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Factors Influencing Flip Angle Mapping in MRI: RF Pulse
Shape, Slice-Select Gradients, Off-Resonance Excitation,

and B, Inhomogeneities

Jinghua Wang,"™ Weihua Mao,* Maolin Qiu,’

R. Todd Constable®™

To understand the various effects that influence actual flip
angles, and correct for these effects, it is important to precisely
quantify the MRI parameters (such as T,, T,, and perfusion). In
this paper actual flip angle maps are calculated using a con-
ventional gradient-echo (GRE) sequence with different radiofre-
quency (RF) pulse shapes (Gaussian, sinc, and truncated-sinc),
slice-selection gradients, off-resonance excitations, and B,
field inhomogeneities. The experimental results demonstrate
that RF pulse shapes significantly affect the flip angle distribu-
tion and calibration factors. Off-resonance RF excitations, B,
nonuniformities, and slice-selection gradients can lead to deg-
radations in the signal intensities of the images used to map the
flip angle, and potentially introduce a bias and increased vari-
ance in the measured flip angles. Magn Reson Med 56:
463-468, 2006. © 2006 Wiley-Liss, Inc.
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Nonuniform effective flip angles across a slice in MRI may
negatively influence the quantitative nature of the data
produced by a given scan protocol. To increase the SNR in
MR images, one can increase fill-factor by using a surface
coil or phased-array coils, and/or increase the static mag-
netic field strength (1). However, both methods introduce
new problems: the images become nonuniform as flip an-
gle nonuniformities arise from the wave behavior of the RF
pulses, RF penetration, eddy current, and/or coil configu-
ration effects. The nonuniformities are not due to the usual
spin characteristics of the object imaged (such as proton
density, T,, T,, and perfusion), but to other characteristics
such as imperfect hardware or the electromagnetic prop-
erties of the object. For quantitative MRI it is crucial to
measure absolute flip angles and to correct the intensity
nonuniformities that arise from these effects.
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During RF excitation the slice profile, off-resonance, and
B, effects give rise to variable precession angles of nuclear
spins across an object. The slice profile follows a nonlinear
relationship with flip angle according to the Bloch equa-
tions (2—4). A number of papers have discussed the cor-
rection and reduction of these factors through coil design
(5), adiabatic pulse (6—8), and field mapping methods
(9,10). However, few reports have quantitatively examined
the influence of the RF pulse type and slice-selective gra-
dients on the flip angles attained.

The flip angle is defined as the angle to which the net
magnetization is rotated or tipped relative to the main
magnetic field direction via the application of a RF exci-
tation pulse at the Larmor frequency. Ernst and Anderson
(11) long ago presented an expression for estimating the
achieved flip angle in the case of small off-resonance ex-
citation. To the best of our knowledge, however, no ex-
pression has been derived for estimating flip angles when
the off-resonance excitation frequency is comparable to
vB, (where B, is a magnitude of the RF pulse). If the flip
angle mapping is influenced by off-resonance effects, this
could have important implications for chemical shift im-
aging or quantitative fat imaging in vivo. It is also well
known that B, inhomogeneities can influence the signal
intensity of MR images; however, it is not clear whether B,
inhomogeneities influence the absolute flip angle
achieved. This study examines the impact of B, inhomo-
geneities on both the flip angle achieved and the calibra-
tion factor in vivo for gradient-echo (GRE) sequences.

THEORY
Measurement of Relative Flip Angles

GRE sequences with only a single excitation pulse are used
in all of the experiments presented here in order to sim-
plify the study of the factors that influence the measured
flip angles. Conventional GRE sequences and segmented
echo-planar imaging (EPI) GRE sequences are used to es-
timate the relative flip angles in phantom and in vivo
studies. For a GRE sequence with excitation flip angle a(x),
assuming that TR >> T,, the transmission field for nonin-
teracting spins without transverse coherence can be writ-
ten as (9,12—-14):

Qgetnal = Arccos(\/2) [1]

SL(Y _

SI(x) ~ sina,(x)
sities of two GRE images acquired with different excitation

sino,(x) | . ) .
is the ratio of signal inten-

where A =
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flip angles a,(x) = 2a,(x) while TE and TR are kept fixed,
and o,e,q 1S the measured flip angle corresponding to the
nominal (prescribed) flip angle of .

