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ABSTRACT

Objective: Magnetic field (Bg) homogeneity is important for the performance of a magnetic resonance imaging (MRI) system.
Traditionally, Bo homogeneity was measured using the spectral peak or phase-mapping methods. However, these procedures
are not generally accessible to the MRI operator and are rarely performed routinely. This study proposes a novel method for
measuring Bo homogeneity that can be implemented in daily quality control (QC).

Methods: When a uniformly mixed water/oil phantom was imaged using a gradient recalled echo (GRE) pulse sequence, the
signal intensity dynamically changed with echo time (TE). From this, the resonant frequency was calculated with a simplex
curve-fitting algorithm on a pixel-by-pixel basis. The standard deviation of resonant frequency (SDvg) was used as the index of
B homogeneity. The appropriate TE pattern and feasibility of By homogeneity evaluation were examined.

Results: Over seven TEs (choosing nominal in-phase, out-phase, and the midpoints of both) were required to measure stable
SDvjg in a 1.5-T scanner. As Bo homogeneity worsened, the SDv became larger at the off-center position. Although a positive
correlation was observed with the width of the spectral peak obtained by the phase-difference method, the SDv value was about
5 x 10* times greater. Therefore, SDv can be used only as an index of Bg homogeneity. Similar results were obtained using a
0.3-T scanner. A vp map and SDvg can be obtained by acquiring several GRE images of a water/oil mixed phantom within a few
minutes.

Conclusions: In-out signal cycle mapping can be easily implemented for daily QC in all MRI scanners.
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1. INTRODUCTION resonance spectroscopy (MRS), this causes a broadening of

Magnetic field (Bp) homogeneity is an important perfor-
mance factor of a magnetic resonance imaging (MRI) system.
Insufficient By homogeneity results in geometrical distortion
or nonuniformity of signal intensity in MRL!"-?/ In magnetic

the spectral line width, which results in loss of resolution.[>4
The MRI quality control (QC) manual published by the Amer-
ican College of Radiology (ACR) describes four methods for
measuring By homogeneity: the spectral peak, bandwidth-
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difference, phase-map, and phase-difference methods.!”’
However, these procedures are not generally accessible to
the MRI system operator and are rarely performed routinely.
Conversely, the International Electrotechnical Commission
(IEC) standards only describe the measurement of the center
frequency and do not specify the measurement of By ho-
mogeneity.!®’ Although some protocols and phantoms have
been proposed for the QC of MRI, none correspond to By
homogeneity measurement.[’~'%1 Moreover, geometric dis-
tortion correction is commonly supplied with most modern
MRI systems, but these protocols and phantoms also do not
enable monitoring of By homogeneity.!'-?) Recently, some
MR scanners have been developed with the capability of
evaluating By homogeneity using the field map generated
for water/fat separation; however, this technique is also not
common.!"!! The present study proposes a novel method for
measuring By homogeneity that can be implemented in daily
QC. The proposed method acquires several images using a
simple imaging technique. The pulse sequence required is
implemented in all MRI systems.

2. METHODS

2.1 In-out signal cycle mapping
When a uniformly mixed water/oil phantom is imaged using
a gradient recalled echo (GRE) pulse sequence, the signal

acquire multiple TE images

\

relative signal

intensity changes dynamically with echo time (TE). This
phenomenon is caused by the repetitiveness of the phase
change of water and oil, so-called in-phase or out-phase. The
behavior of the signal change can be approximated by the
following equation:

S(TE) = {a-sin(w.-TE+b)+c}-exp(=TE/Ty) (1)

where S(TE) is the signal intensity at TE, w.. is the frequency
of signal change by the chemical shift in [rad/s], To* is the
Ty * value of the subject, and a, b, and ¢ are constants. For a
given value of w,, the resonant frequency v can be derived
as follows:

vo = (we/2m)(3.5 x 10°)[Hz] )

w,. can be derived from the signal change in multiple TE
GRE images by curve fitting. A vy map can be created by
converting w, pixel by pixel (see Figure 1). A histogram of
the pixel values of the 1y map is equivalent to the spectrum
of 'H. The B homogeneity can be evaluated from the full
width at half maximum (FWHM) of the spectrum. In this
study, the standard deviation of vy (SDvy) was used as the
index of By homogeneity instead of FWHM as the aim was
to develop a simple method acceptable for daily QC.

vy Map

S(TE) = {a - sin(w. - TE +b) + c}-exp(-TE/Ty)

curve fitting on pixel-by-pixel

6 7 8

9

10 11 12

0
TE [ms]
Figure 1. Conceptual diagram of creating a resonant frequency (1) map.

The resonant frequency can be derived from the periodic signal change of water/oil mixed phantom. This signal change occurs because

the signal vector of water and oil repeats in-phase and out-phase. vy is derived from conversion of in-out signal cycle (w.) in

pixel-by-pixel. TE: echo time.

