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A new method of non-uniform image correction is proposed. Image non-uniformity is originated from the
spatial distribution of RF transmission and reception fields, represented as Bþ1 and B�1 , respectively. In our
method, Bþ1 mapping was performed in vivo by a phase method. In B�1 mapping, images with multiple TEs
were acquired with a multi-echo adiabatic spin echo (MASE) sequence which enables homogeneous exci-
tation. By T2 fitting of these images an M0 map (MMASE

0 ) was obtained, in which signal intensity was
expressed as the product of B�1 and M0ð1� e�TR=T1 Þ. The ratio of this MMASE

0 map to the Bþ1 map showed
a similar spatial pattern in different human brains. These ratios of MMASE

0 to Bþ1 in 24 subjects were aver-
aged and then fitted with a spatially polynomial function to obtain a ratio map of B�1 =Bþ1 ðaÞ. Uniform
image was achieved in spin echo (SE), MASE and inversion recovery turboFLASH (IRTF) images using mea-
sured Bþ1 and calculated B�1 by aBþ1 . Water fractions in gray and white matters obtained from the M0

images corrected by this method were in good agreement with previously reported values. From these
experimental results, the proposed method of non-uniformity correction is validated at 4.7 T imaging.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Images obtained at high magnetic field strengths are advanta-
geous in high sensitivity and good spatial resolution, but suffer
from non-uniform signal intensity, which could cause difficulties
in quantitative image analyses. For example, human brain segmen-
tation is sensitive to non-uniform image intensities. Thus, several
post-processing methods such as fitting with polynomial or Bayes-
ian functions have been proposed [1,2]. This non-uniformity is
caused by B1 inhomogeneity derived from RF interference effects
and from RF coil imperfections. It has been reported that transmis-
sion and reception fields were represented as Bþ1 and B��1 , respec-
tively where these are complex vectors and � denotes complex
conjugate [3,4]. These fields differ in spatial distribution even with
a transceiver RF coil in human brain imaging at high field where
wavelength at Larmor frequency is comparable to or even less than
sample size [5–7]. Then, Bþ1 and B�1 maps which are magnitude of
Bþ1 and B��1 , respectively, are indispensable for non-uniformity cor-
rections of MR images in this case. Several measurement methods
such as double-angle techniques [8] or phase methods [9] have
been reported to obtain a transmission field map. Reception field
mapping has been reported in parallel imaging methods for sepa-
rate RF coils for transmission and reception [10]. At high field these
reception fields cannot be measured for transceiver coils, because
ll rights reserved.

).
the obtained images are always associated with the proton density.
Then, these field maps have not been well pursued except for the
estimation method proposed by Wang et al. with minimum con-
trast condition [11].

In this work, we propose a new approach to calculate a B�1 map
semi-empirically by a measured Bþ1 map in a human brain. We
compared M0 maps obtained from MASE images with homoge-
neous excitation by adiabatic pulses and measured Bþ1 maps among
various human brains. Ratio maps of MMASE

0 to Bþ1 in various human
brains turned out to be similar by a visual inspection. Then, we
thought that the B�1 map could be calculated by a ratio map a
and a Bþ1 map obtained in each brain. All the human brain images
obtained by MASE, ordinary SE, and IRTF were reasonably cor-
rected by this method. Further, fractions of water content (fw) in
various regions measured on the corrected M0 maps were in good
agreement with the literature values.
2. Methods

2.1. Measurements of RF field maps in human brains

Human brain measurements were performed on six healthy
male (44 ± 14 years) and 18 healthy female (41 ± 12 years) sub-
jects. Images on a 2D slice plane across the basal ganglia were
acquired after obtaining informed consent following a protocol ap-
proved by the institutional review board at the National Institute
for Environmental Studies. The measurements were performed
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Fig. 1. MMASE
0 =Bþ1 maps in 15 subjects (a). MMASE

0 maps was generated by removing

CSF after fitting MASE images with multiple TEs. These MMASE
0 =Bþ1 maps appeared to

have similarity in spatial patterns among subjects. The maps of MMASE
0 =Bþ1
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averaged over 24 subjects (b). A ratio map a(x) (d) was generated by fitting the
averaged map (c) after trimming the peripheral regions with a polynomial function
of the 7th degree on a 2D space. Profiles along the top, middle and bottom lines in
the trimmed averaged map (solid line) and those in the a map (broken line) are also
shown.
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using a 4.7 T whole-body NMR spectrometer (INOVA, Agilent). A
quadrature TEM coil with a diameter of 300 mm was used for both
transmission and reception.

