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Abstract

Diffusion tensor MRI (DT-MRI) is the only non-invasive method for characterising the microstructural
organization of tissue in vivo. Generating parametric maps that help to visualise different aspects of
the tissue microstructure (mean diffusivity, tissue anisotropy and dominant fibre orientation) involves a
number of steps from deciding on the optimal acquisition parameters on the scanner, collecting the data,
pre-processing the data and fitting the model to generating final parametric maps for entry into statistical
data analysis. Here, we describe an entire protocol that we have used on over 400 subjects with great
success in our laboratory. In the ‘Notes’ section, we justify our choice of the various parameters/choices
along the way so that the reader may adapt/modify the protocol to their own time /hardware constraints.
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1. Introduction

Diftusion tensor MRI (DT-MRI), developed in the early- to mid-
1990s (1, 2), provides a means for non-invasively characteris-
ing the properties of soft tissue on a microstructural scale. It
works by sensitising the MRI signal to the random molecular
motion of water molecules (diffusion) by addition of ‘diffusion-
encoding gradients’ to a standard MR pulse sequence (3). At
the typical resolution of a DT-MRI experiment (2-3 mm voxel
sizes), in the grey matter and cerebro-spinal fluid, the diffusion-
weighted signal is independent of the direction in which the gra-
dients are applied, and the diffusion appears to be zsotropic (2). In
white matter, water molecules diffuse more freely along the dom-
inant fibre orientation than across them (4). This anisotropy of
diffusion provides insights into the microstructural organisation
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of the white matter. The simplest model that encapsulates this
anisotropic diffusion is the diffusion tensor (1). By applying
diffusion-encoding gradients in at least six non-collinear and non-
coplanar orientations, one can estimate the six unknown elements
of the diffusion tensor (1) and thus characterise the anisotropy.
Further, the direction in which the diffusion-weighted signal has
the greatest attenuation gives an indication of the dominant fibre
orientation — which can be used to create voxel-wise maps of fibre
orientation (e.g. 5) or pieced together to reconstruct continu-
ous trajectories throughout the white matter (i.e. ‘tractography’)
(e.g. 6-10). Such information has previously been unavailable in
vivo — and so it is understandable that the technique has attracted
huge interest from, and has enjoyed rapid uptake by, clinical and
neuroscientific communities.

Here we present a protocol that begins by bringing the sub-
ject to the scanner room and preparing them for the diffusion
tensor imaging data acquisition, through the acquisition of the
data and pre-processing, through to estimation of the diffusion
tensor in each voxel and subsequent computation of quantitative
parametric maps. We stress the importance of checking the data
at each stage of the pipeline to ensure that the data are robust.

It should be noted that what is ‘optimal’ for one laboratory —
which can only allocate 10 min to DT-MRI on a 1.5 T system
made by manufacturer X, for example, will be of little interest
to the group that can allocate 30 min on a 3 T system made by
manufacturer Y. Therefore, in the Notes section, details will be
provided on how to proceed in choosing what is optimal for a
given set of circumstances.

2. Materials

MRI Scanner: General Electric HDx 3.0 T system (see Note 1).
a. Gradients: Twin-speed gradient system with gradient
strength =40 mT/m and maximum slew rate = 150 T/m/s
(see Note 2).

b. RF Coils: Whole-body birdcage coil used for RF transmit;
eight-channel head coil (made by MRI Devices Corp.) used

for RF receive (see Note 3).

¢. Scanner Software Capability: Software to provide diffusion
tensor imaging capability (see Note 4).

d. Peripherals: Adequate padding for the head (wedge cush-
ions, etc.); hearing protection (ear plugs); a peripheral
pulse-oximeter; a squeeze-bulb (for the participant to
communicate to the operator).
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3. Methods

1. Preparing the Participant. After successtul completion of

standard MR screening and appropriate informed consent
forms, the participant is led to the MR magnet room. They
are given earplugs before being placed onto the scanner bed
in the supine position. The pulse-oximeter is then placed
onto the subject’s forefinger, and they are given the squeeze-
bulb. We take special care to warn the participant that the
diffusion tensor imaging part of the protocol is ‘louder than
the other scans’ and that they ‘can expect the bed to vibrate
quite o lof’ (see Note 5). We also warn the participant that
“‘therve will be irreqularly timed knocking noises — and these
will appear to move about as the scan progresses. This is fully
expected’ (see Note 5).