2.2 Determination of the appropriate TE pattern

The total acquisition time must be shortened as much as pos-
sible if the procedure is to be implemented in daily QC. The
appropriate TE pattern for use in the curve fitting was evalu-
ated. Fifty eight images were acquired at TEs that increased
in increments of 0.2 ms from the minimum to maximum.
The SDy values were compared when the number of images

8

used in the curve fitting was reduced. The TE patterns com-
pared were as follows: (1) reducing the number of images
from the longest TE, (2) increasing the TE in equal increment
between the minimum and maximum, (3) choosing nominal
in-phase TE, out-phase TE, and the midpoints of both. MRI
was performed using a 1.5-T MR scanner (Exelart Vantage,
Toshiba Medical Systems, Tokyo, Japan) with a quadrature
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body coil. A 2D spoiled GRE pulse sequence was used (rep-
etition time [TR] = 100 ms, TE = 5.6-17.0 ms, flip angle
[FA] = 45°, number of averages = 1, field of view [FOV]
= 256 mm, slice thickness = 10 mm, matrix size = 128 x
128, number of slices = 11). A phantom was constructed of
an acrylic sphere of 20 cm diameter filled with mayonnaise
(Kewpie mayonnaise, Kewpie Corporation, Tokyo, Japan)
and placed at the center of the magnet. The manufacturer’s
shimming procedure was not applied. Images used in curve
fitting were transferred to a personal computer (Elite 8300;
Hewlett-Packard, Palo Alto, CA, USA). All analyses were
performed on a pixel-by-pixel basis by use of an in-house
macro language using ImageJ public domain software (Na-
tional Institutes of Health, USA). A simplex curve-fitting
algorithm is employed in the ImageJ macro function.?!

2.3 Comparison with the phase-difference method
To confirm the applicability for By homogeneity evaluation,
the results obtained by in-out signal cycle mapping were
compared with those obtained by the conventional phase-
difference method. In the phase-difference method, the phase
change (Ay) between the different TEs was converted to the
resonant frequency (1) pixel by pixel according to the fol-
lowing equation:

vo = (Ag/27)/0.0044 [Hz] 3)
TEs of 9.0 and 13.4 ms were chosen to place the water and
oil in phase, allowing separation of B and chemical shift. In
in-out signal cycle mapping, the appropriate TE combination
obtained from the previous experimental outcome was used.
The FWHM values of the histogram of pixel values in the v
map were compared between the two methods. The results
obtained when the phantom was positioned at the center and
when it was off center by 100 mm in the z-direction were
compared. The other imaging conditions and equipment
were the same as those for the previous experiment.

2.4 Adaptability to other equipment

To verify the adaptability of in-out signal cycle mapping to
any other equipment, similar experiments were conducted
using a permanent magnet scanner. First, 160 images were
acquired at TE increasing by increments of 0.2 ms from the
minimum to maximum. The SDv, values were compared
when the number of images used in the curve fitting was
reduced. The TE patterns compared were equivalent to those
used with the 1.5-T scanner. Then, the SDvy and vy maps
were compared with respect to the phantom position using
the appropriate TE combination. The phantom positions
were at the center of the magnet and off center by 80 mm
in the x-direction. A comparison with the phase-difference

Published by Sciedu Press

method was not conducted because the relevant raw data
could not be obtained with this scanner. MRI was performed
using a 0.3-T MR scanner (AIRIS Vento, Hitachi Medical
Corporation, Tokyo, Japan) with a quadrature head coil. A
2D spoiled GRE pulse sequence was used (TR/TE = 100/3.2
to 35 ms, FA = 60°, number of averages = 1, FOV =256 mm,
slice thickness = 10 mm, matrix size = 128 x 128).

3. RESULTS

3.1 Determination of the appropriate TE pattern

Figure 2 shows the SDyg value measured in the vy maps
by various TE patterns. Almost the same SDvg values were
obtained when using over 30 TEs with the 0.2 ms increment
pattern. Over 16 TEs were required when the even increment
pattern was used (i.e., increments less than 0.8 ms). Over 7
TEs were required when the nominal feature TEs were used.
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Figure 2. How the standard deviation of the resonant
frequency (SDvy) varies with the different TE patterns used
in the curve fitting.

