
Introduction

Diffusion-weighted MRI (DWI) of the brain has been
shown to be useful for early detection of cerebral
ischaemia [1±5] and in monitoring therapy of patients
with stroke [6±8]. Other clinical applications include
white-matter, fibre-tract imaging by determining diffu-
sion anisotropy [9±12], or experimental applications
such as determining cell size [13±15] and tissue tem-
perature mapping [16, 17]. DWI is based on the effects
of the microscopic brownian motion (diffusion) of water
molecules in tissue. In addition to r, T1, or T2 contrast,
the strength of water diffusion directly influences signal
intensity in diffusion-weighted images.

MRI sequences can be diffusion-sensitised by adding
a pair of strong gradients, the Stejskal-Tanner method
[18]. These gradients cause phase changes of the proton
spins proportional to their stochastic spatial displace-
ment and hence reduction in signal in the image de-
pending directly on the local diffusion coefficient. The
quantitative dependence between diffusion constant D
and image intensity I is described by b, a parameter de-
pendent on strength and timing (duration d and separa-
tion of onset D) of the diffusion gradients (gyromagnetic
ratio g, gradient strength G ) [18]:
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The apparent diffusion coefficient (ADC) can be calcu-
lated from two or more diffusion-weighted images with
different b values; it is called ªapparentº because it re-
sults from a mixture of intra- and extracellular diffusion
coefficients and systematic shifts due to restricted dif-
fusion effects [14, 19, 20]. The Stejskal-Tanner gradient
scheme is widely used because it can be combined with
different imaging techniques ranging from simple spin-
echo (SE) to echo-planar imaging (EPI) [21±23].

An important limitation to the use of DWI in clinical
practice is the frequent severe image degradation by in-
voluntary patient motion. The two main components of
motion in brain imaging are bulk movement (translation
and rotation) of the head and periodic local movements
of brain tissue due to cerebrospinal fluid pulsation. As a
consequence of the sensitivity of DWI to stochastic mo-
tion in the micrometer range, the method is extremely
susceptible to macroscopie motion of the object being
imaged as well. Tissue motion in the submillimetre range
during the diffusion-weighting period leads to severe
image artefacts. Different approaches have been sug-
gested for overcoming motion-induced artefacts [24], in-
cluding multiple image averaging [25], radial projection
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reconstruction [26], less bulk-motion sensitive sequences
(e. g. using velocity-compensating gradients [27]), single-
shot imaging methods such as high-speed STEAM [28],
GRASE [29], or EPI [21±23], pulse triggering or cardiac
gating [30], and the correction of data using navigator
echoes. These are additional echoes acquired with con-
stant phase-encoding, which differ from each other only
in motion-induced phase shifts [31, 32]. These shifts can
be calculated and applied inversely to the k space data to
remove the effects of bulk motion and hence motion ar-
tefacts. Several studies have shown the benefit of navi-
gator echo (NAV) correction of DWI [33±35].

Our objective was a quantitative evaluation of the
efficacy of NAV correction and pulse triggering (cardiac
gating) in DWI, separately or combined. Their efficacy
was evaluated with three imaging sequences, taking into
consideration acquisition time and image quality.

Methods

A conventional SE sequence and two sequences with multiple spin-
echo (MSE) readout were implemented on a clinical 1.5-T image R
with standard hardware (maximum gradient strength 15 mT/m,
minimum rise time 750 ms). All sequences were extended with
Stejskal-Tanner diffusion gradients and a navigator echo readout at
constant (zero) phase encoding. The MSE sequences contained a
series of 180� radio frequency pulses to acquire either three (MSE
3) or five (MSE 5) echoes after each excitation, which were used as
image data. The total number of echoes acquired after each excita-
tion, including the navigator echo, was thus 2 (SE), 4 or 6 (MSE).
The sequence parameters are summarised in Table 1, and a diagram
of the sequence scheme with navigator readout is shown in Fig.1.
The acquisition timing of all sequences could be synchronised with
the pulse, using a photoplethysmograph finger pulse sensor.

