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ignificantly enhanced by extremely high magnetic field strength,
ffering broad potential applications. However, the T*2-weighted
mage contrast distortion and signal loss artifact arising from
iscontinuities of magnetic susceptibility within and around the
ample are also increased, limiting utilization of high field systems
or T*2-weighted contrast applications. Due to the B0 dependence
f the contrast distortions and signal losses, and the heterogeneity
f magnetic susceptibility in biological samples, magnetic suscep-
ibility artifacts worsen dramatically for in vivo microimaging at
igher fields. Practical applications of T*2-sensitive techniques en-
anced by higher magnetic fields are therefore challenged. This
eport shows that magnetic susceptibility artifacts dominate T*2-
eighted image contrast at 14 T, and demonstrates that the
ESEPI (gradient echo slice excitation profile imaging) technique

ffectively reduces or eliminates these artifacts at long TE in the
ighest field (14 T) currently available for 1H imaging. © 1999

cademic Press

Key Words: image artifacts; gradient echo; T*2 contrast; high
eld MRI.

INTRODUCTION

Because of the useful information provided,T2- and T*2-
eighted contrast are utilized extensively in NMR imag
tandardT2-weighted sequences, however, are extremely
onsuming, and the increased radio frequency (RF) p
emand in conductive samples (1–2) severely limits the use o

ast spin-echo sequences with increased RF duty cycles,
ially for in vivo imaging at high field. As a result, gradie
cho sequences have become increasingly popular, prov
apid imaging withT*2 contrast. Spatial and temporal variatio
f magnetic susceptibility in living tissue that occur w
ertain functional, physiological, and pathological proce
roduce a unique image contrast inT*2-weighted MRI image

1 Address correspondence to Qing X. Yang, Ph.D., The Departme
adiology (Center for NMR Research), Penn State College of Medicine
niversity Dr., Hershey, PA 17033-2390. E-mail: qing@nmr.hmc.psghs
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xample is functional magnetic resonance imaging (fM
ased upon the BOLD (blood oxygen level dependent) e
hich has become an important tool in brain research.
Unfortunately, contrast distortion and signal loss aris

rom discontinuities of magnetic susceptibility at interfa
ithin and around the sample are serious problems inT*2-
eighted magnetic resonance imaging (3–11), especially fo
linical applications and MR microscopy at high field. Si
he strengths and relative extents of the local field grad
ncrease withB0 field strength, the contrast distortion a
ignal loss artifacts worsen dramatically at higher fields
icroimaging of biological samples with heterogeneous
iscontinuous magnetic susceptibility distributions. T
akes practical applications ofT*2-sensitive techniques e
anced by higher magnetic fields difficult.
The effective utility ofT*2-weighted contrast for microim

ging has been limited by two major problems: (a) magn
eld inhomogeneity artifacts and (b) low contrast to noise r
CNR).

Imperfect static magnetic field adjustments (shimmi
ariations of field due to regions of differing magnetic susc
ibility in tissue, and large, nonlinear local field gradients n
he tissue and air interface surrounding air-containing s
ures inside animals and plants all produce magnetic
nhomogeneity. Such field inhomogeneity alters theT*2-
eighted image signal and degrades the reproducibility
onsistency ofT*2 contrast. By way of example, severe sig
ntensity loss inT*2-weighted images occurs in the infer
emporal rodent brain regions, adjacent to nasal, oral, s
nd ear cavities, diminishing the usefulness ofT*2-weighted

mages in these areas.
In MRI microimaging, increased spatial resolution

chieved at the cost of decreased signal-to-noise ratio res
rom the smaller voxel size. This can be recovered to s
xtent by signal averaging, but temporal restrictions imp
y imaging living objects make this an inefficient and of

of
0

u.
1090-7807/99 $30.00
Copyright © 1999 by Academic Press

All rights of reproduction in any form reserved.



i it
d t h
fi in
c fr
t n
l eld
( an
t ec
a ilit
c r t
r .

s
e
o (
1 er
s ou
r d b
a , an
t ppe
( s a
r ag
( gn
l cifi
m slic
r
e he
g d it
r ith
s re
c n
T
2 ne
o et

s that
G TE
t ave
b

m a
4 in a
g l loss
a here
a ses,
t age
a for
a a
s
T t the
g are
o site
g SEPI
i

be-
t l or
p ibility
a her-
w his
e ning
w d the
g ue.

