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Using Phase Difference Information to Detect Errors in the Flip
Angle Measured with Actual Flip Angle Imaging at 7T

Tsuyoshi Matsuda'’, Yuji Iwadate?, Futoshi Mori', Kota Takeda’,
and Makoto Sasaki'

Flip angle (FA) measurements using the actual flip angle imaging (AFI) method may induce significant
errors in ultrahigh fields. We aimed to develop a method for detecting errors in FA measurements using
phase information at 7 tesla. We performed computer simulations to elucidate the relationship between the
FA calculation errors and the phase difference between the two AFI source images. We then examined
whether a method based on the phase difference could detect FA calculation errors and determine the
prescribed nominal FA of the scanner for accurate measurements in phantoms and healthy volunteers. The
simulations confirmed that the calculated FA values erroneously decreased when the longitudinal magne-
tization and phase in one of the source images were inverted. Tests on phantoms and human subjects
demonstrated that the phase difference information between the source images with a cut-off of 90° could
readily detect FA calculation errors in the AFI method.
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Introduction

One of the issues in MRI at high magnetic fields is the non-
uniform signal intensity of the images owing to the heteroge-
neity of the RF excitation field (B1+), which depends on the
dielectric properties of the RF after penetrating the human
body.!"? B1+ heterogeneity can cause spatial non-uniformities
of the flip angles (FAs) that are proportional to the B1+ magni-
tude and result in subject-dependent nonlinear signal inhomo-
geneities. Thus, accurate B1+/FA mapping methods are needed,
particularly for quantitative techniques that require signal
intensity corrections®* and parallel RF transmission techniques
that require information regarding the B1+ distribution.>°
Various B1+/FA mapping methods have been proposed and
can be classified as magnitude-based” ® or phase-based.'®!!
In ultrahigh fields, the magnitude methods are considered
more applicable mainly because of the robustness to phase
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shift caused by respiration-induced B0 fluctuations, which can
generate substantial errors in phase-based methods.'?!3
Among the former, actual flip angle imaging (AFI), which
consists of source images with two types of TRs, can produce
relatively low specific absorption rate and can rapidly and
accurately measure the distribution of FAs in entire brain
areas, particularly when using the utmost nominal (prescribed)
FA values, that is, the values set at scanner.® However, in our
experience, the AFI method sometimes causes substantial
underestimations of FAs at 7 tesla (T), suggesting that an
appropriate setting of the nominal FA is crucial for accurate
FA mapping when using this method. Nevertheless, the setting
appears difficult at 7T because the FA distribution in the
images exhibits a significant variation mainly due to substan-
tial B1+ heterogeneity!? and there is no practical method to
detect the FA calculation errors in the AFI method.

In this study, we implemented computer simulations to
elucidate the relationships between FA calculation errors,
longitudinal magnetization (Mz), and phase information in
the AFI method. Furthermore, we attempted to establish a
method using the phase information to detect those errors
and optimize the nominal FA values used for human brains
at 7T.

Materials and Methods

Computer simulations
We simulated two types of AFI-Mz (Mz; and Mz,) and signals
(S; and S,) using the Bloch equation in MATLAB 9.0
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(MathWorks, Natick, MA, USA). The signals consisted of an
interleaved steady-state spoiled gradient echo (SPGR)
sequence'* with two different TRs (TR; « TR,)'® and true
FA values ranging between 1° and 180° (at 0.1° intervals) after
100 excitations with non-selective rectangular RF pulses of
1.0 ms. Transverse magnetization (Mxy) was eliminated by
linearly incrementing the phase of consecutive RF excitation
pulses with 117°.!4 The following simulation parameters were
used: TR, 7.1 ms; TR,, 100 ms; TE, 2.23 ms; longitudinal
relaxation time (T1)/transverse relaxation time (T2), 500/70,
1591/90, and 4425/2000 ms (for fat,!> brain tissue,'® and
water,!” respectively). Then, we calculated the FAs
from both the magnitude signals and the complex signals
using a simple approximation by Yarnykh® based on the
ratio of S; and S,, and the ratio of the TRs, as shown in
equation (1).

FA = arccos([r x n — 1]/[n —r]) (1)
r= S,/8,,n=TR,/TR,

Mz, Mz,, and the absolute values of the phase difference
between S; and S, were also calculated. Furthermore, by
comparing these values, we examined the relationships
between the Mz polarity, phase difference, and errors in the
FA calculation.

