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The purpose of this study was to compare the difference in peak velocity (PV) and average flow (AF) values
between the shimming of the aortic arch (AA) and the left ventricle (LV) using the 2D phase contrast (PC) tech-
nique at 1.5 Tesla and 3.0 Tesla. The sino-tubular junction (S-T junction), the proximal AA, and the LV, an aor-
tic valve, were examined using a 2D PC technique at 1.5 Tesla and 3.0 Tesla. At 1.5 Tesla and 3.0 Tesla, 2D PC
technique was used to examine the proximal AA Sino-Tubular (S-T) junction and LV was examined at the aor-
tic valve area. shim was not used (no_Shim) in 1.5 Tesla and 3.0 Tesla to compare differences in heart blood
flow due to magnetic field strength. To assess the difference due to shimming, an auto_shim, target_shim was
used and an all_shimthat used auto and target shim simultaneously was used. The average value between 1.5
Tesla and 3.0 Tesla as a result of inspection was different when AA_AF was no_shim and all_shim. In LV_AF,
the difference in mean values was found in 1.5 Tesla and 3.0 Tesla when it was no_shim and all shim. Other
tests did not show any significant differences. Also, according to the shimming method in 1.5 Tesla, the mean
value difference occurred in AA_AF and the mean value difference in LV_AF in 3.0 Tesla. In conclusion, it is
necessary to improve uniformity of magnetic field through shimming for accurate blood flow evaluation in 1.5
Tesla and 3.0 Tesla. Therefore, this study is expected to be used as a basis for improving the uniformity of mag-
netic field.
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1. Introduction

According to the statistics on the cause of death in
Korea, heart and cerebrovascular diseases are the three
major causes of death [1]. Cardiovascular disease is the
most common complication in elderly patients, and is the
leading cause of death after surgery, and postoperative
complications can occur [2]. Therefore, functional evalu-
ation of cardiovascular system before and after surgery is
very important. However, since cardiovascular diseases
are widely distributed in the human body and are often
asymptomatic until symptoms are manifested, it is
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difficult to diagnose and early diagnose the disease [3]. In
particular, an increase in cardiac blood flow may lead to
excessive cardiac movement, which may be a risk factor
for atrial fibrillation and cardiovascular disease [4, 5].
Therefore, quantitative evaluation of cardiac blood flow is
very important for cardiovascular disease and patients
before and after surgery. Doppler studies using echo-
cardiography have been used to measure cardiac per-
fusion. Echocardiography can be used to measure cardiac
perfusion and to observe blood flow velocity and anato-
mical defects. However, it is dependent on the operator
and may cause aliasing due to Doppler shift, which is
disadvantageous to the gradient of the probe [6, 7]. On
the other hand, MRI can measure quantitative flow using
phase shift. The phase contrast technique uses a phase
shift phenomenon that occurs when a spin experiences an
oblique magnetic field. When a bipolar gradient is
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applied, a fixed spin and a moving spin have different
phase shifts. The phase contrast technique has already
been validated for the accuracy of flow quantification in
several studies [8]. In addition, studies on quantification
of blood flow of carotid artery for cerebrovascular disease
and blood flow quantification of cardiovascular using
phase contrast technique are being studied [9, 10].
Quantitative evaluation of cardiovascular disease using
phase contrast technique can be done simultaneously with
cardiac function test because it can be done simultane-
ously with cardiac MRI. In this case, there is an advant-
age of confirming the status of the cardiovascular state of
the patient even if the quantitative evaluation of the
cardiac blood flow using ultrasound is not additionally
performed. In recent years, cardiac MRI has been widely
used in 3.0 Tesla due to improved device. Hinton [11] et
al. reported that qualitative and quantitative improvement
of bright blood and dark blood images during functional
cardiac MRI was 3.0 Tesla compared to 1.5 Tesla. In
other words, cardiac MRI can be tested in both 1.5 Tesla
and 3.0 Tesla devices. Therefore, phase contrast test,
which is a quantitative evaluation of cardiac blood flow,
requires comparison between 1.5 Tesla and 3.0 Tesla.
Therefore, in this study, we propose a method to identify
the difference of quantitative evaluation of cardiac blood
flow according to the magnetic field strength and to
reduce the error according to the equipment.

2. Subjects and Methods

The blood flow of the cardiac aorta was measured by
phase contrast MRI in 15 healthy volunteers. All genders
were male and the mean age was 35.4 + 4.10. The whole
body MRI system (SignaHDxt, GE, USA) was used for
both 1.5 Tesla and 3.0 Tesla. The surface coil was an 8
channel cardiac array coil. 2D phase contrast MRI imag-
ing uses a phase shift phenomenon that occurs when a
spin experiences a magnetic field. When a bipolar gradient
is applied, the fixed spin and the moving spin have
different phase shifts. In this case, phase image with
velocity information of blood flow can be obtained by
subtracting the velocity encoding image without flow
compensation and the reference image using the flow
compensation technique [12]. McRobbie [13] et al. de-
fined the basic physics of phase contrast MRI as follows.

