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The application of echo planar imaging to NMR microscopy
ffers a temporal resolution unparalleled by other techniques.
owever, a major difficulty in imaging at the high field

trengths used for microscopy is the effect of local field inho-
ogeneities caused by magnetic susceptibility effects. This can

ive rise to both image distortion and signal loss. In addition,
he effect of diffusion in the presence of the large imaging
radients gives rise to a broadening of the point spread function
nd hence loss of true resolution. We compare the sensitivity of
wo techniques, MBEST and PEPI, to both of these effects.
nalytic expressions for the signal in each echo of the two

equences are developed, and the point spread functions for the
wo techniques are calculated. Using PEPI, we have been able
o produce images with an in-plane resolution of 50 mm from a
ingle free induction decay. This technique has been extended
o three dimensions allowing the generation of 643 images with
n isotropic resolution of 80 mm. © 1999 Academic Press

Key Words: NMR microscopy; EPI; PEPI; diffusion.

INTRODUCTION

The application of echo planar imaging (EPI) (1) to NMR
icroscopy allows real-time imaging at resolutions of less
00mm. This unparalleled temporal resolution makes pos

he study of dynamic processes such as diffusion and flo
eal time. Extending the technique to three dimensions e
y acquiring a number of 2D slices or by adding a ph
ncoding step along the third axis allows the rapid imagin
hole samples, and the three-dimensional mapping of pa
ters such as relaxation times in a few minutes.
NMR microscopy experiments are usually carried ou

igh magnetic field, since the NMR signal and hence sig
o-noise ratio (SNR) in the image increases with increa
eld strength (2). However, the implementation of EPI at t
igh field strengths commonly used for microscopic stu
resents difficulties associated with susceptibility-induced
istortion. Because of the low frequency per point of the
xperiment, it is particularly sensitive to these effects. A
nd difficulty is the effect of diffusion in the presence of

arge gradients required to achieve the desired spatial re
ion. This gives rise to signal loss which gives a broadenin

1 To whom correspondence should be addressed. Fax:1115 9515166
-mail: richard.bowtell@nottingham.ac.uk.
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he point spread function (PSF), thus limiting the achiev
esolution.

SEQUENCES FOR MICROSCOPY

Two related sequences have been considered for applic
o microscopy, MBEST (3, 4) and PEPI (5). As can be see
rom the MBEST pulse sequence shown in Fig. 1a, follow
lice selection, a hard 180° RF pulse is used to generate
cho. A preexcursion pulse precedes a series of repeate
ient reversals which generate a train of gradient rec
choes occurring at the center of each gradient pulse
reexcursion of the blipped (phase encoding) gradient is t
o that the center ofk-space is traversed at the center of
pin echo. In this wayk-space is traversed in a raster fashio
hown in Fig. 1b. Alternate lines of data must be time reve
o account for the polarity of the switched gradient under w
hey were acquired, before the Fourier transform.

The PEPI sequence, shown in Fig. 2a, is a modificatio
PI, which uses a series of 180° RF pulses in place of rep
radient reversals to generate a series of echoes. All o
witched gradient pulses must therefore be of the same p
ty, and so time reversal of alternate echoes is not requ
owever, the action of the 180° RF pulses affects the ord
cquisition ofk-space data, with the center ofk-space bein
ampled first, as shown in Fig. 2b. Reordering of the da
herefore required before Fourier transformation. Any dep
ng of transverse magnetization due to magnetic field inho
eneities is periodically refocused by the RF pulses, giving

o a reduction in related image distortion. Previously, PEP
een used to investigate fluids in porous media at lower
0.5 T) and has had particular application in the measure
f flow (6, 7).

THEORETICAL COMPARISON

iffusion Limited Resolution

The image resolution achievable with either of the
echniques described above is ultimately limited by di
ion (8). Random motion of the spins under the app
radients causes an irreversible dephasing of trans
agnetization and consequent signal decay during th
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197ECHO PLANAR MICROSCOPY
uisition. This signal decay gives rise to an increase in
idth of the point spread function and consequent los

mage resolution. In EPI and PEPI, this function is broa
n the phase encode direction, since the signal decay
he whole acquisition is much greater than that during
cquisition of a single echo. It is therefore the PSF in
hase encode direction which limits the resolution of
xperiment.
To evaluate the diffusion limit to resolution, it is necess

o calculate the diffusion-induced signal attenuation for e

FIG. 1. (a) MBEST pulse sequence as implemen
e
f

st
er
e
e
e

y
h

cho in the experiment. The attenuationA at timet caused b
iffusion under a gradientG(t) is given by (9)

