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Use of the Stejskal-Tanner sequence for performing diffusion images in the human
brain tends to be complicated by the presence of artifacts caused by voluntary or involuntary,
sometimes pulsatile, motion. We describe the implementation of the technique of echo-
planar diffusion imaging, which avoids these artifacts and allows reproducible quantitative
values of the diffusion coefficient to be measured in vivo. The effects of perfusion are easily
visible in a phantom containing a gel. The results for human brain show a significant
“perfusion fraction” in grey matter, consistent with an extracellular, possibly microvascular,
volume of about 10%. ® 1991 Academic Press, Inc.

INTRODUCTION

The usual Stejskal-Tanner technique for sensitizing a multipulse MR imaging se-
quence to microscopic flows also makes it very sensitive to bulk motions, such as
pulsations related to the cardiac cycle, involuntary twitches, and CSF flow. Imaging
hardware must be very stable, and eddy currents in surrounding conducting structures
caused by the unusually large magnetic field gradients ( /) can seriously impair image
interpretability. Large eddy currents with short time-constants rule out any kind of
rapid imaging technique.

With the aid of special-purpose gradient coils, either self-shielded or built on a small
diameter, and the use of echo-planar imaging (2-5) in which the entire image data
set is captured in less than 0.1 s, these problems are completely avoided. No trace of
motion artifact is observable in heavily diffusion-weighted images of the human or
cat brain.

PULSE SEQUENCES AND HARDWARE

Echo planar imaging may be sensitized to flow and diffusion in precisely the same
way as conventional spin-echo or gradient-echo imaging sequences. For a spin-echo
sequence, a pair of diffusion gradient pulses of the same polarity may be placed on
either side of the refocussing 180° pulse (6), or if a gradient-echo sequence (7) is
desired, a bipolar pair of gradients may be placed before signal acquisition (Fig. 1).
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Fic. 1. Diffusion-weighted echo-planar imaging sequences: (a) Gradient-echo MBEST, (b) Spin-echo
MBEST.

The major problems involved in implementing echo planar diffusion imaging stem
from the same causes; the shortness in tissue of the transverse relaxation time T2 and
the inhomogeneity-related dephasing time T2*. If too long a time elapses between
the excitation of the spin system and the acquisition of the data, no signal remains to
be observed. Thus the large excursions of the trajectory in k-space needed in order to
provide reasonable resolution must be traversed very rapidly, typically in 50-100 ms;
hence large, rapidly switched gradients must be provided. Furthermore, the diffusion
gradients must be of short duration, less than 40 ms per lobe, say. Given typical tissue
values for D of 0.5-1.0 X 1073 mm? s, this implies that gradient strengths of at least
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10 mT m™" are desirable for this gradient too if a significant diffusion-related signal
attenuation is to be obtained.

Both of the IVIM-EPI sequences described above have been successfully imple-
mented on a 1.5-T whole-body GE Signa scanner (4), and on 2.0- and 4.7-T medium-
bore GE CSI systems (8, 9). On all of these imaging machines 128 X 128 images of
long T2 phantoms have been obtained, but the data acquisition rate available makes
the acquisition time (i.e., the digitizing window duration) too long for in vivo work
at this resolution. The studies reported here were performed at 64 X 64 resolution.
Later work (5) has been performed using a GE Signa system retrofitted with fast
imaging gradients and acquisition hardware (Advanced NMR Systems, Inc.,
Woburn, MA).

A further essential precaution, for the medium bore magnets, was to obtain the
best shim possible with the magnet used. Fortunately, the standard shim on the Signa
was entirely adequate for EPI with the acquisition time used, and no special shimming
was needed.

WHOLE-BODY IMPLEMENTATION

Normal commercial whole-body gradient hardware gives gradients up to 10 mT
m™~!, but the switching time of 0.5-1.0 ms is far too slow to allow the 64 or more
gradient switches to be made in the time available before the signal decays. A switching
time of 400 us or less is required for EPI to be feasible, and a maximum gradient
strength of about 20 mT m™ is needed to achieve an in-plane resolution of 2.5
X 2.5 mm.