rain.
S ls ob-
s ible
p in is

mages are
s

2 YANG ET AL.
mpractical means of increasing signal-to-noise. Thus,
esirable and often necessary to perform such studies a
elds. Unfortunately, while high magnetic field strengths
rease the image SNR and enhance the contrast derived
issue magnetic susceptibility, the utility ofT*2 images has bee
imited by artifacts which are more pronounced at high fi
7–11). Since the magnetic field inhomogeneity artifacts
he susceptibility contrast arise from a common physical m
nism, it has proved difficult to enhance the susceptib
ontrast without concomitantly increasing the artifacts, o
educe the artifacts without reducing the desired contrast

Field inhomogeneity artifacts have been the subject
xtensive studies, some quantifying the effects (3–11) and
thers documenting progress toward reducing the artifacts12–
8). Cho and Ro (12) demonstrated that at a cost of a low
ignal to noise ratio (SNR), signals from the homogene
egion and regions with specific static field gradients coul
cquired simultaneously using a tailored excitation pulse

hey demonstrated how the susceptibility could be ma
13). Others have shown that intravoxel dephasing artifact
educed in three-dimensional gradient-echo (3D-GE) im
14, 15). Field inhomogeneities can be imaged and the si
oss due to linear static field gradients of a known spe

agnitude can be partially recovered by adjusting the
efocusing gradient as suggested by Frahmet al. (16, 17) and
xtended by Ordidgeet al. (18). The recent development of t
radient-echo slice excitation profile imaging (GESEPI) an
elated multi-echo implementation multi-gradient echo w
usceptibility inhomogeneity compensation (MGESIC) for
overing the signal lost due to intravoxel phase dispersio
*2-weighted imaging offers a solution to this dilemma (19–
1). In this report, we demonstrate that at 14 T, the useful
f gradient-echo images is limited by the dominating magn

FIG. 1. Images of a gel phantom obtained from a 1-mm thick slice 1
hown for ascending TE values. Inset shows sphere and slice position
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usceptibility artifacts, even at quite short TE values, and
ESEPI is effective in removing these artifacts even for

imes of 20 ms or longer. Preliminary reports of this work h
een presented at several meetings (22–24).

RESULTS AND DISCUSSION

Figure 1 shows images obtained in a plane 1 mm fro
-mm diameter spherical glass bulb of air embedded
elatin phantom. The GRE images show clearly the signa
rtifacts produced by the local field gradients from the sp
s well as by misadjustment of shimming. As TE increa

hese artifacts progressively expand to cover more of the im
reas. The bands with weak signal intensity occurring
rtifact regions in the images with long TE result from
inc-function modulation or phase wrap by local gradient (18).
he dark bands curving around the center indicate tha
radients from the air bulb and misadjustment of shimming
pposite in direction. The artifacts produced by the oppo
radients from the two sources are removed in the GE

mage at all TE values up to 20 ms.
At high field strength, subtle susceptibility differences

ween intracellular organelles or between cells of anima
lant and aqueous media can create significant suscept
rtifacts which obscure the details of cellular anatomy ot
ise capable of being revealed by NMR microimaging. T
ffect can be modeled by the cylindrical phantom contai
ater and 4-mm glass beads shown in Fig 2. Signal aroun
lass/water interface is restored with the GESEPI techniq
Figure 3 shows a GRE and a GESEPI image of mouse b

evere signal loss artifacts near the skull and ear cana
cure the majority of the GRE image. The remaining vis
ortion of the GRE image showing the center of the bra

from a 4-mm air-filled glass sphere. GRE (top) and GESEPI (bottom) i
-mm
.
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3T*2-WEIGHTED MICROIMAGING AT VERY HIGH FIELD
lurry, with marginal contrast between different anatom
tructures. The signal losses in both superior and inf
emporal areas in the GRE image are recovered in the GE
mage, as demonstrated at lower field strength (19–21). In the
resumably homogeneous region in the brain center
ESEPI image exhibits sharper resolution and reveals rem
ble anatomical details. This striking difference in image
lution was not observed at lower field strength.
For T*2 microimaging at 14 T, due to both higher fie

trength and the smaller size of the animal, the magnetic
radients that originated at the air and tissue interfaces e

nto most brain area. The magnetic susceptibility artifact
*2-weighted GRE images are no longer localized in the

ively confined areas near the air and tissue interface.