Off-Resonance Excitation on the Precession Angle

For a hard pulse approximation, the averaged B; is calcu-
lated by

BI = au(:tual/(’v : T) [2]

where vy is the magnetogyric ratio, 7 is the duration of the
RF pulse, and B; is a positive circularly polarized compo-
nent of B,, which rotates in the same direction as the
precession direction of nuclear spins. During the presence
of the RF pulse, the nuclear spins precess around the
effective field B,georive (11):

(Q; - ‘1’1)2

Beffertiv& = T + B% [3]

where (), is the Larmor frequency of spin i, and o, is the
frequency of the applied RF pulse with magnetic field B,.

FIG. 2. Measured multislice flip angle map of the in
vivo human brain for sinc (column a), truncated-
sinc (column b), and Gaussian (column c¢) RF
pulses at the nominal flip angle of 60°. Different
columns represent different slices.

Wang et al.

FIG. 1. Measured multislice flip angle map
of a bottle phantom for sinc (column a),
truncated-sinc (column b), and Gaussian
(column ¢) RF pulses with (row 1) and with-
out (row 2) slice-selective gradients at the
nominal flip angle of 60°.

When [Q; — o,|<<yB,, then Bjuive = By and the flip
angle can be estimated by Eq. [2]. Typically, RF pulse
durations range from 2 to 10 ms. At 3 T, with an off-
resonance frequency of 1 ppm (123 Hz), the flip angles
begin to vary above 60° and a duration time of 10 ms or
more. This suggests that the condition [Q); — o,|<<yB, is
not satisfied even for small off-resonance effects of only
1 ppm at 3 T. With a pulse duration, T, the total precession
angle o, about B, should be given by

Qiotal = V¥ ° Beffective T [4]

MATERIALS AND METHODS

All imaging was performed on a Siemens 3 T Trio system
with a Siemens head coil and a high-performance gradient
system. The protocols for the human studies were ap-
proved by the Institutional Review Board of the Yale Uni-
versity School of Medicine.

Effects of Pulse Profile on Absolute Flip Angles

The RF pulse profile effects include the contribution of RF
types and selection gradients. To investigate these effects
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Table 1
Characteristics of RF Pulses*
Averaged  SD/mean R Bandwidth
B, (%) (kHz)
Sinc 0.78 12 2.7 13.5
Truncated-sinc 0.73 12 10.24 20
Gaussian 0.68 25 5.120 10

*The averaged By is normalized by the same duration time. SD is
standard deviation of the measured field for a given RF pulse. R is
the product of the bandwidth (frequency domain) and pulse duration
time (time domain).

separately, a distilled water phantom of 113 X 40 X
160 mm® (length X width X height) doped with 10 mM
CuSO, was used to estimate the influence of the RF profile
on the measured flip angle with and without selection
gradients. Three-dimensional (3D) images of the phantom
were acquired using a conventional GRE sequence without
selection gradients using different RF pulse shapes (sinc,
Gaussian, and truncated-sinc profiles). The sinc, truncated-
sinc, and Gaussian RF pulses had a duration/bandwidth of
2.000/13.5, 5.120/20, and 5.120/10 ms/kHz, respectively.
Images were also acquired with selection gradients of dif-
ferent amplitudes using these RF pulses to evaluate the
effects of selection gradients on the measured flip angles.
The imaging parameters were TR/TE = 2000/5 ms, FOV =
200 X 200 mm?, matrix = 112 X 128, slice number = 16
for the interleaved slice-selective acquisition or 16 per slab
for the nonselective acquisition, and slice thickness =
3 mm. Both the selective and nonselective acquisitions
were obtained with excitation flip angles of 30°, 45°, 60°,
90°, and 120° to estimate both the relative flip angles and
the calibration factors.