These stringent gradient requirements may be met by using the existing gradient
coils while increasing the number or power of the gradient current amplifiers, so that
a larger current is made available, along with a higher maximum voltage to raise the
current faster to its desired value. This is the strategy currently employed by Mansfield
and his team ( /0) for whole-body imaging. The alternative is to build a small special-
purpose gradient coil that fits over the head and which can be designed to give much
greater efficiency and smaller inductance than standard whole-body gradient coils. In
this case no additional gradient power supplies are required.

Using the target field coil design method (/7) a z-gradient coil with 20 cm diameter
volume of linear gradient, with 100 xH inductance, and 40 mT m™! (100 A) ™! efficiency
was designed. This coil is compact enough to fit round the head in such a way that
the shoulders are barely touching the end, yet the entire brain can be imaged without
distortion. Transverse gradient coils which have such excellent specifications are not
feasible ( 12), but reasonably compact designs of about half this efficiency for the same
inductance have been built.

An 1f coil was built inside the gradient coil former. To prevent undue loading by
the gradient coil, and the production of secondary parasitic resonances, pieces of copper
foil were judiciously placed in order to screen the gradient wires themselves from the
rf fields. These were tuned to create an anti-resonance mode in the gradient coils, thus
preventing inductive coupling to the rf coil. A simple four element rf saddle coil was
used, with a balanced capacitive-match feed, which gave, after careful tuning, a volume
of homogeneous field of about 15 cm diameter. The coil was also equipped with
copper foil guard rings to avoid excessive rf electric fields within it, which in the
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presence of a patient’s head causes detuning, reduction in Q, and unacceptable power
deposition.

MEDIUM BORE IMPLEMENTATION

Results from the 2-T GE CSI imaging system, of magnet clear bore 45 cm diameter,
were obtained using a GE “Acustar 260 set of actively shielded gradients (1, 13, 14),
which gave a maximum gradient of 40 mT m™', with a rise-time of 170 us. At 64
X 64 resolution, this enabled a minimum field of view of 40 mm to be achieved,
giving a pixel size of 0.625 X 0.625 X 2.0 mm. A small birdcage rf coil, of 12 cm 1.d,,
was used for work with phantoms and cats, and the EPI sequence was implemented
in a way similar to that detailed in Refs. (8) and (15).

DIFFUSION AND PERFUSION EXPERIMENTS IN PHANTOMS

The reliability of the IVIM-EPI sequences was established, both on the 2-T CSI
system and on the 1.5-T Signa, using experiments on water-containing phantoms.
Most of this work was done on the 2-T CSI system. A bottle containing undoped
water was imaged with varying diffusion gradients. The signal from a given region of
interest was plotted against gradient b-factor (4) and found to agree with the theoretical
predictions, with a value of the diffusion constant close to that found by the majority
of workers (16, 17). Next a flow phantom was tested, containing a Sephadex 50-150
chromatography gel, through which a very slow current of water could be passed,
simulating perfusion in a capillary bed. The results showed a dramatic effect on the
signal, as predicted by IVIM theory (I8) when the water flow was switched on. It
should be noted in passing that a waiting period of at least 30 min after flow is started
is needed in order to establish a steady state, before taking measurements. The atten-
vation dependence on b-factor changes from a single exponential with no flow to a
curve which is fitted well by a biexponential, with the two exponents well separated
in magnitude.

STUDIES IN HUMAN BRAIN

Echo planar diffusion imaging was successfully carried out, on volunteers and pa-
tients, using a GE Signa 1.5-T imaging system and the small head coil described above.
The rate of switching of the current in this coil was restricted so that a maximum rate
of magnetic field variation of 16 T s~! was experienced by the subject, well below the
maximum specified in FDA guidelines. No nonauditory sensory effects were reported
by any subject. The acoustical noise generated during switching was sufficiently loud
that all subjects wore earplugs for comfort.