A 5 expS2g 2DS E
0

t S E
t9

t

G~t0!dt0D 2

dt9DD , [1]

hereD is the diffusion coefficient andg is the gyromagneti
atio.

on the microscope system. (b) MBESTk-space coverage.
ted



se
q th
b l, t
e bin
t

se
q
o

w
o e
b tion
o

198 PETERS AND BOWTELL
MBEST. The attenuation of echoes in the MBEST
uence results from the action of both the switched and
lipped gradients. Since these gradients are orthogona
ffect of each can be considered independently, and com

o give the total attenuation through the sequence.
Considering first the blipped gradient, from the pulse

uence shown in Fig. 1a, it can be seen that themth echo
ccurs at a timetm after the 180° RF pulse given by

tm 5
ND

2
1 t 1 m~D 1 2t!, [2]

FIG. 2. (a) PEPI sequence as implemented on the microscop
-
e
he
ed

-

hereN is the total number of echoes sampled,D is the length
f each phase encoding blip, and 2t is the time between th
lips. Evaluating Eq. [1], it can be shown that the attenua
f themth echo due to the blipped gradient of strength,Gy, is

Abl 5 expS2g 2DGy
2D 2

3 S tm~m 1 1!~2m 1 1!

1 2Dm3 1
D~N 2 2m! 3

8 DD . [3]

ystem. (b) PEPIk-space coverage showing the order of data acquisition.
e s
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199ECHO PLANAR MICROSCOPY
The switched gradient can be viewed as a series of rep
nits consisting of positive and negative gradient lobes ea
mplitude Gx and durationt, separated by a timeD. The
radient waveform integrates to zero over each of these
he attenuation due to the application of one unit can
ritten as

A 5 expS2g 2DGx
2

3
~2t 3 1 3Dt 2!D . [4]

he attenuation of themth echo due to the switched gradien
herefore given by

Asw 5 expS2g 2DGx
2

3
~2t 3 1 3Dt 2!~m 1 1!D . [5]

Combination of Eqs. [3] and [5] yields the total attenua
hrough the sequence, the Fourier transform of which give
SF. The Rayleigh criterion can then be used to asses
ffect that diffusional attenuation has on resolution.
The form of Eqs. [3] and [5] indicates that the expon

escribing the signal decay varies with the square of gra
trength and the cube of experimental duration. For the
owest PSF, and therefore best resolution, it is necessary
he largest available gradient strengths applied for only as
s is necessary to achieve the desired pixel spacing.
Assuming a 643 64 image matrix, a switched gradie

trength of 0.575 T/m, blip durationD 5 128 ms, equa
esolution in thex andy directions, and a sample of water
oom temperature (D 5 2.2 3 1029 m2 s21), then the Ray
eigh criterion is just met when the pixel spacing is 31mm. The

FIG. 3. Signal attenuation during an MBEST experiment with a resolu
f 31 mm caused by diffusion under (a) the blipped gradient, (b) the swit
radient and (c) both gradients. Acquisition parameters: gradient strengGx

0.575T/m, t 5 659 ms, blipped gradient strengthGy 5 0.092T/m, D 5
28ms, andD 5 2.2 3 1029 m2/s. The attenuation due to the blipped grad

ncludes the effect of the preencoding lobe of durationND/ 2. As the opposit
olarity blips are applied some of this attenuation is removed leading to a

n the signal amplitude at the 7th echo. This behavior is the same a
reviously reported for a standard gradient echo sequence (9).
ted
of

ts.
e

he
the

t
nt
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se
g

orresponding signal attenuation is shown in Fig. 3. This c
e reduced with the use of larger gradients; however, a
ling of the available gradient strength only reduces the d
ion limit to 26 mm, at the expense of a doubling of t
cquisition bandwidth. Figure 3 also shows that by the time
enter ofk-space is sampled, diffusion alone has reduced
ignal to 40% of its full value, leading to a marked reductio
he SNR of the image.

PEPI. The phase encoding gradient in PEPI is simila
hat for MBEST, except that two echoes are acquired betw
ach gradient blip, and there is no preexcursion. Using Eq

t can be shown that the attenuation of the signal acquired i
th space between phase encoding blips is

Abl 5 expS2g 2DGy
2

6
~D 2l ~2l 2 1!~l 2 1!