FIG. 2. GRE (left) and GESEPI (right) images of a 25-mm diam
ater-filled cylinder containing 4-mm diameter glass beads, with TE5 10 ms.

FIG. 3. Comparison of short TE GRE (left) a
l
or
PI

he
rk-
-

ld
nd
n
-

he

acroscopic local field gradients, obscuring the desired
ancement in tissue-specificT*2 contrast by high field strengt
ignal intensities in the GESEPI images, on the other han
ominated by tissue-specificT*2 contrast, exhibiting clear a
tomic brain structures. This is possible because the
radients that cause theT*2 contrast have different physic
roperties than those that cause the artifacts (17, 19–21), and

hus techniques can be designed to minimize image art
ithout compromising desired tissueT*2 contrast. The fiel
radients that produce artifacts are macroscopic in scale, a
rst approximation linear or of low-order spatial dependen
ver the dimensions of the typical image voxel. The fi
radients that generate the useful magnetic susceptibility b
ontrast, on the other hand, are microscopic in scale and
ither randomly or with high-order spatial dependence ove
oxel dimensions. Therefore, it is possible for GESEP
chieve the intended enhanced tissue-specific contrast
igh field strength by removing the low-order field gradie

hat result in artifacts and retaining the high-order microsc
ntravoxel gradients that yield a desirable contrast.

Figure 4 shows a series of GRE and GESEPI images o
dult mouse brain as a function of TE. The GRE images ap
lurry, with uneven signal intensity over the image, and
ome progressively worse as TE increases, with increa
reas of signal void. The GESEPI images, however, pro
uperior image quality even at TE5 20 ms. Thus, the GESE
echnique extends the TE observation window forT*2 contras
n very high field microimaging. This will be valuable f
roducing images of BOLD-based functional brain activity
mall animals at high field, where the sensitivity ofT*2 map-
ing is significantly improved. It will also permit accurate a
uantitativeT*2 measurements at high field strengths. Tra

r

GESEPI (right) images of live mouse brain at 14 T.
nd
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4 YANG ET AL.
erse relaxation follows the relationship 1/T*2 5 1/T2 1 1/T92,
here 1/T92 5 gDB0/ 2 is the contribution due to the local fie

nhomogeneityDB0. Thus this contribution, 1/T92, increase
inearly with field strength and can become dominant at
elds (25). For BOLD imaging of brain function and activit
he B0

2 dependence of 1/T2 found for blood (26) also contrib
tes to the rapidT*2 decrease in brain tissue at high fi
trength.
Notice that the artifacts in the GRE image at TE5 4.0 ms

n Fig. 3 appear more severe than that at TE5 6.0 ms in Fig
. The reason is that the image in Fig. 3 has an additional
radient on the top of the mouse’s skull, causing signal
rtifacts around the cortex. The corresponding GESEPI im
emoved this artifact along with the artifacts around the
anals that exist in both GRE images in Fig. 3 and 4.
roblem presented here is typical for heavilyT*2-weighted

mages. Because the signals in heavilyT*2-weighted images a
ominated by the local field gradient, any less than pe
himming adjustment can alter the image contrast significa
he heterogeneous magnetic susceptibility distribution
iological sample makes it difficult to adjust shimming t
eproducible condition for each sample load within the allo
ime frame for imaging live animals. Thus, the reproducib
nd consistency of enhancedT*2 contrast and quantitativeT*2
easurement are seriously compromised. With the ai
ESEPI, a reproducible heavilyT*2-weighted contrast at var
us TE can be obtained consistently.

FIG. 4. In vivo mouse brain images obtained at 14 T with GRE (top)
left to right).
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The tissue-specificT*2 contrast has become increasin
mportant in both clinical imaging of the brain and in neu
ogical research. For example, Ordidgeet al. (18) have shown
hat quantification ofT92 could provide a more specific asse
ent thanT2 of brain iron deposition, which has been imp

ated in several neurodegenerative diseases such Parki
isease and Alzheimer’s disease (27–29). Thus, with GESEP

n high fields, the enhancedT*2 contrast allows a wide range
pplications ofT*2-weighted imaging in biomedical researc
In the GESEPI method, the incremental compensation

ient also acts as a phase-encoding gradient in the slice
ion. Consequently, the excited slice is partitioned into mul
hinner slices after the third Fourier transform. Thus, GES
an be regarded as an over-sampled 3D method. Over
ling here means that the FOV in slice direction is larger

he width of the excited slice. Over-sampling is necessa
emove the ghosting artifacts and compensates for the
uency shift in the slice direction (21). It is important to note

hat the removal of the susceptibility artifacts is not the di
esult of using thinner slice thickness. The position-depen
ntravoxel phase dispersion of the magnetization at TE is g
y