In Bþ1 measurements by a phase method [9], a set of two spin
echo (SE) images were acquired using hyperbolic secant (HS)
pulses for both excitation and refocusing on the same slice plane
with TR/TE of 500/30 ms. Frequency sweep of those pulses was ap-
plied in the opposite direction in the two acquisitions. When dura-
tion of the p/2 HS pulse is twice as that of the p pulse, a Bþ1 map can
be calculated from the phase difference obtained from those two
images. Durations of p/2 and p pulses were 12 ms and 6 ms,
respectively. Bandwidth in both pulses was 1.6 kHz. The number
of acquisitions was two with a matrix size of 256 � 128; the mea-
surement time was 4 min per set of two SE images. For B�1 map-
ping, six images were acquired by a MASE [12,13] sequence with
TR/TE of 4000/26, 52, 78, 104, 130, and 156 ms in a measurement
time of 17 min. Other conditions were the same as we previously
reported. By fitting a single exponential curve using Eq. (1) to the
signal intensity of each pixel in the six MASE images, MMASE

0 and
T2 maps were generated.

S ¼ MMASE
0 e�TE=T2 ð1Þ

Signal intensities on the obtained MMASE
0 image are expressed as

MMASE
0 ¼ M0ð1� e�TR=T1 ÞB�1 ð2Þ

Since M0 is proportional to water content, the intensity of MMASE
0 can

be considered as B�1 attenuated by small tissue-dependent differ-
ences in water content and T1. Ratio maps of MMASE

0 divided by Bþ1
were calculated in individual subjects and compared to investigate
relationship between Bþ1 and B�1 maps.

2.2. Ratio map of MMASE
0 =Bþ1

Ratio maps of MMASE
0 =Bþ1 in human brains appeared a similar

spatial pattern among various subjects (Fig. 1a). From this experi-
mental findings, we hypothesized that B�1 could be approximated
as follows:

B�1 ðxÞ � aðxÞBþ1 ðxÞ ð3Þ

where Bþ1 ¼ jB
þ
1 j and B�1 ¼ jB

��
1 j and the ratio of B�1 =Bþ1 was denoted as

the ratio map, a(x) which is a function varying spatially among vari-
ous brains in measurements with the particular TEM coil used in this
study. If we get an adequate a map empirically, non-uniformity cor-
rection only requires a Bþ1 map under the hypothesis of B�1 � aBþ1 . For

obtaining the a map, we calculated a MMASE
0 =Bþ1
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map averaged

from 24 subjects to avoid individual differences. Brains were set in
a similar location inside the TEM coil in all subjects and all maps of
MMASE

0 =Bþ1 were merely averaged without any post-processing
protocols such as co-registration or deformation. Fig. 1 shows a

MMASE
0 =Bþ1
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map (b) and a trimmed map (c). That averaged

trimmed map was fitted with a polynomial function of the 7th degree
on a 2D space to smooth tissue dependent M0 differences. Then, we
regarded the generated map as the a map (Fig. 1d).

2.3. Non-uniformity corrections in human brain images

Non-uniformity corrections were performed by measured Bþ1
and calculated B�1 maps with Eq. (3) on the MMASE

0 maps and the
SE magnitude images obtained in the Bþ1 measurements to validate
our technique. For corrections of SE images we used Eq. (4) derived
from Eq. (1) when bSE = 2aSE in Wang’s literature [11]. Note that Eq.
(1) lacks term of (1 � cosbSE(x))/2 [11].

SSE ¼ M0B�1 sin3 he�TE=T2 f ðT1;TR;hÞ ð4Þ
h ¼ p
2

Bþ1
Bþ1 ref

ð5Þ

f ðT1;TR; hÞ ¼ 1� e�TR=T1 eTE=2T1 � ð1� eTE=2T1 Þe�TR=T1 cosð2hÞ
1� e�TR=T1 cos h cosð2hÞ ð6Þ

where Bþ1 ref is a transmission field at flip angle of p/2.
We also corrected M0 maps calculated from IRTF images ðMIRTF

0 Þ.
In these measurements, images were collected with multiple
inversion times (TI) of 10, 100, 200, 400, 800, 1600, 3200, 6400,
and 15,000 ms. An adiabatic pulse, called an HS1 pulse, with a
duration of 8 ms and BW of 1.2 kHz was used as an inversion pulse.
A one-side-lobe sinc pulse of 2 ms was used for excitation with a
flip angle of 10�. A data matrix of 256 � 256 was collected with a
two-segmented centric order scheme with a relaxation delay of
15 s to meet the full longitudinal relaxation. Image contrast is
mostly contained in center of k-space, which occurs at TI delay
after fully relaxed magnetization is completely inverted by the IR
adiabatic pulse. TR/TE was 9/4 ms and, slice thickness was
2.5 mm in all measurements. A TE of 4 ms gives a negligible T�2
decay. Under a low flip angle of h = 10�, sinh is approximately
equals to h and Bþ1 is proportional to h. Then, signal intensities on
IRTF images, affected only by an inhomogeneous transmission field
of Bþ1 , are expressed as

S ¼ MIRTF
0 ð1� 2e�TI=T1 Þ ð7Þ

MIRTF
0 ¼ M0B�1 Bþ1 ð8Þ
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By fitting an exponential curve using Eq. (7) to the signal intensity
of each pixel in the nine IRTF images, MIRTF

0 and T1 maps were gen-
erated. MIRTF

0 maps were corrected by Eq. (8).