3 ~3D 1 4t! 1 2D 3l 3!D . [6]

d

ak
at

FIG. 4. Signal attenuation during a PEPI experiment with a resolutio
8 mm caused by diffusion under (a) the blipped gradient, (b) the swit
radient, and (c) both gradients. Acquisition parameters: gradient strengGx

0.575T/m, t 5 729ms, blipped gradient strengthGy 5 0.1 T/m,D 5 128
s, andD 5 2.2 3 1029 m2/s.

FIG. 5. Graph of maximum possible resolution using PEPI against a
ble gradient stength for a diffusion coefficient of (a) 2.23 1029 m2 s21 and
b) 1.1 3 1029 m2 s21, assumingGx 5 Gy and zero gradient rise time.
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200 PETERS AND BOWTELL
Each switched gradient pulse is separated by a 180
ulse, which inverts the phase accumulated by the spins.

his is taken into account, the read gradient can be treate

FIG. 6. Single-shot images of a water phantom acquired with (a) MB
t 1 ms per echo (Gx 5 0.25 T/m, D 5 128 ms), (b) MBEST at 0.5 ms pe
cho (Gx 5 0.5 T/m,D 5 128ms) and (c) PEPI at 1 ms per echo (Gx 5 0.25
/m, D 5 128 ms), showing a progressive reduction in image distortion.
F
ce
a

imilar way to the switched gradient in MBEST, although
ata must be reordered before the PSF is calculated to allo

he manner in whichk-space is scanned. The attenuation of
rst echo can be written as

Asw 5 expS2g 2DGx
2

3
~2t 3 1 6Dt 2!D . [7]

he attenuation of themth echo is therefore

Asw 5 expS2g 2DGx
2

3
~2t 3 1 6Dt 2!~m 1 1!D . [8]

Equations [6] and [8] can be used to calculate the si
hroughout the experiment. As for MBEST, the signal de

T

FIG. 7. Single-shot PEPI image of a piece of spring onion in which the
f tissue are clearly visible. In-plane resolution is 130mm with a 500mm slice

hickness. Acquisition parameters:Gx 5 0.18 T/m, 2t 5 1 ms,D 5 128ms.

FIG. 8. Single-shot PEPI image of a water phantom of diameter 1.3
ontaining a second tube of inner diameter 0.52 mm and wall thicknes
m. The in-plane resolution is 50mm with a 200mm slice thickness. Imagin
arameters:Gx 5 0.5 T/m,D 5 128 ms, 2t 5 1 ms.
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201ECHO PLANAR MICROSCOPY
ncreases with the square of the gradient strength an
ube of the experimental duration. Using the previous
mple of a 643 64 image matrix, a switched gradie
trength of 0.575 T/m, a phase encoding timeD 5 128 ms,
qual resolution in thex and y directions, and a sample
ater D 5 2.2 3 1029 m2s21), the diffusion limited

esolution is 28mm. The signal decay for this case is sho
n Fig. 4. It should be noted that because of the diffe
rder of data acquisition, the center ofk-space is sample
rst, when the signal is still high. This leads to a higher S
mage than is possible with MBEST.

If it is assumed that the maximum gradient strength avai
s applied with zero gradient rise time, and that both
radient strength and resolution are equal in thex and y
irections, then it is possible to calculate the maximum r

ution for any gradient value and diffusion coefficient. Suc
raph is shown in Fig. 5, for the PEPI sequence with diffu
oefficients of 2.23 1029 m2s21 and 1.13 1029 m2s21. Since

FIG. 9. PEPI images of a drop of water doped with Gd-DTPA fallingo
d) 4.5 s after the release. In-plane resolution is 200mm with a 1 mmslice th
28 ms.
he
-

t

le
e

o-
a
n

ach curve is of the form 1/G1/3, an increase in availab
radient strength leads to a higher achievable resolution

he rate of change decreases with increasingG.

mage Distortion

The major contribution to image distortion in EPI com
rom inhomogeneity of the static magnetic field. Over a sm
olume, in a well-shimmed magnet, most of the inhomogen
esults from differences in magnetic susceptibility inside an
he vicinity of the sample. For example, if each echo in a 63
4 image is acquired in 0.5 ms, and the entire image in 40

hen the frequency per point is 2 kHz in the switched direc
ut only 25 Hz in the phase encode direction. A static fi
istortion of greater than 25 Hz (or 0.05 ppm for proton
1.7 T) will give rise to a distortion in the phase enc
irection of more than one pixel.
One method by which image distortion can be reduced

5 mm NMRtube filled with undoped water at (a) 0 s, (b) 0.6 s, (c) 1.2 s,
ness. Acquisition parameters: TR5 0.3 s,Gx 5 0.12 T/m, 2t 5 1 ms,D 5
inta
ick
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202 PETERS AND BOWTELL
ecrease the acquisition time. This increases the frequen
oint and hence reduces the effect of any static field disto
owever, this is at the expense of an increased sam
andwidth, which reduces the SNR of the image. In addi

arger gradient strengths are required to achieve a given
ution when the acquisition time is reduced.