. Scanning: The integrated laser alignment system is used

to landmark on the nasion, and the participant slid
into the magnet, taking particular care not to trap the
squeeze-bulb/pulse-oximeter leads during the process. As
an optional extra, we provide the participant with the option
of watching a subtitled movie of their choice in the scanner
via a rear projection onto a periscope mounted on the head
coil (see Note 6).

The sequence is a twice-refocused spin-echo EPI sequence
(11) (see Note 7), with a parallel imaging (ASSET) fac-
tor of 2 (see Note 8). Sixty axially oriented slices are pre-
scribed to cover the entire head (see Note 9). The field of
view is 230 mm, with an acquisition matrix of 96 x 96 and
a slice thickness of 2.4 mm (see Note 10). A total of 66
images are acquired (see Note 11) at each of 60 slice loca-
tions. Six images are acquired with no diffusion-weighting
gradients applied, and 60 diffusion-weighted images are
acquired at a &-value of 1,000 s/mm? (see Note 12). The
diffusion-weighted images are acquired with encoding gradi-
ents applied along 60 non-collinear directions (se¢ Table 6.1
for the configurations — and see Note 13). The echo time is
87 ms (see Note 14), and the sequence is triggered to the
cardiac cycle via a pulse-oximeter placed on the participant’s
forefinger (see Note 15). We select a minimal trigger delay
(see Note 16), and the effective TR that is set depends on
the heart rate estimated from the pulse-oximeter trace.
Each image is initially stored in DICOM format. We then
convert the separate DICOM images into a 4D data set
(with ‘time’ or ‘diffusion-weighted measurement’ as the
fourth dimension) in the NIFTT imaging format.
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Table 6.1
60 Electrostatically arranged sampling vectors (21)
optimally ordered according to Cook et al. (24)

0.1706 0.3255 0.9300
0.3933 0.9154 —0.0853
—0.6263 —0.2862 0.7252
—0.6058 0.7763 0.1742
0.9204 —0.0040 0.3911
0.2903 —0.6194 0.7294
—0.7022 0.3532 0.6182
0.3712 0.7702 0.5187
—0.9738 —0.0801 0.2126
0.2158 —0.9371 0.2743
—0.0604 —0.2236 0.9728
0.8147 0.5611 0.1462
—0.2150 0.7211 0.6587
0.7166 —0.5846 0.3804
0.5354 —0.1672 0.8279
—0.2157 —0.7327 0.6454
0.6549 0.3557 0.6668
—0.0601 0.9726 0.2244
—0.7389 —0.5195 0.4290
—0.9432 0.3042 0.1338
—0.4428 0.2032 0.8733
—0.1629 —-0.9173 0.3634
0.0988 0.6380 0.7637
0.7879 —0.2745 0.5513
—0.3122 —0.4225 0.8509
3. Initinl Quality Check: The data are loaded into FSLview

(part of the FSL software package) (www.fmrib.ox.ac.uk /fsl)
and viewed in all three planes simultaneously — in ‘cine’
mode — looping through the separate volumes to check
for any obvious artefacts in the data (see Fig. 6.la and
Note 17).

. Correcting Motion/Distortion: We register the 2nd through

66th diffusion-weighted volumes to the lst diffusion-
weighted volume using a global, 12 degrees of freedom
affine deformation, with normalised mutual information as
the cost function (see Note 18). We extract the rotational
component of the transformation for each volume and apply
this rotation to the gradient encoding tables (see Note 19).
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Diffusion weighted MR image

(B) axial sagittal coronal

Fractional anisotropy map (before correction for motion/distortion artifacts)