An objective measure of the amount and severity of artefacts
had to be established. The quotient of mean signal intensity outside
and within the object being imaged was defined as the artefacticity
A of the image, but because of the typical form of motion artefacts
in DWI a slightly more complicated algorithm had to be used.

Determining the mean intensity I0 within the object is difficult
because motion artefacts result in image intensity spread all over
the field of view (FOV) mainly in the phase-encoding direction.

Hence, image intensity cannot be defined as the intensity in a cer-
tain region, and was redefined as the mean of the intensity of the
brightest 30% of all image pixels, which, however, were not ne-
cessarily in the original area of the object. The empirically de-
termined fraction of 30 % of all pixels is sufficiently large to in-
clude a major portion of intense tissue, but it does not contain any
background area. The corresponding intensity limit I70% can be
calculated from the integral H(I) of the intensity histogram func-
tion h(I) of the image:

H(I) =
Z I

0
dI¢ h(I¢). (2)

If N = H(Imax) is the total number of pixels, Imax the maximum pixel
intensity, then, using the inverse function H� 1, the intensity limit to
a given fraction f of all pixels is given by

If = H� 1(fN). (3)

For example, I70% = H� 1 (0.7 N) is the intensity limit such that
70% of all image pixels are less intense than I70%. The exact for-
mula for the mean intensity of the object is:

I0 =
Z I98%

I70%

dI¢ I¢h(I¢)/
Z I98%

I70%

dI¢h(I¢). (4)

The brightest 2% of all pixels were not taken into account to avoid
bias by solitary intensity peaks due to reconstruction artefacts.

To determine the mean intensity IM outside the original image
area, which is caused by motion during acquisition, an elliptical
mask was defined manually (Fig.2). The mask was defined on a
maximum-intensity projection of all slices of the images acquired
without diffusion weighting (b = 0) and hence without severe mo-
tion artefacts. The intensity IN of statistical noise was subtracted
from IM to determine motion-induced artefact intensity only. To
calculate the noise intensity IN, two horizontal background areas
were defined in the oversampling region adjacent to the normal
image (Fig.2c); the regions above and below the object were not
affected by motion artefacts. Image masks were defined separately
for each individual. Artefacticity A was defined as:

A=
IMÿIN

I0
. (5)

The same quantities were used to define the signal-to-noise ratio
(SNR) of diffusion-weighted images:

RSN =
I0

IN
. (6)
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Sequence SE MSE 3 MSE 5

Number of spin-echo readouts 2 4 6
Number of image data readouts 1 3 5
Pseudo-echo time (TE1 (ms) 100.0 90.0 90.0
Echo time for navigator TE2 (ms) 126.0 105.0 105.0
Inter-echo time TIE (ms) 26.0 15.0 15.0
Image matrix (phase � readout) 159 � 192 162 � 192 160 � 200
Minimum field of view (mm) 80 100 100
Minimum slice thickness (mm) 1 5 5
Duration of diffusion gradients d (ms) 37.5 36.9 36.9
Diffusion time D (ms) 45.4 45.0 45.0
Maximum ba 664 623 655
Acquisition timea (TR 1500 ms) (s) 245 98 65
Acquisition timea (pulse triggering) (s) 309 117 85

Table 1 Acquisition para-
meters of sequences (see also
Fig.1)

a The maximum b-values and
the acquisition times refer to
field of view 220 mm, acquisi-
tion of 4 slices, and TR 1500 ms
(TR » 1850 ms for pulse-trig-
gered acquisition)



The results agree with the conventional definition of the SNR for
average images. However, the particular form of the signal defini-
tion (I0) leads to a SNR of about 1.7 for images containing only white
noise; thus, a shift of SNR is to be expected in very noisy images.

We studied five healthy volunteers (4 men, 1 woman, age
25±31 years, mean 27 years). All sequences (SE, MSE 3, MSE 5)
with navigator echo readout were used in all volunteers in three
stages: 1. with diffusion gradients in the phase-encoding direction
[34] and b 550 s mm� 2; repetition time (TR) 1500 ms; 2. with dif-
fusion gradients in the phase-encoding direction and b 550 s mm� 2;
acquisition synchronised with the pulse; TR was set at 2 cardiac

cycles (about 1850 ms); and 3. without diffusion gradients (b = 0)
and without pulse triggering; all other parameters as above (TR
1500 ms).