Phantom experiment and volunteer scan

We used a 7T MRI scanner (Discovery MR950; GE
Healthcare, Waukesha, WI, USA) with a 2-channel transmit
and 32-channel receive head coil system (NM008-32-7GE-
MRO950; Nova Medical, Wilmington, MA, USA). All scans
were performed with RF transmissions of a circular polar-
ization mode.

We performed 3D AFI scans of a 16 cm-diameter sphere
phantom that contained 2.5%wt saline-based agarose gel
with a T1 value of 1519.0 ms (standard deviation, 29.9 ms),
setting the nominal FA to values from 5° to 130° in 5°
intervals. The scanning parameters used were as follows:
sequence, SPGR; excitation RF pulse, non-selective rectan-
gular pulse of 1.0 ms; TR;/TR,, 7.1/100.0 ms; TE, 2.23 ms;
FOV, 22.0 x 22.0 cm; scan matrix, 96 X 96 x 44; voxel size,
23%x23x8.0 mm® (interpolated to 1.7x1.7x4.0 mm’
after zero-filled Fourier transformation); bandwidth,
390.6 Hz/pixel; average, 1; and acquisition time, 7 min 6s.
Real, imaginary, and magnitude images were obtained.

In addition, to obtain the reference FA values, we per-
formed time-consuming 3D variable FA (VFA) scans’ using
nominal FA values of 5.0°, 10.6°, 16.2°, 21.9°, 27.5°, 33.1°,
38.8°,44.4°,50.0°, 60.0°, 70.0°, 80.0°, and 90.0°, which has
been reported as an accurate FA measurement method to
180° because of the usage of multiple data with various
nominal FAs and T1 map data.!® The following scanning
parameters were also used: sequence, SPGR; excitation RF
pulse, non-selective rectangular pulse of 1.0 ms; TR, 100 ms;

TE, 2.23 ms; FOV, 22.0 x 22.0 cm; scan matrix, 96 x 32 x 44;
voxel size, 2.3 x 6.9 x 8.0 mm” (interpolated to 1.7 x 1.7 x
4.0 mm3); bandwidth, 390.6 Hz/pixel; average, 1; and acqui-
sition time, 23 min 15 s. The T1 map of the phantom was also
calculated using an inversion recovery method with inver-
sion times of 20, 50, 80, 155, 312.5, 625, 1250, 2500, 5000,
and 10000 ms. The FA values were then obtained by fitting
the 3D VFA and T1 data to a known SPGR signal model'*
using the nonlinear least-squares method.

Finally, five healthy subjects with no neurological signs or
symptoms were recruited for the volunteer scans (four men
and one woman; age range, 37-59 years; median, 44 years).
All procedures were approved by the Institutional Ethics
Committee (H25-53) and written informed consent was
obtained from all participants. We performed AFI scans of
their heads with nominal FA values between 10° and 90° at
10° intervals. The remaining scan parameters were the same
as those used in the phantom tests.

Image analyses

Using an in-house program, we generated FA maps of the
phantom based on the data obtained from both the mag-
nitude-based AFI and VFA methods. In addition, we
calculated the phase and absolute values of the phase
difference between S; and S, of the AFI and used the
results to generate the phase-difference maps. We then
analyzed the relationships between signal intensity, phase
difference, FA values from the AFI method, and FA
values from the VFA method within a 15 cm-diameter
spherical ROI centered on the phantom. A linear regres-
sion analysis was performed to examine the correlation
between the FA values obtained from the AFI and VFA
methods for cases where the corresponding phase differ-
ence was below the threshold value determined through
the simulation. The phase difference was curve-fitted
using a sigmoid function that approximated a step func-
tion to confirm the validity of the threshold. In addition,
using this threshold value for the phase difference, we
generated error maps that indicated pixels with erroneous
FA values. Pixels with S; or S, within the noise level'® or
resulting out-of-range values for Equation (1) were desig-
nated as unmeasurable FA values.

