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Abstract 
This chapter presents a brief introduction to the application of diffusion-weighted 
magnetic resonance imaging (MRI) to in vivo studies. Diffusion-weighted MRI has found 
application both in the clinic, and in basic neuroscience. In the former situation it is 
primarily used for the detection of brain lesions, in particular infarcted regions. The 
ability to follow fibre tracts in white matter via diffusion tensor imaging has also made 
this methodology of interest to the neurosurgeon wishing to avoid severance of essential 
fibre tracts, but also of interest to the cognitive neuroscientist exploring anatomical 
connectivity in the brain. The chapter starts with a brief recap of the theory of diffusion-
weighted MRI and moves on to examine the two major experimental confounds, eddy 
currents and bulk motion. Current correction schemes for these problems are touched 
upon. Diffusion anisotropy is introduced as a potential source of artefacts for lesion 
detection in white matter, and the diffusion tensor model presented. The chapter 
concludes with a short introduction to fibre tracking.  

1 Introduction 
Diffusion weighted NMR experiments performed on living systems including whole 
body imaging of humans are capable of probing molecular displacements in vivo in the 
micrometer range. With the exception of NMR microscopy this lies well under the spatial 
resolution of NMR imaging experiments, in the case of whole-body imaging systems by 
about three orders of magnitude. Diffusion weighted imaging (DWI) thus offers a unique 
opportunity for obtaining information from morphologies otherwise inaccessible to the 
NMR imaging method. Diffusion weighted imaging has been shown to have significant 
clinical relevance in both the early detection of infarcts [1], (an example of which is 
given in Figure 1) and in other pathologies. The acquisition of the full diffusion tensor 
information makes possible in vivo fibre tracking in the white matter of the brain.  
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Figure 1. Diffusion-weighted echo planar images obtained three hours post infarction 
clearly show the infarcted region as a hyper-intense area. 

2 Theory 
If the effects of relaxation are neglected then the equation of motion for the transverse 
magnetization Mxy(r,t) in the presence of a constant magnetic field gradient is given by 
the modified Torrey-Bloch equation (2): 
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The solution of this equation gives the well known result that 
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i.e. the attenuation coefficient of the NMR signal is proportional to the square of the 
gradient strength, and to the cube of the gradient duration. For a spin echo experiment 
with t = 2τ, and in which the gradient is constantly present then the phase term disappears 
to give 

)3/2exp(),( 322
0 τγ DMtxy GrM −= .     (3)  

Diffusion weighting is usually introduced by means of pulsed magnetic field gradients, 
essentially so that RF pulses can be applied in the absence of any gradient. The most 
commonly used experiment is the pulsed gradient spin echo [3] illustrated in Figure 2a, 
however the alternative stimulated echo experiment (Figure 2b) may be preferred for high 
diffusion weightings. The latter is only advantageous if the reduction in echo time 
afforded by the larger value of Δ more than compensates for the 50% signal loss 
associated with the use of stimulated echoes. 

 
 

 .

Diffusion Fundamentals 2 (2005) 115.1 - 115.12 2



 (a) (b)   

  

Figure 2 The pulsed gradient spin echo (a) and the pulsed-gradient stimulated echo 
experiment (b) 
The signal attenuation in these experiments is obtained by solving equation (1) for the 
time varying gradient forms shown in fig. 2, and is given by 
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where the parameters are as defined in figure 2, and 3/δ−Δ  is the diffusion time (τ). 
This parameter is of significance because it is related to the square of the expectation 
value of the molecular displacement by the relation 

τD62 =r ,        (5) 

i.e. the gradient timing as programmed into the NMR experiment determines the scale of 
molecular displacements examined. 

Equation (4) is generally called the Stejskal-Tanner equation after its inventors, and in 
biomedical imaging is often written in the form 

( bDMtxy −= exp),( 0rM ) ,       (6) 
where the b-value for a particular nucleus is determined by the gradient strength and 
timing. 