For the in vivo studies, the relative flip angle and flip
angle calibration factors were estimated using segmented
EPI GRE acquisitions with excitation flip angles of 30°, 45°,
60°, 90°, and 120°, respectively. In vivo imaging was per-
formed using sinc, truncated-sinc, and Gaussian pulse pro-
files to evaluate the effect of the RF pulse shape on the
relative flip angles and calibration factors. Other acquisi-
tion parameters were TR/TE = 5000/16 ms, FOV = 240 X
210 mm?, matrix = 128 X 112, slice thickness = 5 mm, 10
slices, bandwidth = 752 Hz per pixel, and seven segments.
The same acquisition strategy was used for the in vivo
measurements, but additional postprocessing for skull
stripping was performed using a brain extraction tool de-
veloped by Smith (15).

Effects of Off-Resonance Excitation on Absolute Flip
Angles

The distilled water phantom employed for RF pulse profile
effects, was used to quantitatively evaluate the effect of
off-resonance excitation on the measured flip angles. 3D
images were obtained using a conventional GRE sequence
with excitation flip angles of 30°, 45°, 60°, 90°, and 120° at
offset frequencies ranging from 0 Hz to 800 Hz. The con-
ventional GRE sequence with a nonselective rectangular
RF pulse was used to minimize the effect of the slice
profile on the absolute flip angles. The imaging parameters
were TR/TE = 2000/20 ms, FOV = 200 X 200 mm?, ma-
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trix = 128 X 128, slice number = 16 per slab, and slice
thickness = 3 mm.

Effects of B, on Absolute Flip Angles

A spherical phantom, 17 cm in diameter, filled with dis-
tilled water and NiSO,.H,O (1.25 g/1), was used to evaluate
the effects of B, inhomogeneities on the measured transmit
field map at TEs of 5, 10, 20 40, and 60 ms with flip angles
of 30°, 45°, 60°, 90°, and 120°. The imaging parameters for
B, mapping were TR = 1000 ms, TE = 8.5 and 11 ms,
FOV = 200 X 200 mm?, matrix = 256 X 256, slice num-
ber = 20, and slice thickness = 3 mm. The image param-
eters for relative flip angle and RF calibration factor were
TR = 2000 ms, and matrix = 128 X 128. Other parameters
were identical to those used for B, mapping.

RESULTS

Figure 1 shows relative multislice flip angle maps of a
bottle phantom for sinc (column a), truncated-sinc (col-
umn b), and Gaussian (column c) RF pulses without (row
1) and with (row 2) slice-selective gradients at the nominal
flip angle of 60°. The results indicate that hard RF pulses
lead to significant differences in the relative flip angle
maps and flip angle calibration factors compared to selec-
tive pulses. The measured flip angle calibration factors
(slope of the measured flip angle vs. nominal flip angle) for
the phantom were 0.93 for the sinc RF pulse, 0.68 for the
truncated-sinc RF pulse, and 0.73 for the Gaussian RF
pulse (row 1). The RF pulses in the presence of slice-
selection gradients also produced different flip angle maps
(row 2). These results demonstrate that the measured flip
angle maps are significantly different for each of three RF
pulse types, with or without slice-selective gradients.
Because flip angle mapping requires a long scan time for
a 3D acquisition (several hours), it is not practical for
estimating flip angle maps in 3D in vivo. To reduce the
scan time, multislice flip angle maps in vivo were acquired
with a segmented-EPI acquisition. The results for flip angle
mapping using sinc (row a), truncated-sinc (row b), and
Gaussian (row c), RF pulses at the nominal flip angle of 60°
are shown in Fig. 2. The sinc-RF pulse produced the larg-