Similarly, we generated FA maps from the AFI images of
the volunteers’ heads and obtained error maps using the phase
difference threshold. To analyze the ratio between the areas
with appropriately or inappropriately measured FAs and that
of the whole-brain FA mapping, the brain tissue region was
extracted from the TR, AFI source images using the extraction
tool?° of the FMRIB software library?! with a brain extraction
threshold of 0.77. The image uniformity of the TR, source
images was corrected before brain extraction using the inten-
sity nonuniformity correction algorithm implemented in
SPM12 (the Functional Imaging Laboratory, the Wellcome
Trust Centre for Neuroimaging, the Institute of Neurology,
University College London, UK).
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Fig. 1 Computer simulation of longitudinal Mz, SI, phase difference, and FA in the AFI method. a: When the true FA exceeds 93°, Mz, is
inverted (red line) but Mz is not inverted (blue line), resulting in MZ; and MZ, in the opposite direction. b: Sl for S2, one of the source
signals, turns negative under the complex condition (dashed red line) and is symmetrically increased under the magnitude condition (solid
red line) when the true FA exceeds 93°, at which the phase difference increases from 0° to 180° (black line), whereas Sl for S1 remains
positive (blue line). c: Under the magnitude condition, the calculated FA values are incorrect beyond a true FA of 93° (solid black line). AFI,
actual flip angle; FA, flip angle; Mz, magnetization; SI, signal intensity.

Results

The computer simulation revealed that the interleaved scan
with two identical RFs of different TRs induced non-inver-
sion of the Mz, polarity and inversion of the Mz, polarity for
a true FA of approximately 93° (Fig. 1a), for which the phase
difference between S; and S, leaped from 0° to 180° because
of the opposite polarity between Mz, and Mz, (Fig. 1b, black
line). Furthermore, beyond this point, while S; remained
positive, S, continued to decrease to negative values under
a complex condition and showed symmetrically positive
values under a magnitude condition (Fig. 1b, red lines).
Consequently, the FA values calculated by the AFI method
showed erroneous values beyond the true FA of 93° (Fig. 1c,
solid line). The true FAs that showed this phenomenon were
almost identical for all three T1/T2 combinations (92.5°—
92.7°). Based on the results, we defined the mean between
0° and 180°, that is, 90°, as the threshold of the phase
difference that predicts FA calculation errors in scans of the
phantoms and human brains.

In the tests with the phantom, when compared with S,
signals, the intensity of S, signals, as a function of FAs
computed using the VFA method, remarkably decreased
for FAs of up to 90° and then increased with augmented
variances, confirming the characteristics of the AFI signals
that were observed in the simulation (Fig. 2a). In addition,
the phase differences between S; and S, dramatically
increased beyond VFA-based FA values of approximately
90° (Fig. 2a) and were well fitted by the sigmoid function
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y =171.2/{1+exp (—0.05 x [x —98.42])} (Fig. 2b), which
reflected the non-inverted and inverted polarities of Mz,
and Mz,, respectively, as indicated in the simulation.
Furthermore, the FAs computed using the AFI method
and corresponding to phase differences under the threshold
of 90° showed excellent positive correlation and agreement
with those computed using the VFA method (Pearson cor-
relation coefficient, = 0.98 [P <0.001], y=0.87x + 1.94;
intraclass correlation coefficients =0.99 [95% confidence
interval, 0.99%-0.99%]) (Fig. 2b).

In the FA maps of the phantom, the FA distribution
obtained using the AFI method was considerably different
from that obtained using the VFA method. On the error maps
generated by applying 90° as the threshold of the phase
difference, only a small area of erroneous FAs was found at
the center of the image with a nominal FA of 50°, which
expanded as the nominal FA increased from 70° to 80°
(Fig. 3). These findings appear to correspond to the phase
inversion of the S2 phase maps. In contrast, substantial areas
of unmeasurable FAs were observed in the peripheral areas
when the nominal FAs were 30° and 50° (Fig. 3).

