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“Diffusion-weighted”” MRI in the normal human brain and in a patient with a cerebral
metastasis 1s demonstrated. The method employed was a modified CE-FAST sequence
with imaging times of only 6-10 s using a conventional 1.5-T whole-body MRI system
(Siemens Magnetom). As with previous phantom and animal studies, the use of strong
gradients together with macroscopic motions in vivo causes unavoidable artifacts in
diffusion-weighted images of the human brain. While these artifacts are shown to be
considerably reduced by averaging of 8-16 images, the resulting diffusion contrast is
compromised by unknown signal losses due to motion. ® 1989 Academic Press, Inc.

INTRODUCTION

Magnetic resonance techniques for the study of molecular self-diffusion rely on the
application of strong self-refocusing magnetic field gradients (I, 2). However, the
method does not measure the self-diffusion coefficient directly but the signal attenua-
tion due to a net positional displacement of spins achieved within a chosen “diffu-
sion” time. Thus, in vivo studies of incoherent diffusional processes are severely
compromised by competitive contributions from microcirculation (perfusion),
macroscopic motions (tissue pulsations, breathing, patient movements, system
instabilities ), and macroscopic fluid flow. Typical properties of these processes are
summarized in Table 1. Accordingly, a separation of coherent and incoherent pro-
cesses, although in principle possible using motion-rephasing gradients (3), does not
correlate with a separation of diffusion and perfusion. The importance of relative
contributions from coherent and incoherent capillary blood flow has been discussed
in Ref. (4). Access to perfusion is further complicated by the low percentage of spins
involved (brain) and the much stronger signal attenuation observed due to macro-
scopic motions. The influence of slow flow and pulsatile motion on diffusion-
weighted MR images has been investigated in a previous study on phantoms and
rabbit brains in vivo (5). The investigations were performed using the CE-FAST se-
quence (6-8) modified to allow rapid MRI of diffusion (9, 10).

In this communication we describe applications of the modified CE-FAST se-
quence to studies of the human brain using a conventional 1.5-T whole-body MRI
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TABLE 1

Typical Properties of Transport Processes and Motion in Vivo That Give Rise to Mean Positional
Displacements Measured Using Diffusion-Type MR Sequences

Displacement Spins
(100 ms) involved
Process Character (um) (%)
Diffusion Incoherent 10 100
Perfusion (brain) Incoherent/coherent 100 2-5
Macroscopic motions Coherent/incoherent 100 100
Macroscopic flow Coherent >1000 100

Note. Macroscopic motions refer to tissue pulsations, breathing, general patient movements, and dy-
namic system instabilities.

system. In the absence of motion-rephasing waveforms for the additional ““diffusion™
gradients, all processes shown in Table 1 give rise to signal losses depending on their
mean positional displacement. It is demonstrated that weak gradients are sufficient
to remove all signal contributions from perfusion as well as from incoherent macro-
scopic motions, whereas coherent macroscopic motions cause artifacts (ghosting) in
the phase-encoding dimension of individual diffusion-weighted brain images. These
artifacts may be effectively reduced by averaging of subsequently acquired images.
Macroscopic flow prevents the establishment of steady-state conditions (77) and,
therefore, is not seen in CE-FAST images. The contrast observed in seavily diffusion-
weighted images is determined by a combination of true diffusion contrasts and un-
known signal losses due to averaging of macroscopically moving spins. Because of
this and the complex nature of the SSFP echo signal we explicitly avoid the calcula-
tion of meaningless diffusion coefficients from images obtained at different gradient
strengths.