3 Experimental problems 

3.1 Eddy currents  
There are a number of experimental confounds that are of particular importance for 
diffusion-weighted imaging, the first of these are eddy currents. Diffusion measurements 
are vulnerable to eddy current effects because of the large gradient pulses used. It is only 
the eddy currents with long time constants that need to be taken into account, but these 
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can significantly affect diffusion experiments. This means that even systems with good-
quality self-shielded gradients suffer from eddy currents. The low bandwidth along the 
phase-encoding direction makes the commonly used echo planar imaging sequence [4] 
particularly vulnerable to eddy currents. The strategies for compensating eddy currents 
rely either on the acquisition of additional data in order to obtain correction parameters 
for post-processing, or to modify the diffusion weighting experiment to produce fewer 
eddy currents, for example by using double bipolar gradient pulses as illustrated in Figure 
3. The physical basis for this scheme is that the adjacent bipolar gradient pulses produce 
opposite eddy currents in the cryostat, but have a cumulative effect with respect to 
diffusion weighting [5]. The total sensitivity of the scheme for diffusion weighting is 
barely reduced, and given by 
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For imaging performed at a given echo time it is further possible to optimise the precise 
timing of the scheme so that the eddy currents occurring during the imaging experiment 
are minimised [6]. 

 

 
Figure 3. Bipolar diffusion weighting scheme for the minimisation of eddy currents. 

3.2 Bulk motion  
Given that the diffusion weighting sensitises the imaging experiment to motion on the 
micrometer level it is hardly surprising that bulk motion presents a serious confound to 
diffusion weighted imaging. For displacement of the object it is well known that the 
pulsed gradient spin echo (PGSE) sequence as shown in Figure 2a will give rise to a 
velocity dependent phase change of   
Φ=γδΔG.v        (8) 
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To produce a significant diffusion attenuation it is generally considered necessary to 
achieve b-values in the range 500-1000 s mm-2, for example parameters of G=40 mT/m; 
δ=20 ms and Δ=30 ms will give a b-value of 598 s mm-2 for protons. These parameters 
will result in a phase change of π for a velocity of only 0.5 mm/s. The motion of a rigid 
body may be described completely in terms of translation and rotation.  

The effect of rotation was first examined by Anderson and Gore for small rotations 
[7]. The general effect of rotation is to produce a phase gradient in the object by the 
mechanism sketched in Figure 4. The phase gradient in the object is best viewed in the 
plane perpendicular to the axis of rotation, and is perpendicular both to the axis of 
rotation and to the component of the diffusion weighting gradient within the plane. The 
vector rφ denoting the phase gradient is then given by  

ΩGr ×= γφ ,        (9) 
where G and Ω denote the directions of the diffusion weighting gradient and of the 
rotation vector, respectively. In diffusion weighting sequences where the direction of G is 
a function of time, the phase gradient over the object at the end of the diffusion weighting 
period may be obtained by suitably modifying equation (9).  

 
Figure 4. The rotation vector Ω for an object rotating about an axis of arbitrary 
orientation relative to the gradient direction, is shown, as is the relationship between this 
vector, the orientation of the diffusion weighting gradient G and the resultant phase 
gradient across the object rφ.  

The simplest method of avoiding motion artifacts is to use a motion-insensitive method 
such as EPI (echo planar imaging). Non single-shot experiments are affected by the phase 
differences between acquisitions, and hence require some correction in order to obtain an 
artifact-free image. The most promising approach for doing this is the navigator echo 
correction method [8]. The basis of navigator correction is to acquire an additional non 
phase-encoded echo, which is then used to correct the phase of all other echoes acquired 
as a result of a single excitation. The effects of both displacement and rotation can only 
be adequately corrected with a single navigator if the diffusion sensitising gradient and 
the phase-encoding gradient are parallel [7]. In this situation rotation produces a phase 
gradient in the final image parallel to the read direction and hence no signal loss, whereas 
if this phase gradient is perpendicular to the readout direction then it will result in 
dephasing. If complete freedom in the direction of the diffusion sensitising gradient is 
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required then a second navigator echo can be applied, perpendicular to the first: this gives 
information about the strength of the phase gradient, which is equivalent to a shift of the 
data in k-space [9]. The data may then be regridded to produce a final image. Despite the 
clear improvements introduced by navigator echoes, ECG and respiratory gating are still 
necessary, because the motion of the brain can be that of a non-rigid body in the first few 
hundred milliseconds after the R-wave of the ECG [10]. 

4 Anisotropy and diffusion tensor imaging 
A systematic ordering of cells, which is significant on the scale of an imaging voxel will 
cause the diffusion to be anisotropic. This occurs in the white matter of the brain: here the 
diffusion coefficient is no longer a scalar quantity, but a tensor [11]. The reason for this is 
the limited permeability of the cell membrane, that causes the expectation value for the 
displacement to be greater along the direction of the axon as illustrated in Figure 5a. The 
effect of this on diffusion-weighted images is shown in figures 5b and 5c. 

