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Inherent Insensitivity to RF Inhomogeneity
in FLASH Imaging
Danli Wang, Keith Heberlein, Stephen LaConte, and Xiaoping Hu*
Radiofrequency (RF) ﬁeld inhomogeneity is an unavoidable
problem in MRI, and it becomes severe at high magnetic ﬁelds
due to the dependence of B1 on the sample. It leads to nonuniformities in image intensity and contrast, causing difﬁculties in
quantitative interpretation and image segmentation. In this
work, it is observed that with the fast low-angle shot (FLASH)
sequence, which is often used for anatomic imaging and morphometric studies, sensitivity to RF inhomogeneity can be substantially reduced when the same coil is used for both transmission and reception, and an appropriate nominal ﬂip angle is
employed. This observation can help us understand the signal
behavior of FLASH in the presence of RF inhomogeneity, and
provide a guide for selecting parameters in FLASH
imaging. Magn Reson Med 52:927–931, 2004. © 2004 WileyLiss, Inc.
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Because of practical constraints, the radiofrequency (RF)
coil used in MRI cannot be built to generate a completely
uniform RF ﬁeld (B1) or to have a truly uniform reception
sensitivity over the ﬁeld of view (FOV). Nonuniform B1
leads to a nonuniform ﬂip angle that results in spatial
variations in both contrast and intensity, and nonuniformities in reception sensitivity cause image intensity variations. Consequently, RF coil nonuniformities can lead to
signiﬁcant spatial variations in the image contrast and
intensity, making quantitative image interpretation and
segmentation difﬁcult to achieve. At high magnetic ﬁelds,
the RF ﬁeld interacts with the sample signiﬁcantly, leading
to further degradation of the RF uniformity (1). Thus the
problem of RF inhomogeneity is exacerbated at high magnetic ﬁelds.
A number of investigators have pointed out the importance of correcting B1 inhomogeneity in tissue segmentation (2– 4). Several methods have been developed to rectify
this problem (5–10). While these methods have met with
good success, they can be computationally intensive, do
not account for contrast variations due to nonuniform
excitation, and are mostly based on an approximation of
the sensitivity ﬁeld. Recently, an elegant method using
spatially varying excitation to compensate for RF inhomogeneity in excitation was introduced for magnetization
prepared ultrafast gradient-echo (MPRAGE) imaging, and
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was demonstrated to be highly effective for 3D MPRAGE
imaging (11) even though the compensation was applied
only in 2D.
To date, most morphometric studies have been based on
high-resolution 3D T1-weighted images, often acquired
with a 3D fast low-angle shot (FLASH) sequence (12) or a
3D MPRAGE sequence (13). While both sequences are
widely used, their performance in terms of image uniformity can differ signiﬁcantly because they are based on
different physical principles. With MPRAGE the contrast
arises from the preparation of the longitudinal magnetization, and a steady state is not reached during the acquisition of gradient echoes, whereas with FLASH a steady
state is reached and the signal intensity is determined from
a steady-state equation. With adiabatic inversion, as is
commonly used, MPRAGE is monotonically affected by
coil sensitivity in both excitation (for the small angles that
are usually used (14)) and reception. Its intensity thus
increases with coil sensitivity. In contrast, FLASH’s dependence on coil sensitivity is not monotonic because of
the nonlinear dependence of its signal intensity on the ﬂip
angle (see Eq. [1] below). Consequently, for some range of
ﬂip angles, the signal’s dependence on B1 is compensated
for by the reception sensitivity, if the same coil is used for
both transmission and reception, which reduces the sensitivity to coil inhomogeneity. This observation provides a
new understanding of the FLASH signal behavior in the
presence of B1 inhomogeneity, and could be beneﬁcial in
MRI anatomic studies and facilitate automatic segmentation.
THEORY
Assuming adequate spoiling, and ignoring T*2 effects and
receiver sensitivity, the signal intensity (S) dependence on
ﬂip angle (␣) and T1 of a FLASH image (12) is given by
1 ⫺ e⫺TR/T 1
⫻ sin(␣).
S⬀
1 ⫺ cos(␣)⫻e⫺TR/T 1