METHODS

The modification of the CE-FAST sequence for diffusion-weighted MRI involves
the incorporation of a diffusion gradient pulse in each repetition interval. This extra
gradient pulse may be applied in the direction of the slice selection or frequency-
encoding gradient or both. It is refocused by the fact that the CE-FAST sequence
acquires the echo part rather than the FID of the steady-state free precession (SSFP)
signal. For acquisition of the SSFP echo preceding the radiofrequency (RF) pulses
its position is shifted to 10 ms in advance of the RF pulses by reversal of the read
gradient. Detailed descriptions of the basic sequence (6-8) and the diffusion-
weighted version used (/0) are given elsewhere. Since “diffusion-weighting” in vivo
does not automatically lead to pure diffusion contrast, this term is used only as a
terminus technicus describing the use of a pair of self-refocusing gradients as conven-
tionally employed for diffusion studies. Informed consent of the volunteers and the
patient was obtained prior to the investigations.
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RESULTS AND DISCUSSION

Diffusion imaging studies of the brain were carried out on healthy volunteers and
on a patient using a conventional 1.5-T whole-body MRI system (Siemens
Magnetom). The maximum available gradient strength was 10 mT m™'. Motion
artifacts were observed in al/ single-excitation CE-FAST images recorded at high
diffusion gradient strengths. This is demonstrated in Fig. 1 by a series of 10-s images
(TR = 40 ms) obtained using diffusion gradients (16 ms duration) of 1.0 (a), 7.0
(b),and 9.8 mT m ' (¢, d). The occurrence of smearing and ghosting artifacts in the
phase-encoding dimension of the images is independent of both the particular MRI
system and the sequence used. It is a general experimental finding that in contrast to
phantom studies (12, 13) diffusion-weighted images of animals and humans i vivo
become degraded by motion artifacts. In fact, even ECG synchronization is unable
to remove artifacts and signal losses due to in-scan motions during the diffusion time,
i.e., between the applied self-refocusing diffusion gradients. In the present study the
extent of image degradation varied considerably between different individuals. Image
(d) in Fig. | represents the average of eight subsequent scans recorded in a total
measuring time of about 80 s. Obviously, motion artifacts can be sufficiently reduced
by averaging of 8-16 images. However, this is achieved at the expense of signal losses
depending on the extent of motion artifacts in single-excitation images. Averaging of
sequentially recorded image data turned out to be superior to direct averaging of data
from individual phase-encoding steps.

Diffusion-weighted brain images of two healthy volunteers are shown in Fig. 2.
Images (a—c) of the first volunteer refer to a weak diffusion-weighting as represented
by the time integral of the respective gradient pulses (5 ms duration, 1.0 (a), 7.0 (b),
and 9.8 mT m ™' (c) strength ). The images were recorded within an overall measuring
time of about 1.5 min (TR = 23 ms, 16 acquisitions) using a flip angle of 75°. The
signal intensity from CSF becomes strongly attenuated by macroscopic flow and pul-
satile motions even in the presence of a diffusion-weighting that is weak enough to
leave signals from normal brain almost unaffected. This finding is in agreement with
a previous observation of the strong sensitivity of SSFP signals to slow flow (74). A
change of the orientation of the diffusion gradient from the slice selection direction
to the frequency-encoding direction (horizontal axis in Fig. 2) resulted in a slower
decrease of the CSF signal with gradient strength. This finding is probably due to the
preferred flow direction of CSF.

Images (d)-(f) of the second volunteer in Fig. 2 were obtained with much stronger
diffusion weighting. Using the same gradient strengths as in (a)—(¢) the duration of
the gradient pulses was increased to 20 ms. Consequently, the repetition time had to
be increased to TR = 40 ms yielding measuring times of about (.5 min for eight
averages. In the resulting images the signal intensity of gray matter decreased more
than that of white matter. However, contrast in Fig. 2f is not only due to true differ-
ences in the molecular self-diffusion coefficients of water in gray and white matter
but also affected by motion averaging as discussed in Fig. 1. Although image artifacts
due to motion may be eliminated by averaging, the diffusion-weighted images are
influenced and possibly dominated by macroscopic motions. Motion averaging leads
to signal losses which may be spatially heterogeneous. For example, since brain pulsa-
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F1G. 1. Sixty-four-megahertz (1.5-T) “diffusion-weighted” CE-FAST images (256 X 256 pixel resolu-
tion, flip angle 75°) of the brain of a healthy volunteer. The images were recorded using diffusion gradient
strengths of 1.0 (a), 7.0 (b),and 9.8 mT m ' (¢, d), respectively. Images (a)-(c) represent single excitation
images corresponding to measuring times of about 10 s (TR = 40 ms). Image (d) represents the average
of eight subsequent scans leading to a total measuring time of about 80 s. All images (10 mm slice thickness)
were obtained using diffusion gradients {frequency-encoding direction) of 16 ms duration.