4

-

(c) axial sagittal coronal

Fractional anisotropy map (after correction for motion/distortion artifacts)

sagittal coronal

Fig. 6.1. Example of the data quality assessment through visual inspection. a Visualisation of the raw diffusion-weighted
data. This is done as a cine loop to quickly view all diffusion-weighted volumes. Abnormal data values, such as signal
dropouts (i) or hyperintensities (i), are easily detectable on the planes orthogonal to the acquisition plane (axial), i.e.
the coronal and sagittal image views. b Looking at the data residuals to the diffusion tensor fit may reveal other data
abnormalities, for instance, in the form of hyperintensities around the rim of the brain (iii), which can also be observed
in the FA maps (c). This high anisotropy rims suggest image misalignment across the different diffusion-weighted
images due to subject motion or geometric distortions. In (d), the FA map is shown after performing this correction
procedure.
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. Re-inspecting the Data: We re-inspect the data in three
orthogonal planes in a cine format to ensure that the
motion/distortion correction has been performed correctly
and that no additional artefacts have been introduced into
the data.

. Fitting the Diffusion Tensor: We perform an initial ordinary
least squares fit of a single Gaussian diftfusion tensor to the
data to generate a starting estimate for subsequent entry into
a nonlinear least squares (Levenberg—Marquardt) algorithm
to estimate the tensor in each voxel (see Note 20).

. Further Inspection of the Data: We generate a 4D data set
of the residuals to the tensor fit (Fig. 6.1b) and again view
these in three orthogonal planes as a movie to look for obvi-
ous outliers/artefacts (see Note 21).

. Computation of Pavametric Maps: The tensor in each voxel
is diagonalised to derive the eigenvectors and eigenvalues,
and parametric maps of the mean diffusivity and fractional
anisotropy (2) are computed (see Note 22). We also com-
pute the directionally encoded colour (DEC) map showing
fibre orientation (5).

. Final Inspection of the Data: Before passing any maps into
further analyses, we visualise the FA, MD and DEC maps
in three orthogonal orientations to check for any obvious
artefacts, such as rims of high anisotropy at the edge of the
brain (see Fig. 6.1c and Note 23).

4. Notes

1. In most research environments for human imaging, the
field strength is 1.5 or 3.0 T with a few exceptions. The
advantage of higher field is higher signal-to-noise ratio
(SNR) per unit time — allowing higher resolution for fixed
scan time, shorter scan time for the same resolution or
higher precision in the data if all scan parameters are kept
the same. The disadvantage is that the standard approach
to DT-MRI (1, 2) uses echo-planar imaging (EPI) — which
renders the images to be very sensitive to differences in
magnetic susceptibility (such as at air—tissue interfaces) —
leading to either a stretch or a compression of the image
along the phase encode direction (usually aligned with the
anterior—posterior axis of the head), and these distortions
become worse at higher field strength.

2. The imaging gradients should also ideally have the capabil-

ity of producing gradient amplitudes of above 20 mT/m.
The stronger the gradient amplitudes, the better for
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diffusion MRI. The key factors in determining the amount
of diffusion weighting, characterised by the “4-factor’, &, are
the amplitude (G), the duration (§) and the temporal sepa-
ration (A), given by the so-called Stejskal-Tanner equation

(3):

b= y*G?s? (A — é) ,
3
where y is the gyromagnetic ratio.
Increasing the gradient amplitude means that smaller val-
ues of 6 and A can be employed, which in turn means
shorter echo times and therefore increased SNR.

3. A multi-channel head coil is preferable for improved SNR
and the possibility to employ parallel imaging, which in
turn helps to reduce the EPI-based distortions (12). Eight-
channel head coils are prevalent in neuroimaging research
centres, but again — more channels, if available, are pre-
ferred with 12-channel and even 32-channel coils becom-
ing purchasable options. Again — these will boost the
SNR - which is most definitely beneficial for DT-MRI.
Further, more channels permit the use of higher speed-up
factors in parallel imaging acquisition strategies, which is
advantageous for DT-MRI (12).

4. The scanner should provide the capability of applying
diffusion-encoding gradients in at least six different
orientations (1), although more is better (se¢c Note 13).
The capability to choose one’s own encoding directions
(normally facilitated under a research agreement with the
manufacturer) is preferred, particularly if the sampling ori-
entations are to be optimally ordered (see Paragraph 2 of
Note 13).