[1]

If the same coil that is used for excitation is also used for
reception, the signal expression for the image must be
modiﬁed to include the reception sensitivity of the coil.
Assuming that the principle of reciprocity applies (15), the
signal expression of a FLASH image is determined by
1 ⫺ e⫺TR/T 1
S⬀
⫻ sin(䡠␣)⫻.
1 ⫺ cos(䡠␣)⫻e⫺TR/T 1

[2]

In Eq. [2],  is a spatially dependent sensitivity factor that
modulates both the excitation ﬂip angle and the reception
sensitivity, and ␣ is the nominal ﬂip angle. In Eq. [2], we
observe that for angles above the Ernst angle, the signal is
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FIG. 1. Simulated FLASH image
signal intensity changes with  in
the range of 0.7–1.3 for TR ⫽
45 ms in GM (T1 ⫽ 1286 ms, 0 ⫽
0.69) and WM (T1 ⫽ 788 ms, 0 ⫽
0.61) at 3T. The intensities were
normalized by the WM intensity at
 ⫽ 1, and nominal ﬂip angle ⫽
20°. The signal intensity changes
very slowly when the ﬂip angle is
60°.

approximately inversely proportional to the ﬂip angle,
scaled by . On the other hand, the receiver sensitivity is
proportional to B1, assuming that the principle of reciprocity (15) holds, and is proportional to . Therefore, it is
anticipated intuitively that the measured signal, described
by Eq. [2], has an approximately constant value over a
range of  for which the ﬂip angle is above the Ernst angle.
This approximately constant signal regime can then be
used to obtain uniform FLASH images.
To verify the above conjecture, we performed numerical
calculations, using Eq. [2], of measured FLASH intensities
of white matter (WM) and gray matter (GM) (T1, WM ⫽
788 ms, and T1, GM ⫽ 1286 ms for 3T (16)) as a function of
 for various nominal ﬂip angles, assuming a TR of 45 ms,
a typical value for 3D anatomic brain imaging. Normalized
proton densities (17) for WM (0.61) and GM (0.69) were
also included in the calculation. The intensities were normalized by the WM intensity at  ⫽ 1 and nominal ﬂip
angle ⫽ 20°. For most imaging setups, the nominal ﬂip
angle is the average of the actual ﬂip angle over the sensitive volume of the coil. Therefore, actual ﬂip angles over
the FOV center around the nominal angle and  ﬂuctuates
at about one. It is thus important for the region around  ⫽
1 to be as ﬂat as possible to achieve uniform intensity
within the same tissue in the acquired image. Numerical
simulations showed that for a small nominal ﬂip angle (⬍
or ⬃ Ernst angle (GM: 15°, WM: 19° in this case)), the ﬂat
region is not around  ⫽ 1, and vice versa. This is illustrated in Fig. 1, where Eq. [2] was evaluated around  ⫽ 1
for the nominal ﬂip angles of 20° and 60°. Signal intensities of WM and GM are not ﬂat around  ⫽ 1 for the ﬂip
angle of 20°. In contrast, when the ﬂip angle is 60°, signal
intensities are virtually constant. This simulation indicates that when a sufﬁciently large ﬂip angle is used, the
image intensity within the same tissue will be uniform. It
is also interesting to note that the difference between the
GM and WM (i.e., the image contrast) remains approximately constant in a large range of  for ﬂip angles greater
than the Ernst angle.
MATERIALS AND METHODS
We performed experiments to conﬁrm the above numerical prediction. A Siemens 3 Tesla system equipped with a
Sonata gradient set capable of 40 mT/m with a maximum
rise time of 200 s was used for this study. A head coil was