 
  

(a) (b) (c) 

Figure 5. The origin and effect of anisotropy in white matter. (a) sketches of an axon and 
the effect on the expectation value of the displacement. (b) and (c) show diffusion-
weighted images with the weighting along (x,y) and (x,-y), respectively. 
The expression describing the signal attenuation is given by: 
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and the Dij represent the elements of a symmetrical tensor. It is now conventionally 
assumed that the eigenvector with the largest corresponding eigenvalue is the principal 
diffusive direction of the axon.  

Because of the symmetry of the tensor only 6 coefficients have to be measured to 
determine the complete diffusion tensor. This is being done by the application of 6 
different diffusion gradients. A typical set of gradient vectors could be: (1 0 1); (-1 0 1); 
(0 1 1);  (0 1 –1); (1 1 0) and (-1 1 0), all normalized with respect to amplitude G. 

Equation 10 can now, for the first gradient direction, be expressed as: 

)(2 yzyzxzxzxyxyzzzzyyyyxxxx DbDbDbDbDbDbA +++++=    (12) 
with A = -log(S(b)/S(0)). 

After the 6 measurements a set of 6 linear equations with 6 unknown variables is 
obtained which can be formulated as follows: 
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The elements of the diffusion tensor can be obtained from this set of equations by means 
of a simple linear regression.  

Anisotropy can also confound the detection of lesions, and its effects can best be 
eliminated if the trace of the diffusion tensor is obtained, either by taking the sum of three 
perpendicular measurements, or by using a single shot trace measurement. A commonly 
used scalar representation of the degree of anisotropy is the fractional anisotropy [12] 
given by  
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Where the λi are the eigenvalues and 

( 3/321 λλλλ ++= )        (15) 
Both a trace and a fractional anisotropy image are illustrated in Figure 6. 
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(a) (b) 

Figure 6. Scalar images obtained from the diffusion tensor (a) trace and (b) fractional 
anisotropy 

5 Biophysics of water diffusion in tissue  
The biophysics of water diffusion in tissue is complex. If the vascular network is 
neglected then both the intra- and extracellular compartments still need to be taken into 
consideration. The diffusion is hindered by the cell membrane which, although permeable 
to water, still reflects a significant obstruction to diffusion. In the extracellular system the 
tortuosity of the diffusion pathways around cells has to be considered. In the intracellular 
case the diffusion is hindered. In both compartments possible significant non-Brownian 
contributions to molecular displacements cannot be eliminated. All of these factors can of 
course be included in mathematical models of diffusion, but it is still difficult to measure 
the essential parameters that are necessary for such a model to be of value in 
quantification. The change in the diffusion-weighted signal that occurs upon infarction is 
primarily believed to arise from an influx of water into the cells that occurs within 
minutes of occlusion, combined with an increase in extracellular tortuosity. However, 
simulations have so far failed to accurately predict the change in diffusion coefficient that 
is measured, and consistently require an additional drop in the intracellular diffusion 
coefficient. These issues and the associated experiments have been reviewed [13]. 

6 Incorporation of diffusion weighting in imaging experiments  
Successful diffusion-weighted imaging (DWI) imposes a number of requirements on the 
imaging sequence with which it is to be combined:  

(i) The image contrast should ideally be determined by the diffusion and no 
other contrast parameter.  

(ii) The presence of motion causes unpredictable changes in signal phase 
between repeated applications of the same diffusion-weighting experiment. 
If the imaging method used relies on multiple excitations then the effects of 
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motion must either be reduced or corrected. Single-shot imaging 
experiments have here a clear advantage as they have no reliance on phase-
consistency between excitations.  

(iii) High-contrast DWI requires a significant signal attenuation from the more 
rapidly diffusing spins, and attenuates all signal to some extent. A high 
intrinsic signal to noise ratio (SNR) is hence required from the imaging 
experiment. 