The TE patterns were (1) 0.2 ms increment from the minimum TE,
(2) even spaced increment between the minimum and maximum, (3)
nominal in-phase TE, out-phase TE, and the midpoints of both. The
label for each bar gives the TE range or increment used. The
number of echoes is shown in parentheses. To obtain a stable
measurement value, over 30 TEs were required in case (1), over 16
TEs in case (2), and over 7 TEs in case (3).

3.2 Comparison with the phase-difference method

Figure 3 shows plots of pixel values for the vy map (*H spec-
trum) according to the different evaluation methods and for
different phantom positions. A comparison of the phantom
positions showed that the spectral peak became lower and
the line width became broader at the off-center position in
both methods. The spectral shape obtained by the phase-
difference method was asymmetrical. The FWHM values
of the spectra were 34.5 Hz (0.54 ppm) at the center of the
magnet and 46.6 Hz (0.73 ppm) at 100 mm off center. These
values were reasonable according to the specification. Con-
versely, the spectral shape obtained by in-out signal cycle
mapping showed a symmetric shape similar to a Lorentzian
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curve. However, the FWHM of the spectra was about 5 x method.
10* times greater than that obtained by the phase-difference

FWHM = 34.5 [Hz]

FWHM = 46.6 [Hz]

n @0
k- 2
o o
G ‘s
3 *
-500 -250 0 250 500 -500 -250 0 250 500
frequency [Hz] frequency [Hz]
(a) ()
FWHM = 1.99 [MHz] FWHM = 2.27 [MHz]
ﬁ SDvy, = 1.26 [MHz] 2 SDv, = 1.57 [MHz]
= E
k< G
* E3
-20 -10 0 10 20 20 -10 0 10 20
frequency [MHz] frequency [MHz]
() (d)

Figure 3. Plots of pixel values of the vy map (*H spectrum) using the two evaluation methods at two different phantom

positions.

(a) (b) The phase-difference method. (c) (d) In-out signal cycle mapping. (a) (c) At the center of the magnet, (b) (d) 100 mm off center in
the z-direction. The full width at half maximum (FWHM) values are indicated for each spectrum. The standard deviation values of the

resonant frequency (SDvg ) are also indicated on the results for in-out signal cycle mapping. In the comparison of the phantom position,

the spectral peak became lower and the line width became broader at the off-center position in both methods.
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Figure 4. How the standard deviation of the resonant
frequency (SDyy) varied with the TE patterns used in the
curve fitting using a 0.3-T scanner.

The TE patterns are equivalent to those in Figure 2. To obtain a

stable measurement value, over 60 TEs were required in case (1),
over 10 TEs in case (2), and over 5 TEs in case (3).

3.3 Adaptability to other equipment

Figure 4 shows how the SDv value measured in the vy maps

varied according to various TE patterns using a 0.3-T scanner.
Very similar SDv, values were obtained when using 60 or

more TEs with the 0.2 ms increment pattern. Over 10 TEs

were required when the even increment pattern used (i.e.,

10

increments less than 3.2 ms). Over 5 TEs were required
when the nominal feature TEs were used.

Figure 5 shows 1y maps obtained using a 0.3-T scanner when
the phantom was positioned at the center of magnet and off
center by 80 mm. Inhomogeneous By was observed in the v
map when the phantom was in the off-center position. SDv
was 0.22 MHz at the center of magnet and 0.29 MHz when
off center by 80 mm.

[MHz]

D “ 12-5
11.5
(b)

Figure 5. Resonant frequency (vg) maps using a 0.3-T
scanner with the phantom positioned at the center of the
magnet (a) and off center by 80 mm (b).

Inhomogeneous Bo was observed at the off-center position.

ISSN 1925-4008 E-ISSN 1925-4016



www.sciedupress.com/jbgc

Journal of Biomedical Graphics and Computing

2016, Vol. 6, No. 2

4. DISCUSSION

In the spectral peak method, the FWHM of the 'H spec-
trum is measured as an index of By homogeneity. However,
not all MRI scanners have the capability to acquire MRS,
especially those with lower magnetic fields. Even in high
magnetic field scanners, it is difficult to set the acquisition
volume arbitrarily. Therefore, the spectral peak method is
rarely available for routine testing of By homogeneity. More-
over, the Lorentzian absorption spectral peak is defined as
FWHM = ﬁ [Hz].'"3! Thus, Ty may influence the result
of Bp homogeneity. The phantom material must be chosen
carefully for the spectral peak method. Many manufacturers
seem to have adopted the phase-difference method to adjust
B, homogeneity.['*!71 However, the operators cannot real-
ize the condition of By homogeneity because the shimming
software runs automatically in most settings. Moreover, the
phase difference cannot be calculated because not all MRI
scanners have the capability to output the phase information
of every image for users. Another method to measure Bg
homogeneity has been designed for routine testing.!'3! This
method uses a pair of images acquired with different receive
bandwidths. Although this method does not require MRS
and phase calculation, it does require a specialized phantom
and software. The aim of the proposed novel method is to be
useable for everyday checking of By homogeneity.

