reading
experience) performed
the visual evaluation using
the normalized ranking
method . WM-GM, WM-
CSF, and GM-CSF contrasts
at the insular cortex
level were evaluated.

The medical imaging

the background signal was not observed.

2.3.2 Statistical analysis

Kendall's coefficient of concordance (W) was
calculated from the ranked results obtained
from the visual evaluation. W ranges from 0
to 1, where 0 indicates no agreement among
raters and 1 indicates complete agreement.
The ranked results were normalized, and a
one-way analysis of variance was performed
on the means of the normalized scores. The
modified least significant difference (MLSD)
of the Fisher—Hayter procedure was used to
determine significant differences among the
ranks .

Statistical analysis was performed using the
JMP Pro ver.15.2.0 software (SAS Institute,
Cary, NC, USA). Statistical significance was set
at p <0.05.

3 Results

3.1 Phantom study
Figures 4 and 5a show MR images and

Fig.4 MR images for different TFE factor

(@) TFE factor=20. (b) TFE factor=30. (c) TFE factor=40.

display monitor was set

to a six-split display, and @
the six TI images were i
randomly placed for | _~|
each evaluation item and -~

for each volunteer, and w0

ranked accordingly. Since 0
3D-PSIR has a different

TFE factor
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background signal, the
image was magnified to
the furthest extent, so that

Fig.5 Relationship between CNR of the phantom and each parameter
(@) CNR of WMm-CSFm, WMmn-GMm, and GMn-CSFn for different TFE factors.

(b) CNR of WMm-CSFm, WMmn-GMnm, and GMn-CSFn for different shot intervals.
(C) CNR of WMm-CSFm, WMm-GMm, and GMn-CSFn for different Tls.
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CNR results for the different TFE factors. The
CNR decreased as the TFE factor increased.
When the TFE factor was 40, strong blurring
occurred. The CNR increased as the shot
interval and TI increased (Fig.5b and c). The
signal intensities of WM, GMm, and CSFn
increased as TI increased. The signal intensities
of each phantom increased as TI increased,
and the difference in the signal intensities of
each phantom became larger (Fig.6).

3.2 In vivo study

Figure 7 shows MR images of
a volunteer. The tissue contrast
varied for each TI. The signal
intensities of WM, GM, and
CSF increased as TI increased.

The rank order of the visual
evaluation of the WM-GM
contrast was 600 > 700 > 500
> 800 > 400 > 300 (Table 2).
The differences in the normal
scores among these ranks were
0.323, 0.212, 0.350, 0.359, and
0.628, respectively, and there
were no significant differences
between 500 and 700 (W
= 0.55, p < 0.001, MLSD =
0.306). The rank order of the

Signal intensity

500

Tl (ms)

Fig.6 Relationship between signal intensity of the
phantom and each Tl

Fig.7 Example of a PSIR image with the Tl

varying from 300 ms to

\
Y

. ) 800 ms
visual evaluation for WM-CSF (a) TI=300 ms. (b) TI=400 ms. (¢) TI=500 ms. (d) TI=600 ms. () TI=700 ms.
contrast was 700 > 800 > 600 (f) TI=800 ms.

Table 2 Results of visual evaluation in WM-GM and significant differences in normal scores

between each rank using Fisher—Hayter procedure (MLSD = 0.306)

TI (ms)
Rank TI (ms) 600 700 500 800 400 300
1 600 0 0.323 * 0535 * 0.885 1245 * 18783 ~
2 700 0 0.212 n.s. 0.562 0921 * 1550 *
3 500 0 0.350 0709 * 1338 ~*
4 800 0 0359 * 0987 *
5 400 0 0.628 *
6 300 0

Significant difference: the difference between each rank is larger than that of the MLSD (a = 0.05)
and indicated with *. MLSD, modified least significant difference; n.s., not significant; Tl, inversion time
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Table 3 Results of visual evaluation in WM-CSF and significant differences in normal scores
between each rank using Fisher-Hayter procedure (MLSD = 0.168)

TI (ms)
Rank TI (ms) 700 800 600 500 400 300
1 700 0 0.057 ns. 0321 * 1008 * 1464 * 2094 ~
2 800 0 0264 * 0951 * 1407 * 2037 *
3 600 0 0687 * 1143 * 1773 *
4 500 0 0456 * 1086 *~
5 400 0 0.630 *
6 300 0

Significant difference: the difference between each rank is larger than that of the MLSD (a = 0.05)
and indicated with *. MLSD, modified least significant difference; n.s., not significant; Tl, inversion time

Table 4 Results of visual evaluation in GM-CSF and significant differences in normal scores
between each rank using Fisher—-Hayter procedure (MLSD = 0.183)