tions expand radially the degree of imposed ““motion contrast” may be different for
gray and white matter due to structural differences and location.

Figure 3 depicts transaxial diffusion-weighted CE-FAST images of a 72-year-old
female patient with a cerebral metastasis of a hypernephroma in the left occipital
area. Each image was recorded within a measuring time of about 1 min using eight
acquisitions. A weak diffusion-weighting was employed in images (a) and (b) using
a repetition time of TR = 25 ms and gradient pulses of 5 ms duration and 1.0 and
7.0 mT m ™! strength. An intermediate diffusion-weighting was obtained in images
(c) and (d) using TR = 29 ms and gradient puises of 9 ms duration and 7.0 and 9.8
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F1G. 3. Sixty-four-megahertz (1.5-T) “diffusion-weighted” CE-FAST images of a 72-year-old female
patient with a cerebral metastasis of a hypernephroma in the left occipital area. Each image (256 X 256
pixel resolution, 10 mm slice thickness) was recorded within a measuring time of about 1 min using eight
acquisitions. Images (a) and (b) were obtained using repetition times of TR = 25 ms and diffusion gradients
(frequency-encoding direction ) of 5 ms duration and strengths of 1.0 and 7.0 mT m ™', respectively. Images
(¢) and (d) were obtained using TR = 29 ms and gradients of 9 ms duration and strengths of 7.0 and 9.8
mT m !, respectively.

mT m ! strength. As in the volunteer studies the strong signal attenuation of CSF by
relatively weak gradient pulses (Figs. 3b and 3c) is attributed to macroscopic flow
effects. A further increase of the diffusion-weighting in Fig. 3d results in a total loss
of signal intensities from CSF, whereas the edema surrounding the cerebral metastasis
remains bright. This may be explained by the absence of macroscopic flow in the
edema. Even for a high molecular mobility of water within the edema and a self-
diffusion coeflicient close to that of bulk water the applied diffusion-weighting is only
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comparable to a value as used for Figs. 2d and 2e. It is, therefore, not strong enough
to cause significant signal attenuation of the edema or to provide gray/white matter
contrast as in Fig. 2f. The signal loss observed in the front of the head (Figs. 3¢ and
3d) may have resulted from patient movements, For a supine position related spatial
displacements are more pronounced in the front of the head than at the back. In
general, diffusion-weighted CE-FAST images allow an easy and relatively rapid dis-
crimination of edema and CSF-containing structures on the basis of the macroscopic
mobility of water.

CONCLUSIONS

Magnetic resonance imaging of diffusion iz vivo is severely impeded by spatial
misregistration artifacts. These are due to slow flow, tissue pulsations, and unavoid-
able patient movements and are dramatically increased by the use of strong magnetic
field gradient pulses as required for diffusion weighting. It is demonstrated that re-
spective image artifacts are considerably reduced by averaging data of subsequently
recorded images. However, the resulting contrast as, e.g., seen between gray and white
matter in normal volunteers, represents a mixture of “true” diffusion contrasts and
unknown signal losses due to motion averaging. In these circumstances any computa-
tion of diffusion coefficients must remain ambiguous. Using only moderate diffusion-
weighting excellent discrimination among CSF, edema, and tumorous tissue was ob-
tained in a patient with a cerebral metastasis.
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