The sequence most frequently used for DWI is single shot EPI. It has attained a pre-
eminent position in this field, due to its speed, insensitivity to motion and high 
sensitivity. The disadvantages of single-shot EPI are a limited spatial resolution and the 
distortions caused by susceptibility gradients. Alternative sequences to single-shot EPI 
generally find a niche application, to date none has seemed likely to replace it as the 
workhorse of DWI. The most commonly used sequence in standard clinical imaging is 
Fast Spin Echo (FSE), which acquires a string of RF-refocussed independently phase-
encoded spin echoes. However, successful implementation of this sequence requires that 
the CPMG condition be adhered to. The presence of arbitrary phase shifts caused by 
motion in the diffusion weighting gradients makes this impossible for diffusion-weighted 
FSE. Schemes for making this sequence independent of the CPMG-condition, and hence 
motion insensitive, have previously resulted in a 50% loss in sensitivity [14-16]. The 
development of on-line motion correction techniques [17] using navigators means that 
this loss is no longer mandatory. However, acquisition during the non-rigid body part of 
the cardiac cycle must be avoided. As the echo-train-length (ETL) in these sequences is 
longer than in EPI, data cannot be acquired so fast, and the large number of refocusing 
pulses required can cause problems of power deposition. However, the sequences are 
highly sensitive and invulnerable to susceptibility artifacts. A third alternative is the 
FLASH (fast low angle shot) imaging sequence, based on a string of short TR, low 
excitation angle, gradient echoes. Here, the diffusion-weighting preparation experiment is 
required to produce longitudinal magnetisation. This may be achieved by means of a 
DEFT (driven equilibrium fourier transform) preparation experiment, which in its 
unmodified form is vulnerable to motion [18], or by using STEAM (stimulated echo 
acquisition mode), which intrinsically offer only 50% of the possible sensitivity [19]. The 
DEFT experiment can be made motion-insensitive in a similar fashion to FSE [20], or 
alternatively on-line motion correction can be applied [21]. Although the FLASH 
experiment is less sensitive than EPI it is far less vulnerable to susceptibility artefacts. 
Furthermore, as the prepared magnetisation decays with T1 a larger data matrix may be 
acquired after a single diffusion weighting experiment than would be possible with EPI 
or FSE.    

Segmented acquisition schemes may be used with all the sequences outlined above. 
They generally offer an improved spatial resolution at the cost of lengthened 
experimental durations and the requirement to correct for motion between segments. For 
EPI, any reduction in ETL will also reduce image distortion.  
In the recent past, radial k-space schemes have attracted considerable attention. The 
attraction of the classical projection reconstruction method is that no phase encoding is 
performed, and the method is insensitive to phase errors caused by motion. However, 
rotational motion may still cause signal loss if a component of the diffusion-weighting 
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gradient is parallel to the readout direction. Radial k-space acquisition also has the 
advantage that the centre of k-space is sampled repeatedly; giving an averaging effect 
that reduces the sensitivity to motion, and gives the possibility of inherent navigator 
correction. 

7 Fibre tracking 
A popular use for diffusion tensor imaging is the production of tractograms depicting the 
course of fibre tracts in white matter. Numerous algorithms have been published, and 
these can essentially be divided into two categories: Those that attempt to track the fibres 
directly, hence are capable of producing estimates of where the tracts are positioned, [22] 
and those that use the anisotropic data to produce probabilistic estimates as to whether 
two regions of grey matter are connected with each other [23,24]. Examples of each 
method are shown in Figure 7. 

 
Figure 7. Left is the result of a line-streaming algorithm, right a probabilistic result. In 
both images the paths through the white matter are represented in colour. In the left 
image the different colours represent different seed regions. 

8 Conclusions 
Diffusion imaging of the brain has proven to be of major significance in both clinical and 
neuro-cognitive fields of application, there are still many technical issues that will require 
attention in coming years. One of these is the issue of validation with respect to fibre 
tracking: the uniqueness of the method is in many ways almost a disadvantage in this 
respect, as there is no real gold-standard, particularly for the human brain, with which 
results can be compared. The issue of bulk motion is significant, especially in many soft 
tissues of the body where the motion is any-thing but rigid-body in nature. The limited 
resolution of single-shot imaging experiments may be overcome in the near future by the 
introduction of parallel imaging techniques, in which some of the spatial encoding is 
performed by exploiting the differing spatial sensitivity profiles of multiple RF receiver 
coils. There are now a number of techniques which attempt to resolve multiple fibre 
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directions within a single voxel, and it is to be expected that these methods will be 
combined with more complete fibre-tracking methods within the coming years. Some 
attempts have recently been made to follow the white matter tracts into the cortex, and 
further energy may well be expended on this activity in the future. 

In conclusion, diffusion-weighted magnetic resonance imaging represents a beautiful 
synthesis of magnetic resonance methodology, diffusion biophysics and clinical and 
neuro-scientific application. It already provides great service in many realms of 
application and this can only be expected to expand in significance in the future. 
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