0.9F
—M—Sinc pulse

— —@— Gaussian pulse
©° .
© —A— Trancated-sinc pulse L
= 0.6 /
<
[TH
° [ )
g
v 0.3 r
©
@
=

0.0 ) " )

0.0 0.3 0.6 0.9

Nominal FA (rad)

FIG. 3. Dependence of flip angle calibration factors in the human
brain on the RF pulse types.
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est flip angle of the three pulse types, as shown by the
bright regions in the center of the images in Fig. 2a. Figure
2b shows that the truncated-sinc RF pulse produced the
most uniform flip angle distribution. The smallest net flip
angle occurred with a Gaussian RF excitation pulse (Fig.
2¢). In accordance with Eq. [2], the flip angle is propor-
tional to B, under an approximation of hard pulses. The
integration of B, over a fixed pulse duration is largest for
the sinc shape, and smallest for the Gaussian shape at a
given flip angle. Quantitative results are summarized in
Table 1 (16), which shows that the extent of nonuniformity
produced by these pulses is similar, with a standard devi-
ation (SD) of 12%. The difference between the measured
flip angle of the sinc RF and truncated-sinc RF pulses can
be up to 6%. The maximum difference is significant be-
cause it is much larger than the error in the measured flip
angle (around 2%), which is about twice the SNR (around
1%) of the images used to determine the flip angle.

The measured flip angle reflects only the mean relative
flip angle across the object. For many applications it is
important to know the absolute flip angle, and for this a
flip angle calibration factor is required. The slope of the
line in Fig. 3 for each RF pulse shape provides a calibra-
tion factor for in vivo imaging. The calibration factors are
0.96, 0.91, and 0.85 for the sinc, truncated-sinc, and Gauss-
ian RF pulses, respectively.

Figure 4 shows the dependence of the measured relative
flip angle map on the off-resonance excitation frequency.
All images used to calculate the relative flip angle maps
and flip angle calibration factors were acquired without
selection gradients to avoid displacement artifacts. The
relative flip angle maps in Fig. 4a—c are estimated on-
resonance and at offsets of 50 and 800 Hz. Differences
between the measured relative flip angle maps are <2% for
the innermost slice, and <4% for the outermost slices.

Quantitative results for the calibration factors indicate
that these factors changed <1% as a function of off-reso-
nance frequency. As expected, increasing the frequency
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FIG. 4. Measured flip angle map of on-resonance
(@) and 50 Hz (b) and 800 Hz (c) offset frequency
excitation for a bottle phantom at the nominal flip
angle of 60°.

offset reduces the signal intensity and SNR, as shown in
Fig. 5a. As the offset frequency increases, the signal inten-
sity degrades, leading to increased errors in the measured
flip angle, as shown in Fig. 5b.

Figure 6a shows the influence of B, inhomogeneities on
the measured flip angle map at different TE’s. The maxi-
mum inhomogeneities are less than =50 Hz for a water
phantom. The signal intensities at TE’s of 5 and 60 ms are
shown in Fig. 6b and c. In the region of high B, field
inhomogeneity the apparent measured flip angle ap-
proaches 60° because the ratio of image intensities in Eq.
[1] approaches one as noise begins to dominate. In the
limit of no signal the ratio approaches one because the
noise is independent of flip angle. This is simply an SNR
problem with the mapping measurement, and is not due to
a direct B, influence on the flip angle achieved.

Figure 7 shows a function of measured averaged flip
angles of a water phantom and their errors as TE. With the
increasing TE from 5 to 60 ms, the variation in the aver-
aged flip angles across the phantom is less than 2%, and
this variation is not significant. However, the error of flip
angles significantly increases with the increasing TE.