The proposed method utilizes the fact that the signal intensity
of a uniformly mixed water/oil phantom changes periodically
with changing TE in GRE images. According to the sam-
pling theorem, it is only necessary to acquire two data points
per cycle if the behavior of the signal is a simple sine wave.
However, in this study, at least three data points are required
because the signal change includes To* decay. Although ac-
quiring more data points seems better considering the curve-
fitting precision, the number of images must be reduced as
much as possible to allow implementation of the procedure
in daily QC. Using the 1.5-T scanner, the measured SDv
becomes stable at less than 0.8 when using over 30 TEs in
the 0.2 ms increment pattern. This TE range corresponds
to approximately 1.5 cycles of in-out signal change. To re-
duce the number of images, the TE increment is increased;
therefore, to obtain equivalent measurements, the increment
should be 0.8 ms or less. Sixteen TEs can be acquired with
a TE increment of 0.8 ms (5.6-17.6 ms). This corresponds
to approximately 3 cycles or less of in-out signal change.
This TE pattern is an acceptable alternative to the 0.2 ms
increment pattern because it requires fewer images. When
the nominal in-phase TE, out-phase TE, and the midpoints
of both are chosen, very similar SDv values are measured
with fewer TEs. Stable SDvg values less than 0.8 are mea-
sured using over 7 TEs, corresponding to 5.6-12.2 ms or

Published by Sciedu Press

approximately 1.5 cycles of in-out signal change. Signal
intensities show a local maximum at the in-phase TE but a
local minimum at the out-phase TE. Apparently, TEs should
be chosen at the characteristic point of the in-out signal cycle
to achieve acceptable precision in the fewest number of TEs.
From these results, for an appropriate TE pattern, we choose
the nominal feature TEs covering 1.5 cycle of in-out signal
change. Seven TEs (5.6, 6.8, 7.8, 9.0, 10.0, 11.2, and 12.4
ms) are assumed to be appropriate for this MR equipment.

Traditionally, By homogeneity is defined as the FWHM
of a spectral peak. Although various methods have been
proposed to evaluate By homogeneity, the methods using
phase information are considered to be precise and sim-
ple.[5: 16191 Therefore, the results obtained by in-out signal
cycle mapping are compared with those obtained from the
phase-difference method. The FWHM of the spectrum ob-
tained by the phase-map method shows reasonable values
according to the specification. In fact, the shimming proce-
dure implemented in the scanner uses the phase-difference
method.""* Obtaining the phase images is allowed to a user
in the equipment used in this study. However, simple sub-
traction between the different TE images cannot eliminate
the phase wrap. The phase change caused in the TE incre-
ment is calculated by complex division from two sets of real
and imaginary data.[*”) Although there are other methods to
unwrap the phase, these phase calculations cannot be easily
performed by a MRI operator. As By homogeneity worsens,
the spectral peak becomes lower and the line width becomes
broader in both methods at the off-center position. This result
suggests the possibility that in-out signal cycle mapping can
be used for evaluating By homogeneity. In the comparison
between the two methods with respect to spectral shape, the
spectral shape obtained from the phase-difference method is
asymmetrical. The phantom container used in this study is
made by connecting a pair of acrylic hemispheres. Acrylic is
known to have lowest magnetic susceptibility effects, but the
phase seems to be affected by the negligible susceptibility
induced by the joint of the pieces.[> !/ Conversely, in-out
signal cycle mapping seems insensitive to these susceptibili-
ties, as this method uses the magnitude of signal vectors. In
addition, in-out signal cycle mapping uses multiple images.
In view of this, apparently, in-out signal cycle mapping has a
potentially high robustness. However, the FWHM obtained
by in-out signal cycle mapping is about 5 x 10* times greater
than that obtained by the phase-difference method. SDy can
reflect the Bg homogeneity but it cannot utilize as the true
variation of vy. An approved manner must be used to obtain
precise measurements.