@, = yB, (1)

The phase of the spin is the integral of the time of the
resonance frequency.

O = [ wdt )
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The difference in phase of the spin in the gradient
magnetic field G, is as follows.

® =y [(By+ G.x)dt 3)

The phase shift in the x direction in the moving spin
with fixed velocity v is as follows.

® =y [(By+ G(x +vi))dt )

Therefore, considering the single slope pulse of am-
plitude G and duration 7, the phase difference will occur
due to the following speed.

T
® =y ['Gve-di - Bvaﬁ] - %vaT2 )
0

The phase difference of spin in Eq. (5) varies with
magnetic rotation rate (), blood flow velocity (v),
gradient magnetic field strength (G) pulse duration (7) and
pulse interval (7). The phase shift of a spin in a constant
magnetic field follows the formula:

D=y -G-vt-T (6)

Here, other influencing factors except for the magnetic
field intensity (G) can’t be artificially changed. y is the
magnetic rotation rate of the proton, and v, # and T are the
blood flow rate and the duration and interval of the RF
pulse, respectively. The protons that make up the nucleus
have nuclear spins. The spin is the same as the electron
and has a magnitude of angular momentum of = . This
nucleus spin can be expressed as the sum of the ‘angular
momentum due to the inherent spin and orbital motion of
the nucleus constituting the nucleus, and the self-rotation
ratio is represented by this spin. In other words, the
magnetic rotation ratio (), which tries to rotate when the
spin is placed in the magnet field, is a constant of 2.68 x
10° rad s™' T7'. It can be expressed as 42.58 MHz/T when
it is transformed into a linear frequency. v is the velocity
of the blood flow in the blood vessel of the human body, #
and T are the duration and interval of the RF pulse. This
is an important factor that determines RF power and
duration. The duration (¢) and the interval (T) of the RF
pulse are also excluded from the factors that cause the
phase shift during image acquisition if the sequence type
is determined. Therefore, other influence factors other
than the intensity (G) of the oblique magnetic field among
the factors involved in the phase shift cannot be artificially
changed. Therefore, it is the intensity of the gradient
magnetic field that influences the quantitative evaluation
of blood flow during phase contrast MRI. However
Lorenz [14] et al. reported that phase errors may occur
due to eddy currents and local gradient field nonlinearities.
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Fig. 1. (Color online) Measurement of ascending aorta (AA)
at sino-tubular junction (a) Measured at the bottom of the aor-
tic valve — labeled as left Ventricle (LV) (b).

Especially, the susceptibility difference between lung
parenchyma and surrounding air is 9 ppm, which affects
the collapse of T2 [15]. In addition, due to the charac-
teristics of cardiac MRI using electro-cardiac gating
(ECGQG), magneto-hydrodynamic MHD) effects and mag-
netic field interference occur [16]. Since this is all the
cause of signal loss, it is necessary to plan the experiment
considering the correction of these.

In this study, the parameters of the 2D phase contrast
MRI were TR/TE 12.4/4.8 ms and the flip angle was 20°.
The slice thickness/spacing was set to 5.0/0.0 mm, the
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field of view was 400 x 400 mm, matrix 256 x 128, NEX
1, and the bandwidth was set to 15.63 kHz. The pulse
sequence is fast 2D phase contrast and the image option is
flow compensation and sequential. The blood flow
measurement position that the aortic arch (AA) was the
sino-tubular junction and the left ventricle (LV) was the
lower part of the aortic valve (Fig. 1). To compare the
differences in cardiac blood flow due to the exact
magnetic field strength, both 1.5 Tesla and 3.0 Tesla were
tested without shimming (no_shim). In addition, auto
shimming (auto_shim), target shimming (target shim)
and all shimming (all_shim) were performed to evaluate
the difference in cardiac blood flow due to shimming
(Fig. 2). The magnitude and velocity encoding images of
the obtained 2D phase contrast MRI were quantitatively
analyzed (Fig. 3). Electro-cardiac graphy (ECG) was used
to evaluate the presence of arrhythmia and blood pressure
was measured during phase contrast MRI to maintain the
same heart rate in a stable state. To assess the presence or
absence of valve disease, cine MRI was performed. The
left ventricular outflow track (LVOT) and LVOT coronal
images were used to evaluate the regurgitation of the
aortic valve and the stenosis of the aortic valve. The

Fig. 2. (Color online) Examination with auto shimming (a) examination with local shimming (b) examination with auto shimming

and local shimming (c).

milim*2

Fig. 3. (Color online) After plotting region of interest on magnitude and phase velocity images, flow rate is analyzed.
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Fig. 4. Cine MRI imaging to evaluate the presence or absence of valve disease. LVOT (a) and LVOT-coronal (b) images were used
to evaluate the regurgitation of aortic vasculature and the stenosis of aortic valves. Evaluation for regurgitation of mitral valve and
stenosis of mitral valve via short axis (c) and 4 chamber view images.