DISCUSSION

In vivo human studies illustrate that all RF pulses produce
flip angles that vary spatially by >10% due to increasing
wave behavior and RF penetration at 3T. The variable flip
angles lead to nonuniform signal intensities. The nonuni-
form signal intensities may give rise errors in quantifying
the MRI parameters (segmentation, T, T,, and perfusion).
Measuring absolute flip angles is a prerequisite for correct-
ing signal inhomogeneities arising from these flip angle
variations. Our results demonstrate that different RF pulse
shapes induce differences in flip angles.

Equation [1] only provides the relative flip angle distri-
bution across an object, and additional calibration of the
RF transmitter is needed to improve absolute MR measure-
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FIG. 6. Dependence of signal intensity and measured flip angle on inhomogeneous By, (a). The signal intensities (b and ¢) and measured
flip angle maps (d and e) were obtained at TE = 5 and 60 ms, respectively. f: Percent difference of the measured flip angle maps.

ments. The calibration is affected by the coupling between
the RF coil and the object, which is dependent on the coil
loading, object position and size, and other parameters of
the object. Consequently, it is necessary to calibrate the RF
transmitter for each image acquisition in vivo.

Equation [2], which is used to calculate the average By,
is valid only for hard pulses. For slice-selective pulses this
formula is an approximation (12). Flip angle maps of a
bottle phantom with or without slice-selective gradients
indicated that slice-select gradients do not significantly
impact the average flip angle values. However, the flip
angle distributions are significantly different for the trun-
cated-sinc (column b) and Gaussian (column c) RF pulses.
Because the Bloch equations do not provide an analytical
solution of slice profile for a general pulse, this approach
for estimating flip angles may be useful for studying these
effects in vivo at high field.

The results demonstrate that the RF pulse profile influ-
ences not only the distribution of the measured field, but
also the flip angle calibration factor. Generally, in the
presence of an RF pulse the total precession flip angle
includes the contribution of elevation angle and azimuth
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FIG. 7. Dependence of the measured flip angle on the different TEs.

angle, as shown in Eq. [4]. In the on-resonance condition,
the flip angle is the angle to which the net magnetization is
rotated or tipped relative to the main magnetic field direc-
tion via the application of a RF excitation pulse at the
Larmor frequency. When off-resonance is small, the flip
angle can be approximated to be the same as that for
on-resonance (11). When off-resonance is comparable to or
more than B,, the definition of the flip angle is unclear.
Figures 4 and 5 illustrate that off-resonance does not in-
fluence the average flip angle, but affects SNR and leads to
errors in the measured flip angle.

It is well known that inhomogeneous B, leads to image
distortions and signal loss with many pulse sequences.
When images are acquired with a gradient echo sequence,
the longer TE for the acquisitions can give rise to the
stronger large influence of B, on the measured flip angles.
The results in Figures 6 and 7 show that TE have a insig-
nificant influence on the measured average flip angles of a
water phantom. However, the errors in the measured flip
angles significantly increase with the increasing TE. The
flip angle mapping is sensitive to B, inhomogeneities if
insufficient SNR is present in the images used to deter-
mine the flip angle map. If the signal intensities for one of
the images used for flip angle mapping drops into the noise
floor, then the ratio of the images will approach one, and
the flip angle measured will approach 60° independently
of the prescribed flip angle. However, there is no direct
effect of B, on the flip angle achieved. These results are
consistent with the off-resonance excitation and slice-se-
lection gradients results. The slice-select gradient, B, in-
homogeneities, and off-resonance excitation all reduce sig-
nal intensities in a similar manner, and differ only in terms
of the magnitude and distribution of the response.

CONCLUSIONS

Experimental results from phantom and in vivo studies
demonstrate that the RF pulse profile influences both the
spatial uniformity of the flip angle achieved and the flip
angle calibration factor. The RF pulse profiles used for flip
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angle mapping, therefore, must be matched to the RF pulse
shape used in the acquisition that is to be corrected by the
mapping and calibration steps. Off-resonance effects,
slice-selective gradients, and B, nonuniformities can im-
pact the signal intensity of the measured images used for
flip angle mapping, but do not directly influence the flip
angles obtained.
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