In-out signal cycle mapping is ineffective as a tool for daily
QC if it cannot adapt to other MR equipment. From the
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results using the 0.3-T permanent magnet scanner, a stable
SDvyg can be measured with the minimum number of TEs by
choosing the nominal feature TEs, similar to the case with
the 1.5-T superconducting magnet scanner. The SDvg value
obtained by choosing nominal five feature TEs is 0.19, which
is equivalent to the result obtained using 60 TEs with the
0.2 ms increment pattern. These five TEs (3.2, 5.6, 11.2,
16.8, and 22.4 ms) are assumed to be appropriate for this
MR equipment and correspond to approximately one cycle
of in-out signal change. The equivalent measurement is ob-
tained with fewer TEs compared with the 1.5-T scanner. The
reasons could be as follows: a shorter TE could be used as
the minimum TE that resulted in higher signal intensity, and
To* decay is easily estimated because the period of the TE
range of the in-out signal cycle in the 0.3-T scanner is five
times that in the 1.5-T scanner. As By homogeneity worsens,
SDvy becomes larger for the off-center position in the 0.3-T
scanner as well. The measured SDy/y values are about one-
fifth of those with the 1.5-T scanner. This ratio corresponds
to that of the resonant frequencies. Therefore, SDi can
be utilized as an index of By inhomogeneity, similar to the
case with the 1.5-T scanner. Another advantage is that local
inhomogeneity can be visible because in-out signal cycle
mapping can output a vy map. For example, acquiring v
map only at the magnet center is acceptable as the daily QC.
Complete checkup should be done if a worse image like the
Figure 5b was acquired.

Abrupt changes in system quality may be detected during
routine clinical work. More gradual changes may require
regular QC testing for detection. Therefore, doing daily QC
is preferable to doing weekly or monthly. ACR recommends
doing check of By homogeneity annually.®! One of the rea-
sons of this long interval may be complicacy of the procedure.
The proposed method is beneficial in simplicity. It should
be noted that the phantom material must be chosen carefully
to obtain a suitable and a stable signal for QC. In this point,
there is no need to match the phantom material with the tissue
equivalent materials. The ACR phantom is filled with a solu-
tion of nickel chloride and sodium chloride."®' In this study,
the mayonnaise was used as a water/oil mixed material. The
composition of the mayonnaise is 70% of oil (80% of canola
oil and 20% of soybean oil) and 30% of water or others.?! It
is well known that oil has nine spectral peaks between 0.9 and
5.3 ppm in ém (chemical shift from tetramethylsilane).??!
This wide range of the chemical shift causes a variation in vg.
Although the phase-difference method can derive vy directly
according to equation (3),!'8 in-out signal cycle mapping
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includes potentially unstable factors. A wide variation in v
may be caused by imprecise curve fitting, unstable signal
intensities, the effect of the image noise, and so on. Im-
age noise, the variation in the signal intensity of each pixel,
causes variation in vy because the calculation is done pixel-
by-pixel basis. The Ty value of the mayonnaise used in this
study was about 30 ms. The longer T, value is preferable to
obtain a stable and a sufficient signal level. T;, To, and other
effective factors need to be controlled in conjunction with
the uniformly mixed water/oil phantom.**! By matching the
dielectric constant, the phantom can be used to measure the
uniformity and signal-to-noise ratio. The phantom material
must be improved for more precise measurement. Also, the
fitting algorithm must be improved. Effect of the fitting algo-
rithm to the result is not negligible.?*! These points seemed
to be the reason of the discrepancy in the results obtained
by the phase difference and the in-out cycle signal mapping.
However, precise measurement is beyond the scope of the
present study. The aim of the present study was to assess
the clinical utility of a new method for daily QC. Therefore,
public domain software was used for the data analysis to be
utilized by any MR operator. In this study, SDyy is used as
an index of By homogeneity. The SD of the pixel values
can be easily measured using the same software. SD1 can
be utilized just only as an index of By homogeneity, and it
differs from a true variation of v/.

Although further improvement is needed, in-out signal cycle
mapping has many merits for use in daily QC: it does not
need specialized equipment, the GRE pulse sequence is im-
plemented in all MRI systems, acquisition time is only about
2 min, and so on. Furthermore, this technique can be used to
compare performance between different MR scanners, even
those made by different manufacturers.

5. CONCLUSIONS

A 1y map can be obtained by acquiring several GRE im-
ages of a mixed water/oil phantom within a few minutes,
and SDvjg can be used as an index of By homogeneity. This
technique can be easily implemented in all MRI scanners
because it does not need a specialized process such as MRS
or phase calculation.
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