Fig. 5. In the 3.0 Tesla Magnetic field, before the correction of
the inhomogeneous magnetic field (a) after the correction (b).

regurgitation of the mitral valve and the stenosis of the
mitral valve were evaluated using short axis and 4
chamber view images. It was confirmed that there was no
valve disease that could affect the cardiac blood flow
evaluation (Fig. 4).

Other variables that may influence the cardiac blood
flow due to magnetic field strength were identified. First,
eddy current was measured and calibrated in MRI 1.5
Tesla and 3.0 Tesla. In addition, the gradient field
nonlinearities were confirmed, and both 1.5 Tesla and 3.0

Tesla were in the normal range (Fig. 5).

Data were analyzed by means of SPSS (18.0, IBM,
USA) independent t-test. The mean values of peak
velocity and average flow of 1.5 Tesla and 3.0 Tesla were
compared according to the shimming method. Also
compared the mean peak velocity and average flow for
no_shim, auto shim, target shim, and all shim of 1.5
Tesla and 3.0 Tesla using the ANOVA test. At this time, it
was judged statistically significant when p value was less
than 0.05.

3. Results

The Table 1 shows the results of the difference between
the average values of peak velocity and average flow of
1.5 Tesla and 3. OTesla of aortic arch and left ventricle.
The actual image is shown in Fig. 6. In the no_shim
method, the peak velocities in aortic arch and left
ventricle were not different between 1.5 Tesla and 3.0
Tesla (p > 0.05). However, the average flow in aortic arch
and left ventricle differed from 1.5 Tesla and 3.0 Tesla (p

Table 1. Average of peak velocity and average flow in aortic arch and left ventricle of 1.5 Tesla and 3.0 Tesla.

ER
o+

Shim AA PV P pt AA_AF P P LV PV P p* LV_AF P p*
No 1.5T  99.0+129 96.7+ 14.1 89.5+ 16.0 76.1+£89
No 3.0T 96.7+14.1 S22 goqr  S04=124 000 ojpr S37E136 139 oggr 038466 000 078"
Auto_1.5T 982120 o ’ 863178 oo ‘ 897+139 ’ 69.9£135 o ’
Auto 30T 984+183 84.8+11.1 83.0+14.1 67.8+89
Target 1.5T 98.9+14.9 95.5+13.3 90.7+16.2 70.5+13.2
- . . 24 22
Target 3.0T 95.5+13.3 353 sagt gigx134 00 se1t 86.0+ 14.9 3 040* 66.8+10.2 3 0ag!
All 1.5T  98.9+10.9 64 : 84.9+20.9 209 : 89.5+14.9 186 : 75.0+8.5 034 :
All 3.0T  955+122 832+122 85.0+11.1 -~ 70.1+£89 -

Note) p is 1.5 Tesla and 3.0 Tesla independent t-test, p*is the average comparison between 1.5 Tesla and 3.0 Tesla shim method ANOVA test, *The
sign after the probability of significance is the significance probability for the mean of each variable according to the shim method change (no_shim,
auto_shim, target shim, all_shim) at 1.5 Tesla, *The sign is the significance probability for the mean of each variable according to the change of

shim method (no_shim, auto_shim, target shim, all shim) in 3.0 Tesla
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Fig. 6. (Color online) Quantitative analysis of 2 dimensional
phase contrast image. Phase image (a) and Magnitude image
(b) of aortic arch and phase image (c) and Magnitude image
(d) of left ventricle.

< 0.05). In the auto shim method, peak velocity and
average flow in aortic arch and left ventricle were not
different from mean values (p > 0.05). The peak velocity
in the aortic arch and left ventricle in the target shim
method was not different between 1.5 Tesla and 3.0 Tesla,
and there was no difference in average value in the left
ventricle average flow (p > 0.05). However, in aortic arch,
average flow was higher than that of 81.8 £ 13.4 of 3.0
Tesla with 95.5 + 13.3 of 1.5 Tesla (p < 0.05). In all_shim
method, peak velocity of aortic arch and left ventricle
were not different from each other, and average flow of
aortic arch was not different between 1.5 Tesla and 3.0
Tesla (p > 0.05). However, the average flow in the left
ventricle was 1.5 Tesla 75.0 = 8.5, which was higher than
70.1 + 8.9 of 3.0 Tesla (p <0.05).