The refocusing effect of the 180° RF pulses in the P
xperiment ensures that there is no phase evolution of the
ue to static magnetic field variations in the phase en
irection. Hence, for anN 3 N image, image distortion
educed by a factor ofN compared to the equivalent MBES
xperiment.

METHODS

The two sequences described above were implemented
1.7 Tesla microscope system (10) equipped with activel
creened gradient coils (11) of 30 mm internal diameter. B
ause of the sensitivity of MBEST to magnetic field distort
amples had to be axially symmetric and mounted vertica
he magnet. For this reason, a 14 mm diameter birdcage R
as used. As PEPI does not suffer from these effects t
ame degree, a solenoidal RF coil could be used for s
amples. This gave a better filling factor for small samples
ence better signal-to-noise ratio.

RESULTS

To demonstrate the image distortion caused by mag
eld inhomogeneity, the shim coils in the magnet w
witched off and a series of images acquired. Figure 6a s

FIG. 10. 3D PEPI sequence as
per
n.
ng
,
o-

I
ins
e

an

,
in
oil
he

e
d

tic

ws

643 64 MBEST image of a water phantom containing th
lass tubes, which have outer diameters of 830, 880, and
m. The resolution is 100mm in-plane, with a 400-mm slice

hickness. This image was acquired at a rate of one ech
illisecond (2t 5 1 ms,D 5 128 ms, Gx 5 0.25 T/m), and

hows considerable distortion. Figure 6b shows the same
om imaged at a rate of one echo every 0.5 ms (2t 5 0.5 ms

5 128ms, Gx 5 0.5 T/m). The image distortion is reduc
n this image, but is still apparent. Using the PEPI seque
nd the longer time of 1 ms per echo (2t 5 1 ms,D 5 128ms,
x 5 0.25 T/m), the image distortion is reduced still furth

Fig. 6c).
The line artifact at the top and bottom of the PEPI imag
result of transverse magnetization generated by imperfec

n the train of 180° RF pulses, and normally lies across
enter of the image. If these RF pulses are applied with a p
hich lies alternately alongx and y, the image is shifted b
alf of the field of view, and so is unaffected by the artif
12) after data reordering.

The insensitivity of PEPI to susceptibility induced ima
istortion is further demonstrated in Fig. 7, which shows

mage through a spring onion with an in-plane resolutio
30mm and a 500mm slice thickness, acquired withD 5 128
s, Gx 5 0.18 T/m, and 2t 5 1 ms. Here, the rings of tiss
re clearly seen despite the presence of air/tissue interfa
Figure 8 shows a PEPI image of a phantom consisting
ater-filled tube of outer diameter 1.3 mm, which contain
econd tube of inner diameter 0.52 mm and wall thickness
m. This image was acquired at 1 ms per echo usin

witched gradient strength,Gx, of 0.5 T/m. The in-plane re

plemented on the microscope system.
im



o in
t

9.
5 nd
m ich
h the
a tion
w t b
p rat
e th
c e t
e tub
a t
s i
s

w
1

xis as
t nded
t ot
t
e scope
s ve a
m tion,
m
2 f the
d ing

p

203ECHO PLANAR MICROSCOPY
lution is 50mm, with a 200mm slice thickness. The SNR
his single-shot image is better than 20:1.

The high-speed nature of PEPI is demonstrated in Fig.
mm diameter NMR tube was filled with distilled water a
ounted vertically in the magnet. A single drop of water wh
ad been doped with contrast agent (GD-DTPA) was
llowed to fall into the tube. Since high temporal resolu
as required, an inversion recovery experiment could no
erformed. Instead, the TR was reduced to 0.3 s, and satu
ffects were used to visualize the rapid movement of
ontrast agent. Figure 9a shows the tube of water befor
ntry of the drop. In Fig. 9b, a void is seen at the top of the
s the drop enters the water. Figures 9c and 9d show
preading out of the drop which appears bright due to
horterT1. The in-plane resolution in these images is 200mm,

FIG. 11. 3D image of a water phantom filled with glass beads of 3 m
arameters: TR5 1 s, Gx 5 0.25 T/m, 2t 5 1 ms,D 5 128 ms.
A

n

e
ion
e
he
e
he
ts

ith 1 mm slice thickness (Gx 5 0.12 T/m, 2t 5 1 ms,D 5
28 ms).