2.4. Measurements of regional fractions of water content

To measure water content, a B�1 -corrected MMASE
0 image was fur-

ther corrected by Eq. (2) using a measured T1 map, generating an
M0 image. Signal intensities in six regions of caudate, putamen,
thalamus, globus pallidus, frontal cortex and frontal white matter
were measured in both the right and left hemispheres on an M0 im-
age and the averaged values of the intensities were defined as sig-
nal intensity S in the corresponding region. Each region was
selected to avoid partial volume errors along the axial direction
Fig. 3. M0 maps corrected from MMASE
0 maps in 15 subje

Fig. 2. Non-uniformity correction of various images obtained from a single subject using
images with multiple TEs. A more uniform map was obtained after B�1 correction (d). (e)
images (f, g, h) in SE measurements. The B�1 corrected image was calculated by removing B
corrected MIRTF

0 map (j) without relaxation effects was equal to an M0 map. (k) Ratio of
by the same procedure as we previously reported [13,14]. The frac-
tion of water content, fw, was calculated using S, the average of S in
six regions, Sav, and the average of the previously reported fw in the
above six regions [14,15], f av

w , as follows:

fw ¼
S

Sav f av
w ð9Þ
3. Results

3.1. Non-uniformity correction in human brain images

SE images, MMASE
0 and MIRTF

0 maps were individually corrected
using measured Bþ1 maps and calculated B�1 maps by aBþ1 . Fig. 2
cts. Almost uniform maps appeared in all subjects.

both Bþ1 (a) and B�1 (b) maps. An MMASE
0 map (c) was generated after fitting the MASE

T1-corrected M0 map from (d). Original, Bþ1 and B�1 corrected, and T1 and T2 corrected
�
1 sin3 h(g). Original, and Bþ1 and B�1 corrected maps in IRTF measurements (i, j). A B1-

(j)–(e).
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shows both Bþ1 and B�1 maps, and brain images in one subject before
and after the B1 correction. The central regions of human brains
had higher intensities in the MMASE

0 map before correction
(Fig. 2c) due to inhomogeneous RF field distributions. After the
B1 correction, the central higher intensities disappeared and the
map became more uniform (Fig. 2d). The signal intensities in this
corrected map should be expressed by M0ð1� e�TR=T1 Þ and give
an M0 map by dividing with a relaxation term 1� e�TR=T1 (Fig. 2e).

Higher signal intensities in central regions also appeared in ori-
ginal SE image (Fig. 2f) and MIRTF

0 map (Fig. 2i). Compared with the
MMASE

0 image, the distribution patterns were more sharply curved
due to the effect of Bþ1 and B�1 in the SE image and the MIRTF

0 map
(see Eqs. (4) and (8)). After the corrections by Bþ1 and B�1 , brighter
spots in the central regions also disappeared in the SE image
(Fig. 2g) and MIRTF

0 map (Fig. 2j). However, asymmetric signal inten-
sities remained especially in the right peripheral region in the SE
image (Fig. 2g) and in the left region in the MIRTF

0 map (Fig. 2j).
These may be caused by error in Bþ1 , which leads to overcorrection
in the SE image and the MIRTF

0 map.
Fig. 2h shows M0 map calculated from B1-corrected SE image by

removing f(T1, TR, h) and T2 terms. Since an MIRTF
0 map is not

affected by T1 and T2, B1-corrected MIRTF
0 map (Fig. 2j) is equal to

an M0 map. The M0 map from the SE image (Fig. 2h) had almost
similar distributions to the M0 map from MASE (Fig. 2e) except
high intensities in the right peripheral regions due to Bþ1 error
and a noisy image. That noise was enhanced by fairly substantial
T1 correction due to TR = 500 ms, comparing with limited changes
to the MASE images with TR = 4000 ms.