TI (ms)
Rank TI (ms) 700 800 600 500 400 300
1 700 0 0.148 ns. 0229 * 0977 * 1458 * 2071 ~
2 800 0 0.081 ns. 0829 * 1310 * 1928 ~
3 600 0 0.748 * 1228 * 1842 ~
4 500 0 0480 * 1.094 *
5 400 0 0.614 *
6 300 0

Significant difference: the difference between each rank is larger than that of the MLSD (a = 0.05)
and indicated with *. MLSD, modified least significant difference; n.s., not significant; Tl, inversion time

> 500 > 400 > 300 (Table 3). The differences
in the normal scores among these ranks
were 0.057, 0.264, 0.687, 0.456, and 0.630,
respectively, and there were no significant
differences between 700 and 800 (W = 0.89,
p < 0.001, MLSD = 0.168). The rank order of
visual evaluation for GM-CSF contrast was 700
> 800 > 600 > 500 > 400 > 300 (Table 4). The
differences in the normal scores among these
ranks were 0.148, 0.081, 0.748, 0.480, and
0.614, respectively. There were no significant
differences between 700 and 800 or 800 and
600 (W = 0.87, p < 0.001, MLSD = 0.183).

4 Discussion

We conducted a fundamental study of
imaging parameters for the application of
3D-PSIR in the detection of MS. The contrast
between GM and CSF was important because
MS lesions were expected to have a signal

intensity between those of GM and CSF 'V,
However, because MS lesions are located not
only at the WM but also at the GM, evaluation
of WM-GM and WM-CSF contrasts was
necessary. Our study clarified the relationship
between WM, GM, and CSF contrasts and
varying TFE factors, shot intervals, and TIs in
3D-PSIR.

The phantom study showed that the CNR
increased with a lower TFE factor, longer
shot interval, and longer TI. A high TFE factor
caused blurring and a decrease in CNR owing
to the large number of echoes to be recorded
and the inclusion of echoes with low signal
intensities. A longer shot interval and TI
accelerated the recovery of the longitudinal
magnetization; therefore, the CNR of each
phantom increased. The TFE factor and shot
interval significantly affected the scan time.
Since the phantom study showed that the CNR
of GMun-CSFm was maintained up to a TFE

s
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factor of 30 and that the shot interval did not
contribute significantly to CNR improvement, a
TFE factor of 30 and shot interval of 1000 ms
were employed. In the in vivo study, visual
evaluations were performed to assess the
contrast when TI variations were noted.

In the visual evaluation, considering the
results of the phantom study, the WM-CSF
and GM-CSF contrasts were expected to be
the highest among the images with a TI of
800 ms; however, this was not the case. As
TI increased, the signal intensity and contrast
of each tissue increased. Nevertheless, we
assumed that it was impossible to visually
distinguish the contrast above a specific value.
W values in the visual evaluation of WM-GM
(0.55) were lower than those of WM-CSF and
GM-CSF (0.89 and 0.87, respectively). Since
the CNR of WMu-GMn was almost constant
at a TI of 500-700 ms in the phantom study,
we assumed that the inter-rater variance was
increased in the visual evaluation of WM-GM.
Based on the changes in the signal intensities
of GMun and CSF. in the phantom study, a
longer TT is expected to improve the contrast
with the MS lesion. However, considering
the results of the phantom study and visual
evaluations, we assumed that a TI of 700 ms
was appropriate.

A TI of approximately 400 ms was used
in previous studies that utilized TSE > and
was different from the optimal TI noted in
this study, which utilized the gradient echo.
Gradient echo-based 3D-PSIR imaging has
been reported to improve the detection of
spinal cord lesions in patients with MS with
a TI of 350-400 ms '®'”. These reports also
differ from our results, but this is owing to
the differences in the target area. In the spinal
cord, CSF is distributed around the WM, and
the WM-CSF contrast is high, even with a
relatively short TI. Therefore, we assumed
that a TI of 350—400 ms is acceptable in the
spinal cord region. These studies also used a
TFE factor of 67-69, which was higher than
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our imaging parameters of 30. A high TFE
factor reduces the scan time but also causes a
decrease in contrast and blurring; therefore, it
must be considered carefully.

This study had some limitations. First, the
TI setting is limited to a TFE factor of 30 and
shot interval of 1000 ms. If other parameters
are changed, the TI setting must be modified
again. Secondly, a slice thickness of 3 mm
was used. In a 3D sequence, it is desirable
to use a slice thickness of approximately 1
mm. However, thicker slices were used to
reduce the effect of noise because we focused
on evaluating contrast. Third, the imaging
parameters obtained in this study have not
been evaluated in clinical use. Therefore, it is
necessary to apply the results of the present
study to the diagnosis of MS.

5 Conclusion

In 3D-PSIR, a smaller TFE factor, longer shot
interval, and longer TT improve tissue contrast.
To apply 3D-PSIR to MS lesions, a TI of 700 ms
is suitable when the TFE factor is 30 and the

shot interval is 1000 ms.
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