used for data acquisition. Since imperfect slice proﬁles
associated with selective excitation pulses may introduce
a modulation of ␣ across the slice, complicating Eq. [2], a
nonselective excitation pulse was used in conjunction
with a 3D-FLASH sequence for simplicity. Experimental
data were ﬁrst collected on a spherical phantom (T1 ⫽
1240 ms at 3T) with a TR of 45 ms, a TE of 2.61 ms, an FOV
of 238 mm ⫻ 208 mm ⫻ 202 mm, a matrix of 128 ⫻ 112 ⫻
96, and nominal ﬂip angles of 10°, 20°, 30°, 40°, 50°, 60°,
70°, and 80°. In addition to the phantom experiment, we
also performed an in vivo study on three healthy volunteers, with IRB approval and informed consent, to verify
the validity of our theoretical prediction in vivo. In this
case, the 3D-FLASH sequence parameters consisted of a
TR of 45 ms, a TE of 2.70 ms, an FOV of 200 mm ⫻
200 mm ⫻ 166 mm, a matrix of 128 ⫻ 128 ⫻ 104, and
nominal ﬂip angles of 15°, 30°, 45°, 60°, 75°, and 85°.
We processed the resultant data using routines implemented in IDL (Research Systems Inc.). To make a simple
quantitative comparison of the dependence on ﬂip angle,
we analyzed a single slice from the 3D data set. A central
slice in the axial direction was used for the analysis of the
phantom images. A proﬁle of the image (along the line
indicated in Fig. 2) was examined. In addition, a region of
interest (ROI) encompassing the phantom in the image was
created and used to calculate the range of intensity over
the phantom for each nominal ﬂip angle. Similarly, an
axial slice from the human data was analyzed. Proﬁles of
the image along a line (indicated in Fig. 3) that resided in
the WM were quantitatively analyzed for each angle. Because the proﬁle from the human images was fairly noisy,
the proﬁles were ﬁtted to a second-order polynomial curve
before the intensity range of the ﬁtted proﬁles was calculated to ascertain the spatial variation.
RESULTS AND DISCUSSION
Figure 2 shows images of the uniform phantom acquired at
two different ﬂip angles (20° and 50°, respectively). Spatial
variation in the image obtained with a 20° ﬂip angle (Fig.
2a) is severe (the center of the image is much brighter than
the surrounding areas). The normalized intensity range
(the maximum intensity in the image minus the minimum,
divided by the maximum) for this image is 0.63. In contrast, when a 50° nominal ﬂip angle was used, the variation
decreased to a negligible level (Fig. 2b) and the normalized
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FIG. 2. A 2D image and intensity proﬁles
obtained from a 3D-FLASH image of the
phantom at ﬂip angle ⫽ 20° (a) and 50° (b).
The intensity variation in the phantom image decreased with ﬂip angle, as shown in
the vertical proﬁles in c. d: The normalized
intensity range varies with the nominal ﬂip
angle.

intensity range dropped to 0.23. This dependence of image
uniformity on the nominal ﬂip angle can also be observed
in the image proﬁles, shown in Fig. 2c, wherein the 50°
proﬁle (solid line) is approximately ﬂat while the 20°
proﬁle (dashed line) exhibits substantial variation. The
normalized intensity range of the phantom image is plotted against the nominal ﬂip angle in Fig. 2d, illustrating
that the relative intensity variation in the phantom image
decreases with ␣. This result, in agreement with the theoretical analysis given above, suggests that a nominal angle
of 40 – 60° would be a good choice for image uniformity.
The results from the human study are illustrated in Fig.
3. Similarly to the phantom data, the image of the smallest
ﬂip angle used (15°) exhibits the largest spatial variation
(i.e., the center is brighter than the outer regions). This
spatial variation is diminished when larger ﬂip angles are
used. As an example of the reduced intensity variation,
proﬁles along the black line (Fig. 3a) in images obtained at
15° and 45° are plotted in Fig. 3b. In this plot, the proﬁle
of the 15° image (solid line) exhibits substantial variation,
while that of the 45° image (dashed line) is essentially ﬂat.
The normalized intensity range (maximum value of the
ﬁtted proﬁle minus the minimum value of the ﬁtted proﬁle, divided by the maximum ﬁtted value) was calculated
from each proﬁle and plotted against the nominal ﬂip
angle in Fig. 3c. This result exhibits good correspondence
with the phantom results in Fig. 2d. At a nominal ﬂip
angle of 15°, the signal intensity range is much larger than
that at other angles. When the ﬂip angle was increased to
45°, 60°, and 75°, the intensity ranges dropped to about
less than half of that at 15°. A broad shoulder with a
gradual decrease is seen between 40° and 75°. This result