We acquired four axial images (thickness 5 mm, separation
15 mm) above the orbitomeatal line; the rectangular FOV was
about 220 mm � 176 mm, varying slightly with matrix size (Ta-
ble 1). Acquisition times ranged from 65 s to 309 s (Table 1). Since
ªidealº co-operation could be expected from the volunteers (com-
pared to a typical patient population), they were asked to minimise
head motion during acquisition, but no head fixation or im-
mobilisation was used.
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Fig.1 MSE sequence scheme.
The total number of acquisition
echoes (ACQ) after each ex-
citation is 3 or 5; the navigator
echo (NAV) is inserted after
the first ACQ. This scheme also
applies to the SE sequence: in
this case it ends after the NAV.
See also Table 1

Fig.2A±C Image masks used
for calculation of artefacticity.
A Maximum-intensity projec-
tion through 4 slices acquired
without diffusion weighting.
The image is displayed with the
oversampling area in the read-
out direction separated by
dashed lines. B The hatched
region was used to calculate the
intensity IM of motion arte-
facts. C Regions for calcula-
tion of background noise IN



After acquisition, the raw data were transferred to an external
workstation, on which the NAV correction and data evaluation
were performed using a self-written Matlab routine. From each
acquisition two sets of images were reconstructed: one using and
one discarding the additional motion information extracted from
the NAV readout. These image sets were compared with each
other and with the images from each of the three stages, to evalu-
ate the efficacy of motion correction. The NAV correction we im-
plemented did not use any fit algorithm to calculate head transla-
tion [33] or rotation [34] but applied the complete phase informa-
tion extracted from the navigator echoes to the k space data. Mean
values of artefacticity and SNR were calculated by averaging over
all slices and all volunteers; this was carried out separately for ori-
ginal and corrected images from each acquisition pass and each
sequence.

Results

Figure 3 demonstrates the efficacy of motion artefact
reduction in DWI with pulse triggering and the NAV
approach in examples from all three sequences. Image
quality improves distinctly with advancing motion cor-
rection. Severe motion artefacts appear in the images
without NAV correction on the left and right of the ob-
ject, as a consequence of bulk head and pulsatile brain

motion. The latter causes signal loss, particularly in the
regions of the ventricles and on both sides of the ven-
tricles in the vertical centre of the images. These verti-
cally-centred artefacts remain after navigator correction
alone, but are of much lower degree in slices located
above the ventricles. The benefit of pulse triggering
cannot be observed in image C2 because of presumably
major head motion in this case. After combined appli-
cation of pulse triggering and NAV correction, artefacts
almost completely disappear. NAV correction worked
successfully and without problems, independently of
individual differences in type and degree of motion.

Comparison of the three fully motion-compensated
sequences shows decreasing SNR and reduced image
contrast from SE to MSE 5; however, the efficacy of mo-
tion artefact correction is similar. Calculated SNR values
for pulse-triggered acquisitions are 12.3 ± 0.9 (SE),
8.5 ± 0.8 (MSE 3) and 8.1 ± 0.9 (MSE 5) (Fig.4). Whereas
a higher SNR is observed for acquisition without diffu-
sion weighting, there is no significant difference if pulse
triggering is used or not with diffusion-weighting.

The mean value of A is about 0.14 ± 0.05 for un-
corrected data and 0.02 ± 0.01 for images after both
pulse-triggered acquisition and NAV correction, con-
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Fig.3A1±C4 Examples of ad-
vancing stages of motion cor-
rection for all sequences
(A SE; B MSE 3; C MSE 5).
Column 1 uncorrected images,
2 acquisition with pulse trigger-
ing; 3 images after navigator
echo-correction (NAV); 4 com-
bination of pulse triggering and
NAV correction. To present a
broad variety of results, images
in each row are from different
volunteers and slice positions



sistently for all three sequences (Fig. 5). A is reduced by
91% in SE, 87% in MSE 3, and 84% in MSE 5 images.