5. Past experience has shown that it is beneficial to alert the
participant to the fact that the vibrations can be quite
severe. This is particularly true with the twice-refocused
pulse sequence — as reported in (13). Moreover, it is useful
to warn the participant that there will be spatially varying
irregularly spaced knocking which refers to the fact that
the TR will be non-uniform due to the cardiac gating, and
the knocking is the gradients being played out in different
orientations.

6. The use of a video projection system, at least anecdotally,
appears to reduce head motion as it engages the participant
and reduces the likelihood of them looking around (which
may result in additional head motion) or being distracted
by other thoughts over what can be a considerable duration
of scan (sometimes up to 30 min). It is not expected that
there will be functionally dependent changes in the signal
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10.

acquired with a standard DT-MRI protocol that will impact
on standard DT-MRI analyses.

The most commonly used acquisition scheme for
DT-MRI is now the twice-refocused spin-echo EPI
sequence (11) and is provided by most manufacturers as
part of the DT-MRI package that they sell. The twice-
refocused sequence will markedly reduce the effects of
eddy current-induced distortions resulting from the rapid
switching of the diffusion-encoding gradients.

For EPI-based DT-MRI acquisitions, there is a clear ben-
efit to the use of parallel imaging (12) using approaches
such as the image domain SENSE approach (14) or k-space
domain approaches such as GRAPPA (15). The choice of
which to use normally depends on availability and /or soft-
ware provided by the manufacturer. A parallel imaging fac-
tor of 2 seems to provide a reasonable compromise between
SNR, distortion reduction and speed-up factor.

Pure axial orientation gives the best quality data in terms of
ghosts and distortions.

For most purposes, it is highly desirable to have isotropic
imaging voxels for DTI so that there is no preferential
averaging of fibre orientations along a particular axis. This
is particularly important for tractography applications.

The limitations to consider are

(1) The slice profile: On some scanners (e.g. General Elec-
tric), the issue of the fat—water frequency shift, particularly
problematic in EPI, is addressed through the use of a spa-
tially and spectrally selective pulse — which leaves the fat (in
the scalp, for example) unexcited. While this is an alterna-
tive to implicitly turning on ‘FatSat’, it does tend to limit
the minimal slice thickness that can be achieved (around
2.5 mm is typical).

(2) The signal-to-noise ratio: It is worth bearing in mind
that the average SNR in the diffusion-weighted image is
on the order of 30% of that in the non-diffusion weighted
image. If the non-diffusion weighted signal intensity is Iy
then the diffusion-weighted signal is Iy exp(-&D), where
D is the apparent diffusion coefficient along the axis of
the applied encoding gradient. As discussed below, the
b-value is typically on the order of the reciprocal of D so
that I = Iy exp(-1) = 0.331y. For isotropic media, all
diffusion-encoding directions will have the same attenua-
tion. It is important that the SNR in the diffusion-weighted
images does not go below approximately 3:1. This is the
domain where the Rician-distributed data begin to look
non-Gaussian (16, 17), and one encounters problems with
the rectified noise floor that cause underestimation of dif-
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fusivities (18) and corrupt estimates of diffusion anisotropy
(19), among other problems. For anisotropic media, say
with a fractional anisotropy (20) of 0.7, the largest eigen-
value will be twice the mean diffusivity. This, in turn, means
that the signal attenuation will be equal to exp(-24D) =
0.13. Therefore to void the rectified noise floor issue, the
SNRin the non-diffusion weighted image should be at least
3:0.13~ = 22:1. It is therefore advisable, when setting up
the protocol, to make some SNR measurements (with the
coll, parallel imaging factor, etc., for the experiment already
chosen and in place) before settling on the final resolution.
In summary, one should go for the highest resolution pos-
sible that achieves isotropic resolution but ensures that the
SNR in white matter in the non-diffusion image is greater
than 20. The field of view should be sufficient to cover
the entire head and selected in consideration of the image
acquisition matrix and slice thickness to ensure isotropic
voxels.