Higher CSF signals are conspicuous in the division image
(Fig. 2k) of the M0 map from IRTF (Fig. 2j) by that from MASE
(Fig. 2e). While CSF signals were not suppressed because of centric
order scheme, relaxation delay of 15 s and short TE = 4 ms in IRTF
measurements, they might be diminished due to flow voids in the
MASE sequence [12,13] where read and phase encoding gradients
are not rewinded. Flow voids might decrease CSF signals also in
the M0 map from SE (Fig. 2h). Fig. 3 shows M0 maps in 15 subjects
corrected from MMASE

0 map. We confirmed that B�1 (x) could be cal-
culated by aðxÞBþ1 ðxÞ form these uniform maps.
3.2. Measurements of regional fractions of water content

The mean and standard deviation values of fw measured on the
corrected M0 images from 22 subjects from MASE measurements
Fig. 4. Measured fractions of water contents in various regions of human brain.
Data of 22 subjects along with averaged data in 22 subjects (blue bar) and reported
data (red bar). g. pallidus, glubus pallidus; fr. cortex, frontal cortex; fr. wm, frontal
white matter. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
were plotted in Fig. 4 with previously reported values [14,15].
The measured values were in good agreement with the reported
ones. Our proposed method of non-uniformity correction using
Bþ1 and B�1 was validated by the obtained fw values as well as by
the uniform images after the correction.
4. Discussion

MRI signal intensity, S is primarily determined by M0, relaxation
and Bþ1 terms f (T1, T2,

R
ðcBþ1 tÞdt), and B�1 .

S ¼ M0B�1 f T1; T2;

Z
ðcBþ1 tÞdt

� �
ð10Þ

Since Bþ1 and B�1 differ in spatial distribution at high field, both field
maps in vivo are required to correct non-uniform images. Several
methods have been reported to measure Bþ1 maps. One is the dou-
ble-angle method using amplitude modulation [8] and another is
the phase method [9]. In double-angle methods a Bþ1 map is calcu-
lated from a comparison of magnitudes using at least two images
obtained by different flip angles and a long TR is required to avoid
T1 partial saturation effects. We used a phase method, where the
shorter TR is applicable.

Wang calculated a B�1 map using measured Bþ1 with minimized
contrasts by choosing adequate TR and TE at 128 MHz which is Lar-
mor frequency of proton at 3 T. Since S is roughly a product of B�1
and f (

R
ðcBþ1 tÞdt) under this condition without M0, T1 and T2, B�1 is

approximated by dividing the image with f (
R
ðcBþ1 tÞdt). To eliminate

any remaining non-uniformity due to contrast differences among
tissues, a low-pass filter was applied spatially. Compared to their
method, we hypothesized that B�1 could be calculated by aBþ1 from
the experimental findings with the particular TEM coil at 200 MHz
(Fig. 1) where the ratio map of a was obtained from the MASE mea-
surements. Non-uniformity was successfully corrected in either SE,
MASE or IRTF measurement of human brains by the calculated B�1
map. The hypothesized relationship of B�1 � aðxBþ1 Þ is validated by
this result as well as by the obtained fw that was consistent with
previously reported values. It should be noted that this relation-
ship could be applied with a transceiver quadrature volume coil
where phases of two feeding ports at reception differ from those
at transmission. This might be because those phases are fixed
among subjects. This proposed method cannot be applied to a
transceiver array coil when RF phase and amplitude of each coil
element is adjusted for each subject by RF shimming.

B�1 map could be calculated by this ratio map a(x) and the non-
uniformity correction in human brain imaging could be done only
by Bþ1 measurement in a short measurement time. When a(x) is
obtained in 3D spaces inside a volume coil, this correction could
be applied to 3D images. The ratio map a can be used for a subject
in spine position from the experimental results that fairly uniform
images could be achieved in all subjects (Fig. 3). It is necessary to
evaluate whether this method can be applied to diseases.

Reception field mapping is one of the key technologies in paral-
lel imaging methods [10] using separate RF coils for transmission
and reception. In this method, images are obtained by a surface coil
with body coil transmission. A reference image on the same slice is
also acquired by the body coil for both transmission and reception.
Then, a sensitivity map can be calculated from the ratio of the
surface coil image to reference image. In this case, the signal inten-
sities are

ST=R ¼ M0B�1 receivef T1; T2;

Z
ðcBþ1 transmittÞdt

� �
ð11Þ

ST&R ¼ M0B�1 transmitf T1; T2;

Z
ðcBþ1 transmittÞdt

� �
ð12Þ
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In these expressions, Bþ1 transmit and B�1 transmit are Bþ1 and B�1 of the
body coil for transmission and B�1 receive is B�1 of the surface coil for
reception. ST/R is signal intensity obtained by surface coil detection
and ST&R is that of reference image. Using these equations, signal
intensity on the sensitivity map is written as

Ssensitivity map ¼
ST=R

ST&R

¼ B�1 receive

B�1 transmit
ð13Þ

The sensitivity map commonly used in parallel imaging is less
affected by B�1 transmit especially at 1.5 T. However, B�1 transmit should
be corrected at a field higher than 3 T. In this case, our findings of
B�1 transmit � aB�1 transmit might be applicable, although a should be
acquired for each transmission coil.

In conclusions, a B�1 map can be approximated using an exper-
imentally obtained Bþ1 map with a volume coil at 200 MHz. Image
non-uniformity in human brain at high field can be corrected using
these Bþ1 and B�1 maps.
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