The tests on volunteer subjects demonstrated that errors in
the FA calculation using the AFI method were visually
evident in both the FA and error maps when the nominal
FAs exceeded 60°, and the error areas were comparable to
those with phase inversion in the S2 phase maps (Fig. 4). The
area fraction of the whole brain with appropriate FA values
was the highest for nominal FAs of 40°-60° {median, 0.996—
0.998 (interquartile range [IQR], 0.001-0.004)}, coinciding
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Fig. 2 SI, phase difference, and FA of the phantom in the AFl method. a: The Sl distributions for S; (blue dots) and S, (red dots), as well as the
phase difference between them (gray dots), are generally comparable to those in the simulation. b: FA values obtained using the AFI method with
phase differences <90° (green dots) show excellent positive correlation and agreement with those obtained using the VFA method. Dotted line:
fitting curve of the phase difference. AFI, actual flip angle; FA, flip angle; SI, signal intensity; VFA, variable flip angle.
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Fig. 3 FA, phase, and error maps of the phantom using the AFI method and FA maps of the VFA method. The FA maps calculated using the
AFI method are considerably different from those calculated using the VFA method for nominal FAs of 70° or higher, whereas these maps
are comparable for FAs of 50° or lower. Phase opposition is evident only in the S2 phase maps. The error maps generated from the phase-
difference information readily identify pixels with inappropriate FA values as either erroneous or unmeasurable. AFI, actual flip angle; FA,
flip angle; VFA, variable flip angle.
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Fig. 4 FA, phase, and error maps of a human head in the AFI method. A 59-year-old healthy man. The phase maps show apparent phase
differences between S1 and S2 for nominal FAs = 60°. The error maps clearly indicate the pixels with incorrect FA values, mainly due to
insensitivity to the Mz polarity, on the images with nominal FAs of 60°, 70°, and 80°. AFI, actual flip angle; FA, flip angle; Mz,

magnetization.

with minimal areas of erroneous or unmeasurable FA
(Fig. 5). In contrast, the area fractions of erroneous FAs
substantially increased for nominal FAs of 70°, 80°, and
90° (0.008 [0.004], 0.028 [0.008], and 0.162 [0.032], respec-
tively), whereas those of unmeasurable FAs increased for
nominal FAs of 30°, 20°, and 10° (0.034 [0.019], 0.100
[0.042], and 0.232 [0.078], respectively) (Fig. 5). These
results suggest that nominal FAs of 40°—60° are appropriate
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to calculate FAs in the entire brain using the AFI method in
the 7T system that we used.

Discussion

In this study, using the phase difference information between
the S; and S, source images, we successfully detected pixels
showing erroncous FAs owing to insensitivity to the Mz
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polarity on the magnitude images used in FA mapping
derived from the AFI method. In addition, by applying this
method to human brains at 7T, we found that nominal FA
values greater than 60° are unsuitable and values between
40° and 60° should be selected for accurate FA measure-
ments in the system that we used. To our knowledge, this is
the first report to introduce a practical method for determin-
ing calculation errors in FA values using the AFI method and
estimating the appropriate nominal FAs in AFI scans.

The simulation in this study demonstrated the character-
istic spin behavior of the AFI method. When the FA exceeds
90°, consecutive interleaved excitations with two different
TRs induce a steady-state condition of Mz; and Mz, with
opposite polarities, that is, non-inverted Mz; and inverted
Mz,, which is a cardinal cause of the FA calculation errors.
In addition, the opposite polarities of Mz, and Mz, result in a
phase opposition between S1 and S,. The inversion of Mz, at
93°, but not at 90°, in the simulation can be explained by the
longitudinal relaxation of Mz, during TR.

This study demonstrated that the results of the phantom
tests were generally comparable to those of the computer
simulation. However, we found substantial variances in signal
intensity and phase difference of the source images, as well as
in values of the FAs calculated using the AFI method, parti-
cularly when the FA values obtained via the VFA method
exceeded 90°. This issue can be mainly attributed to the fact
that close to a VFA-FA of 90°, the signal intensity of S,
diminishes below the noise level, which depends on the sen-
sitivity distribution of the receiving coils. Inhomogeneity of
the intravoxel FA distribution can also cause continuous phase
difference distribution, which ranges from 0° to 180°. In
addition, the phase difference and flip angle varied or were
unmeasurable below a VFA-FA of 30°, because the difference
in signal intensity between the S; and S, images was mini-
mized. Therefore, further improvement of the SNR can solve
these issues to some extent, as pointed out in a previous study.®

In the phantom experiment, we used the VFA method as
the reference for calculating FA values because this method
has been reported to enable the measurement of FAs with
high accuracy owing to the use of multiple data with various
nominal FAs and T1 data.'® However, the VFA method can
inherently include non-negligible errors, particularly in ultra-
high fields. Variations in the FA distribution due to spatial B1+
inhomogeneity at 7T can affect the FA values calculated
through the nonlinear least-squares regression used in the
VFA method. Further optimization of the TR or the nonlinear
calculation algorithm used in the VFA method may improve
the accuracy of FA measurements, although this issue is
beyond the scope of this study.