3D IMAGING WITH PEPI

By applying a phase encode gradient along the same a
he slice selection, the PEPI technique can easily be exte
o three dimensions (7). While this is no longer a single-sh
echnique, anN 3 N 3 N image may be acquired in onlyN
xcitations. The sequence as implemented on the micro
ystem is shown in Fig. 10. The 180° RF pulses now ha
ore complicated effect on the order of data acquisi
oving thek-space coordinate from (kx, ky, kz) to (2kx, 2ky,
kz) at the end of each echo. After suitable reordering o

ata, eachkz-plane of data comes from two excitations hav

iameter. The matrix size is 643 with an isotropic resolution of 100mm. Acquisition
m d
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204 PETERS AND BOWTELL
pposite signed phase encoding. If there is any asymme
he gradients, then these two data sets will not match, lea
o artifacts in the image. Such asymmetry may result from
ffsets in the gradient amplifiers, or incorrect refocusing o
agnetization following slice selection. It was found that s

ing the phase encoding gradient so that it was stepped fr
aximum value to zero before the 180° RF pulse, and

rom zero to the maximum value after the RF pulse, made
equence much easier to set up, since the symmetry o
hase encoding was guaranteed.
Using this technique, rapid volumar imaging is possi

igure 11 shows a 3D image of a water-filled tube contai
pherical glass beads of 3 mm diameter. The image m
onsisted of 643 pixels and the resolution was 100mm in each
irection. The complete image was acquired in 64 s usi
epetition time (TR) of 1 s,Gx 5 0.25 T/m, D 5 128ms, and
t 5 1 ms.
By preceding each excitation with a 180° RF pulse, a s

f 3D inversion recovery images may be obtained, from w
olumar maps ofT1 can be calculated. To assess the accu
f this measurement, a phantom which consisted of a cap

ube within a 5 mm NMRtube was built. The larger tube w
lled with water, while the inner tube contained water do
ith contrast agent (Gd-DTPA). A set of 14 3D images w

hen acquired with inversion recovery times between 1 ms
s. The matrix size was 1283 128 3 16 with an isotropic

esolution of 80mm. Using a TR of 10 s to avoid any saturat
ffects, the data set was obtained in 40 min. Using a stan
pin echo experiment with the same TR would have taken

FIG. 12. 3D T1 measurement by inversion recovery PEPI. The outer tu
hortensT1. The resolution is 80mm in each direction. Acquisition parameter
in
ng
C
e
-

a
n
e

the

.
g
rix

a

s
h
y
ry

d
e
d

rd
re

han 3 days. The resultingT1 map, produced using a tw
arameter fit to the data, is shown in Fig. 12. A spectros
xperiment was performed on bulk samples of the two liqu
he T1 of the water was found to be 2.726 0.07 s, while the
1 of the doped water was 1.216 0.02 s. This compared we
ith the results from the imaging, which were 3.176 0.15 s
nd 1.366 0.10 s, respectively.

CONCLUSIONS

Both MBEST and PEPI sequences have been implem
n an 11.7 T NMR microscope. The point spread functi
esulting from the effects of diffusion, of each sequence
een calculated and it has been shown that true micros
esolution may be achieved with reasonable gradient stre
sing both sequences. PEPI has been used to generate
ith an in-plane resolution of up to 50mm, which is approach

ng the diffusion limit set by the gradient strengths availabl
ur microscope.
PEPI has been extended to three dimensions, allowin

cquisition of three-dimensional images with microscopic
lution. This technique has been further extended to pro
olumarT1 maps in a few minutes. We have now applied P
icroscopy to the measurement of flow and relaxation tim
orous rock samples (13).
The relative insensitivity of PEPI to magnetic field inhom

eneity, in comparison to MBEST, makes it the better sin
hot sequence for use at high magnetic field. In addition
arly acquisition of the center ofk-space gives improved SN

ontains distilled water. The inner tube contains water doped with contrast
R10 s, TI5 1 to 4000 ms,Gx 5 0.30 T/m, 2t 5 1 ms,D 5 128ms.
be c
s: T5
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205ECHO PLANAR MICROSCOPY
owever, the high level of RF power may limit the use of P
or the study of living systems.
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