Dw 5 gGz
1TEDz

hereg is the gyromagnetic ratio,Gz
1 is the local field gradien

GESEPI (bottom) sequences as a function of TE. TE values are 6, 15
and
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5T*2-WEIGHTED MICROIMAGING AT VERY HIGH FIELD
ESEPI method, this phase dispersion produces an echo
n the slice direction. For a given image plane, this echo
an vary at different voxels because of the difference in l
radient strength,Gz

1. The signal loss artifacts are removed
ong as the echo peaks from all the voxels in the image p
re sampled by proper choice of the compensation gradie
tronger compensation gradient is required for a largerDf,
hich in turn leads to a thinner subslice thickness. As indic

n the equation, however, the intravoxel dispersion and
ssociated signal loss artifacts for conventional 2D ima
annot be removed with the thinner slice thickness which
educes SNR. Using thinner slice thickness with the con
ional 2D method only produces a limited the artifact reduc
rovided TE is short andGz

1 is relatively small.
The artifact removal with GESEPI is achieved at the exp

f increased data acquisition time, which may limit its utili
ion in dynamicin vivo studies. To achieve the required te
oral resolution for dynamic investigations, the GESEPI t
ique can be implemented with rapid imaging sequences
s spiral scanning and echo planar imaging (EPI) (30). This
ethod offers a way to get information from areas whe
therwise would not be possible to do so, and it is m
fficient than reported methods for optimizing only a sin
egion (31, 32).

CONCLUSIONS

In summary, both phantom andin vivo mouse brain imagin
esults at 14 T demonstrate that the GESEPI method effec
educes susceptibility artifact while retaining the enhanceT*2
ontrast at extremely high magnetic field strength. Utiliza
f T*2 contrast for scientific research at high field strength

hus be exploited. The data indicate that the technique w
aluable for providing high-quality gradient echo image
ong TE times with very high field, small-bore microimag

agnets. GESEPI provides a robust method of generating
*2 contrast images with minimal susceptibility artifacts
nimals and cellular preparations at the highest imaging
trength currently available.

EXPERIMENTAL

The GESEPI sequence was implemented and the ex
ents were performed at the National High Magnetic F
aboratory in Tallahassee, Florida, on an 89-mm clear-bo
esla Bruker Avance DMX-600 spectrometer (Bruker Ins
ents, Inc., Billerica, MA) operating at 600.2 MHz for1H.

maging was done using an actively shielded gradient se
5-mm birdcage coil.
Coronal mouse brain images at the level of the anterio
ere acquired with TR5 100 ms, FA5 25°, slice thickness5
mm, FOV5 20 mm, and matrix5 1283 128 (pixel size5
56 mm). GESEPI images were acquired with 32 increme
hift
ft
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ormal value. Other images were acquired using similar
ameters. The acquired GESEPI data set was reconstr
ith a 3D complex Fourier transform, generating a set o

mages. The final GESEPI image was obtained by addin
agnitude images within the excited slice (16 images).

emaining images in the set, containing no appreciable si
ere discarded.
A gel phantom (Knox unflavored gelatin, Nabisco, Inc., E
anover, NJ) was prepared by pouring a 1.5-inch column
20-mm NMR tube. While the gel was still liquid, a 4-m

iameter air-containing glass sphere was inserted at th
ample center.
For the in vivo studies, adult male Charles River Sprag
awley mice were anesthetized with halothane (1.5–2%

nduction, 0.75–1% for maintenance) in 1.5–2:1 V:V nitr
xide:oxygen gas at a flow rate of 600–650 cc/min.
nimals were immobilized using a polysiloxane (Reg
entsply International Inc., Milford, DE) mold formed b

ween the head and a clear plastic transparency sheet rolle
tubular holder. The anesthesia tube was fixed at the end
older proximal to the nose of the mouse, and the holder
laced in the NMR probe with the animal head down.
The magnetic field homogeneity was initially checked

djusting field homogeneity on a 20-mm tube of water
ull-width half-maximum linewidth of about 20 Hz. For bo
hantom and animal samples, shimming was performed o
-mm slices used for imaging. Linewidths obtained were

cally about 200 Hz.
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