According to the shim method, there was no difference
in mean value between 1.5 Tesla according to peak
velocity in aortic arch and left ventricle, and there was no
difference in average value in average flow of left ventricle
(p > 0.05). However, there was a difference in average
value in the average flow of aortic arch. The no shim
method showed a highest mean value of 96.7 + 14.1, and
the lowest value of all_shim method was 84.9 + 20.9 (p <
0.05). According to shim method, 3.0 Tesla showed no
difference in peak velocity between aortic arch and left
ventricle, and there was no difference in average flow in
aortic arch average flow (p > 0.05). However, the average
flow was different in left ventricle. The all shim method
showed a highest mean value of 70.1 + 8.9, and the lowest
value of no_shim method was 63.8 + 6.6 (p < 0.05).
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4. Discussion

Ultrasonographic evaluation of cardiac blood flow is
widely used as a standard test, but there is a large
difference in the skill of the practitioner and low repro-
ducibility. 2D phase contrast MRI, on the other hand,
provides morphological information for visualization of
lesions such as valvular disease, which have a high
reproducibility in the evaluation of cardiac blood flow
and also affect blood flow changes. However, in the
evaluation of cardiac blood flow measurement that may
occur as the magnetic field increases. Therefore, in this
study, we tried to analyze how the changes of magnetic
field strength affect the quantitative measurement of
cardiac blood flow.

In this study, we obtained some characteristic results.
First, the heart blood flow measurements without using
shimming in 1.5 Tesla and 3.0 Tesla showed no difference
in peak velocity between aortic arch and left ventricle, but
showed difference in average flow. Hani [17] et al
reported a peak velocity range of 72 to 120 cm/s in the
aorta. In this study, the peak velocity of the aortic arch
was 99.0 £12.9 at 1.5 Tesla and 96.7 + 14.1 at 3.0 Tesla.
Therefore, both tests were within the normal range of the
values presented in the previously study, which means
that the results of this study were not wrong. In this study,
the mean difference of average flow measured at 3.0
Tesla and 1.5 Tesla aortic arch was 13.3 = 1.7, which was
1.5 Tesla higher. And the mean difference in left ventricle
was 2.3 £2.3, which was 1.5 Tesla higher. S. Muzzarelli
[18] et al. reported that blood flow measurement may be
inaccurate due to location of phase-offset error due to
complicated flow phenomenon because aortic arch is
ejected from left ventricular blood. Therefore, in this
study, it is considered that the average flow difference
occurred between 1.5 Tesla and 3.0 Tesla.

Secondly, the differences according to the sim method
in 1.5 Tesla differ only in the average flow of aortic arch
in no_shim, auto shim, target shim, and all shim. The
anatomical characteristics of the aortic arch seem to be
magnetic susceptibility to magnetic field inhomogeneity
in the surrounding lung [19]. Xiang [20] ef al. reported
that phase contrast depends on the structure of cellular
and subcellular levels, and that the tissue structure has
proteins, non-heme iron, lipid and deoxyhemoglobin that
affect the susceptibility. Therefore, it is necessary to
understand the characteristics of anatomy composed of
various factors that cause magnetic inhomogeneity such
as air, protein and lipid of lung, and to use the shimming
which can increase homogeneity of magnetic field. In
particular, the 3.0 Tesla showed a maximum difference of
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6.3 + 2.3 in the mean value of average flow when shimm-
ing was used and when it was no_shim method. There-
fore, shimming is necessary for quantitative evaluation of
blood flow in 3.0 Tesla.

5. Conclusion

In this study, we provide to identify the difference of
quantitative evaluation of cardiac blood flow according to
the magnetic field strength and to suggest a method to
reduce the error according to the equipment. In addition,
it was confirmed that quantitative measurement of cardiac
blood flow was possible even in the high field test of 1.5
Tesla and 3.0 Tesla. However, it was confirmed that
improvement of magnetic field inhomogeneity is required
when using 1.5 Tesla and 3.0 Tesla phase contrast
techniques. As a result, we confirmed the necessity of the
shimming technique which is a method to enable the
homogeneity of the magnetic field. Therefore, it is
necessary to study the quantitative data of the phantom
that can be used to evaluate the actual velocity of the
peak velocity and average flow of the cardiac blood flow
through MRI. This study is expected to provide basic data
in the future.
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