The FA calculation errors in the AFI method are mainly
caused by the use of the magnitude images, which are insen-
sitive to the Mz polarity, as source images. When Mz; and
Mz, are opposite, calculations using the magnitude signals of
S; and S, yield errors in the FA values. This phenomenon is
independent of the magnetic field strength, but is more likely
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Fig. 5 Areas with appropriate/inappropriate FA values of the
human heads in the AFI method. The areas with appropriate FA
values (green line) in the whole brains of five volunteers reached
nearly 100% for nominal FAs of 40°-60°, whereas those with
erroneous FA (orange line) and unmeasurable (black line) FA values
were substantial for nominal FAs > 70° and < 30°, respectively. AFI,
actual flip angle; FA, flip angle.

to occur at 7T because of the profound inhomogeneity of the
B1+ distribution. The extended version of the AFI method
incorporating Mz polarity to correct FA values?? or phase-
sensitive imaging techniques that include information
regarding the Mz polarity can be a solution to avoid this
issue. However, in the extended AFI method, substantial
calculation errors can occur due to polarity changes of back-
ground noise. In the phase-sensitive imaging method, esti-
mation of the background phase information as well as
accurate phase correction in terms of background phase
variation and initial phase component appear challenging,
particularly under augmented B1+ heterogeneity at 7T.23:24
In contrast, the detection of the error pixels in terms of FA
calculation using phase information, which we used, is con-
sidered a robust and easy-to-use solution because Mxy can
be cancelled by subtraction in the calculation process and the
incorrect FA values can be determined only by the Mz
polarity for various subjects, body locations, and scanners.
The parameter settings for the AFI scans in this study
were not identical to those used in previous studies. For
accurate measurements of the FAs in various tissues with
heterogeneous T1 values, we used the shortest TR; to mini-
mize the spin relaxation of Mz,. This setting resulted in a
TR,/TR; ratio of 14.1, which is substantially larger than 4-6,
which was proposed to maintain the SNR in a previous
study.® This setting is considered to contribute to the fact
that the areas with unmeasurable FA were minimal on the
volunteer images, although the reduced SNR may have
affected the accuracy of the FA measurement to some extent.

Magnetic Resonance in Medical Sciences




In addition to the AFI method, several magnitude-based
methods have been proposed for B1+/FA mapping, such as
the double angle method® and the dual refocusing echo
acquisition mode method.!! In these methods, as in the AFI
method, an appropriate setting of the nominal FA is crucial to
diminish the calculation errors, particularly at 7T. The tech-
nique using phase difference information, which we intro-
duced, can be applicable to these magnitude-based methods
as well and may be helpful to improve the accuracy of
measurements.

This study has several limitations. First, the appropriate
nominal FAs that we found, which strongly depend on the
static magnetic field, RF transmission system, and body
location, cannot be generalized to those for other scanners.
The nominal FAs for the AFI method should be optimized for
each scanner system, body location, and maybe for each
subject when intersubject differences are substantial.
Second, we did not perform validation studies using the
other 7T systems. Therefore, it remains unclear whether the
method using phase-difference information can be applied to
other scanners or vendors. It also remains unknown whether
the proposed method is still effective at a lower magnetic
field, e.g. 3T, which yields lower SNRs. Third, this study did
not include patients with neurological disorders such as
cerebrovascular diseases, brain tumors, demyelinating dis-
eases, and degenerative disorders. Thus, we cannot deter-
mine whether the detection of the FA-calculation errors using
phase information can contribute to accurate measurement of
FAs in pathological tissues, although the simulation study
indicated that differences in T1 and T2 do not significantly
contribute to the accuracy of the detection. Fourth, we used
the TR, value introduced in the original study without any
optimization, although the SNR and phase information can
be altered by setting TR,. Further optimization of the TR,
value may improve the accuracy of FA detection. Another
technical limitation is that we adopted full-echo sampling for
the AFI method to obtain phase information, which resulted
in prolongation of the TE (2.23 ms) when compared with the
minimum TE (1.45 ms) using a partial echo technique. This
might have slightly affected the accuracy of the AFI method
used in this study.

Conclusion

The phase difference between the two types of AFI source
images can be used to detect pixels with erroneously calcu-
lated FA values owing to their insensitivity to the Mz polar-
ity. This method helps determine the appropriate nominal
FAs to be used in the AFI method to accurately measure
FA distribution.
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