Discussion

Navigator echo correction combined with pulse-trig-
gered acquisition provides a robust and efficient method
for DWI on imagers with conventional gradient hard-
ware. A significant reduction in motion artefacts is
achieved, as reported for SE sequences with NAV cor-
rection [33±35]; in most cases no artefacts were visible
after correction. The same is true for imaging with an
extended readout of multiple echoes, which reduces ac-
quisition time by a factor of 3±4.

Artefact reduction gains significantly more from
NAV correction than from pulse triggering, which
shows that bulk motion is generally more important
than pulsatile brain motion. Above the ventricles, pul-
satile brain motion seems negligible in many cases.
However, this depends on the direction of the diffusion
gradients, which was in-plane in our study and thus per-
pendicular to the main (radial) component of pulsatile
motion above the ventricles. Acquiring with NAV cor-
rection alone can therefore be recommended for slices
above the ventricles. The finger sensor can easily be
applied, even after positioning the patient in the imager
and thus may always be used to minimise the influence

of pulsatile motion. The main disadvantage of pulse
triggering is prolongation of acquisition time, depending
on the rate and regularity of the pulse; in this volunteer
study, acquisition time was extended by 20±30 %, but
more prolongation should be expected in a typical pa-
tient population.

All three sequences gave similar results concerning
motion sensitivity and correction. While the efficacy of
motion correction was identical, image quality de-
creased with an increasing number of readout echoes
and hence with decreasing acquisition time as a con-
sequence of T2 relaxation. This became evident as visi-
bly reduced tissue contrast and decreasing SNR. Geo-
metrical distortion or local image artefacts were not
observed. For routine use, the quality of the fast MSE 5
images should prove adequate. However, if very high
image quality is desired and acquisition time is not a
limiting factor, the SE sequence with navigator correc-
tion and pulse triggering is recommended, because of its
higher SNR. Sequences with more than five image echo
readouts may be designed to speed acquisition, but
lower SNR and inferior image quality must be expected.
Without faster gradients, readout will be prolonged for
such sequences, leading to stronger T2 relaxation. The
MSE 5 sequence appears to be a good compromise for
the given gradient hardware.

Comparing these methods with diffusion-weighted
single-shot EPI [23], the most frequently used alter-
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native method for DWI, several arguments should be
considered. The main advantages of single-shot EPI are
insensitivity to bulk and pulsatile brain motion and the
very short acquisition time. Image averaging can there-
fore be performed without unreasonably long acquisi-
tion times, and different diffusion gradients can be ap-
plied in one direction, to use more than two b values for
ADC calculation, or in different directions to calculate
diffusion tensor images [9]. On the other hand, EPI is
typically affected by susceptibility [36] and eddy current
[37] artefacts and depending on slice position, gross
geometrical distortion; this is especially disadvanta-
geous if superposition on morphologic images is de-
sired. Another consequence of the relatively long EPI
readout is inhomogeneous image contrast, due to T2 and
T2* effects. Single-shot EPI requires extended gradient
facilities with strong, fast-switching gradients, not avail-
able on many imagers. Therefore, if single-shot EPI
cannot be performed because of hardware restrictions
or if high image quality with minimal geometrical dis-
tortion is desired, the use of navigator-corrected, pulse-
triggered MSE sequences is recommended.

To perform tensor imaging with a NAV-corrected
sequence, it would be necessary to extend the sequence
scheme. The sequences described can correct for rota-
tional phase shifts only with the diffusion gradient in the
phase direction [34]. For other diffusion directions, the
navigator echo should be acquired not only in the read-
out direction but as 2D (e. g. spiral) navigator, requiring
a much more complicated correction algorithm; other-
wise, only the translational component of bulk motion
can be corrected. Because of the long acquisition time
for tensor imaging without single-shot sequences, this
approach was not investigated further.

Multiple signal averaging as another method to sup-
press motion artefacts requires a much longer acquisi-
tion time, depending on the number of averages (usually
4±16 [25]), whereas the navigator readout can be added
without significant prolongation of acquisition. While
the use of flow-compensated gradients has the dis-
advantage (similar to most single-shot methods) that an
advanced gradient system is needed, the NAV correc-
tion requires only standard imaging gradients.
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