Typically a series of 8 or 16 images of a single slice was collected, with different
diffusion gradient strengths. A repetition time of 4 s was used. Each imaging shot was
usually preceded by a phase reference shot with the phase-encode gradient switched
off, which was used to correct the echo spacing and hence to avoid the “Nyquist ghost”
artifact which otherwise appears halfway across the field of view from the image (4).
Even with the highest diffusion gradient used, 38 mT m™! for a duration of 20 ms per
lobe, no motion artifact could be seen on the image. Images were normally obtained
using the spin-echo MBEST (8, 9) sequence, echo time TE 100 ms, 16 cm FOV, 10
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mum slice thickness, 64 X 64 pixel matrix. With no diffusion weighting, the single-shot
signal:noise ratio in grey matter was about 50. The image contrast was dominated by
tissue T2 variations, as shown in Fig. 2.

Grey and white matter could be clearly distinguished, and the anisotropy of the
diffusion coefficient in white matter (4, 19, 20) was easily observable, the intensity
from fibers running perpendicular to the diffusion gradient decreasing more slowly
than that of fibers parallel to the gradient.

To give an idea of the reproducibility of these results, Fig. 3 shows a comparison
of data from regions of interest in two volunteers, each selected to lie in the amygdala.
The data were scaled so that the intercepts of the log-linear fits to each set were zero.
It is clear that there is excellent agreement. Figure 4 shows averaged data from three
sets of images acquired in the same session from Volunteer 1. The scatter is evidently
reduced; the SNR for the first point is about 170. The Levenberg—Marquardt nonlinear
least-squares fit algorithm gives a good fit to a biexponential. Values of the perfusion

FIG. 2. Set of 14 diffusion-weighted 64 X 64 coronal EPI images of volunteer head. FOV = 16 cm, slice
thickness = 10 mm, TE = 100 ms, TR = 4 s, total acquisition time per image = 50 ms. The diffusion
gradient duration was 20 ms/lobe, and the maximum gradient used was 38 mT m™',
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F1G. 3. Comparison of attenuation curves for two subjects, Volunteers 1 and 2, for ROIs selected in the
amygdala, each about 4 pixels in size. The data are normalized by dividing by the intercept of a straight line
fitted to the log of the data points versus the b factor. The scatter reflects the signal:noise ratio in single-shot
images.

FI1G. 4. Plot of mean signal attenuation, using three sets of images from Volunteer 1. Each group of three
for a given value of b was acquired within 12 s. The image data were averaged after the modulus images
had been reconstructed separately, so that no phase cancellation could occur. Cardiac gating was not used.
The curvature in this plot indicates that a single exponential fit is inappropriate.

fraction f= 11 =+ 4%, the diffusion coefficient of 0.66 + 0.5 X 10> mm?s !, and the
pseudo-diffusion coefficient of 5 + 2 X 107> mm? s ™' were deduced. These are consistent
with the IVIM theory and suggest a two-compartment model with 10% of the signal
coming from the compartment with the larger diffusion coefficient. D* is somewhat
too large to be easily identified with CSF or extracellular fluid, though this interpretation
cannot be excluded.

The work reported in (5) used a maximum value of b of about 300, considerably
lower than the value of 800 used in the present work. At » = 300, the asymptotic
slope has not yet been reached, which may explain the rather larger estimates of D
given in Ref. (5). Subsequent work by this group (21), extending to larger b values
has given results in good agreement with those presented here.

CONCLUSIONS

Single-shot echo planar imaging enables precise, reproducible measurements of dif-
fusion coefficients of human brain tissue in vivo, without confusing motion artifacts.
The implications for effective and timely evaluation of hyperacute stroke (22) in
humans are considerable, since an entire imaging session need take no more than 5
min. For further research work, the rapidity and ease of acquiring images of adequate
quality facilitate far more detailed analyses of the attenuation curve than heretofore.
Unambiguous effects have been observed on the MRI signal which are consistent with
those predicted to be caused, according to the Le Bihan theory, by the superimposed
perfusive motion of blood in capillaries. Further improvements in data analysis may
lead to observations of changes in the IVIM parameters associated with brain function.
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