qualitatively parallels the phantom result and demonstrates that insensitivity to RF inhomogeneity can be
achieved if a sufﬁciently large ﬂip angle is used during the
data acquisition. Of course, the exact angle at which this
insensitivity is optimal depends on the TR, the T1 of the
tissue of interest, and the spatial distribution of the RF
ﬁeld.
In Fig. 4, we present data demonstrating the dependence
of signal (or signal-to-noise ratio (SNR), as the noise is
constant) and contrast on the ﬂip angle. Speciﬁcally, the
measured signal in WM (the GM signal shows a similar
trend, but to avoid cluttering the ﬁgure, it was not included) is plotted vs. ﬂip angle and compared with numerical calculations. Undoubtedly, there is a signiﬁcant reduction in signal (and SNR) with increasing ﬂip angles
because the angles used were mostly above the Ernst angle.
While the overall SNR is an important measure of image
quality, a more important measure is the contrast (or,
equivalently, the contrast-to-noise ratio (CNR), as the noise
level remains the same). Therefore, Fig. 4 also provides a
comparison of numerically-derived WM vs. GM contrast
as a function of ﬂip angle with the experimentally obtained values. A good agreement between the simulation
and the experiment is evident in Fig. 4. Although the
contrast is also reduced at large ﬂip angles, it peaks at an
angle larger than the Ernst angle (30° instead of 15°) and
decreases more slowly for large ﬂip angles. Since going
beyond 60° leads to only a small improvement in uniformity (see Fig. 3c), but a substantial reduction in contrast, it
is recommended that a ﬂip angle of 40 –55° be used when
other imaging parameters are the same, as done in this
experiment. While we present results only for a TR of
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FIG. 3. FLASH images of a volunteer acquired at ﬂip angles of 15°, 30°, 45°, 60°,
75°, and 85°. An increase in image uniformity is seen with increasing ﬂip angle. A line
in the WM, shown in the ﬁrst image, indicates the location of the spatial proﬁle. b:
Spatial proﬁles in images obtained with
ﬂip angles of 20° and 50°, respectively. c:
Fitted image proﬁle range vs. nominal ﬂip
angle.

45 ms, a shorter TR would not alter the general observation
reported here (i.e., above the Ernst angle, FLASH images
should be relatively insensitive to coil sensitivity).
It should be noted that the validity of Eq. [2] depends on
two things: the validity of Eq. [1], which relies on complete
spoiling of the transverse magnetization and the validity of
reciprocity. The latter can be violated at high magnetic
ﬁelds (15). This factor may be already present in our human data at 3 Telsa, although it is not very severe. However, for higher magnetic ﬁelds, the validity of the current
results may be degraded.
Undoubtedly, the ﬂat signal region can only be of a ﬁnite
extent. Therefore, the insensitivity of FLASH to RF inhomogeneity is only valid for a limited range of variations
that arise in relatively uniform coils, and probably is not
valid over the entire sensitivity range of a surface coil.
CONCLUSIONS
Based on theoretical arguments and experimental data, we
have demonstrated that the FLASH sequence can have

FIG. 4. Simulated contrast and measured contrast of FLASH image
as a function of nominal ﬂip angles with TR ⫽ 45 ms in GM (T1 ⫽
1286 ms) and WM (T1 ⫽ 788 ms) at 3T. The simulated contrast
assumed a  of 1.10. The measured signal in WM is also plotted vs.
nominal ﬂip angle, and compared with numerical calculations.
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reduced sensitivity to RF inhomogeneity if a single coil is
used for both transmission and reception, and an appropriate nominal ﬂip angle is used. Under this condition,
variations due to receiver sensitivity offset the variations
due to transmitter nonuniformities, thereby eliminating
the deleterious effect of RF inhomogeneity in the image
data. The observations made in this FLASH imaging study
suggest a simple way to minimize the effects of B1 inhomogeneity, and should be of beneﬁt for investigators
choosing FLASH sequence parameters for use in anatomic
studies.
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