The more measurements are made, the more accurate and
precise the parameters derived from DTT will be. The total
number of measurements will therefore be dictated by the
time allocated in the protocol. The ratio of measurements
made at the higher &-value to those with no diffusion
weighting should be around 8-10:1 (21); it is highly rec-
ommended that the images with & = 1,000 s/mm? are
acquired with gradients distributed as uniformly in space
as possible (21, 22 — see Note 13). If time permits, 30
directions (with two or three non-diffusion weighted scans)
will give measures that are statistically rotationally invariant
(22) — but if time permits even more measurements to be
made, then one should take advantage and acquire more
points.

It is recommended that just two different diffusion weight-
ings are used: one close to zero and one close to & =
1,000 s/mm?, the latter being a compromise between
ensuring sufficient attenuation for precise estimation of dif-
fusivities and balancing this against the penalty of increas-
ing the echo time to accommodate the diffusion-encoding
gradients, which in turn leads to signal loss through 73
relaxation (21).

For estimating the tensor, it is beneficial to space out the
sampling gradients as uniformly in space as possible (21,
22). This helps to reduce the dependence of the repro-
ducibility (variance) of measurements on the orientation
of the material being imaged (22). The de facto standard,
adopted by most manufacturers and research groups, is
now to use an ‘electrostatic repulsion’ algorithm (21) to
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14.

space out the gradients. This is done by simulating what
happens if the gradient sampling vectors are all rods passing
through the origin (so that each rod points in the direction
of'a sampling vector and its antipode) and if there are point
charges placed at the ends of each rod. The orientations
of the rods are then changed until the sum of repulsive
forces between all possible pairs of charges is minimised
(this is effectively what happens in the formation of crystals
in nature — so it is no surprise that, for appropriate num-
bers of sampling vectors, the orientations that are produced
by this algorithm produce the regular polyhedric arrange-
ments — such as the tetrahedral arrangement of sp® hybrid
orbitals seen in crystals (23)).

If the scan is run to completion, then the order in which
the different sampling orientations are played out is irrel-
evant — as the complete data set is available and all points
go into the estimation of the tensor. However, in subjects
where it is anticipated that there may be a curtailment (for
example, due to excessive motion/claustrophobia or gen-
eral non-compliance), stopping a randomly ordered acqui-
sition before completion could lead to, for example, lots
of measurements being made along similar orientations —
with large portions of the sampling space left out (which
is sub-optimal). To counter this, Cook et al. (24) and
Dubois et al. (25) have independently proposed ways of
re-ordering the directions derived from the electrostatic
repulsion algorithm so that, if (for example) a 30-direction
sampling scheme is interrupted half-way through, the 15
directions that have been collected are still pretty much
uniformly distributed. This seems an eminently sensible
strategy and, if the full data set is collected anyway, has
no impact on the data since, as stated before, the order-
ing is immaterial. Table 6.1 lists the example of 60 electro-
statically arranged sampling vectors that have been ordered
according to this principle and are used in our protocol. For
the sake of completeness, in Tables 6.2 and 6.3, we tabu-
late the optimal point ordering for 18 and 30 unique sam-
pling orientations, respectively. These were obtained with
the Camino package (26), which could be used to generate
other numbers of ordered point sets.

One is always battling with SNR issues in DT-MRI (27).
Therefore, one should strive to minimise additional atten-
uation — consequently, whenever possible, having selected
the &-value on the scanner console, one should select the
‘minimum TE’ setting. This can force the acquisition into
a partial k-space acquisition, with, for example, 8 lines of
k-space acquired before the echo and 48 lines acquired
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Table 6.2
18 Electrostatically arranged and optimally ordered
sampling vectors

0.7371 —0.5680 0.3662
0.7958 0.4311 0.4253
—0.8225 0.3677 0.4339
0.0006 0.9856 0.1692
0.2290 0.1508 0.9617
—-0.4124 —0.7535 0.5120
—0.3586 0.2328 0.9040
—0.8912 —0.4176 0.1768
0.3199 —0.4987 0.8056
0.3099 0.6677 0.6769
0.5797 —0.8070 —0.1124
—0.2096 —0.3585 0.9097
0.9907 —0.1123 0.0774
0.1533 —0.9033 0.4008
0.5302 0.8454 0.0651
—0.2829 0.7167 0.6374
0.7201 —0.0527 0.6919
—0.7339 —0.1786 0.6554

15.

16.

afterwards. In some cases, it may be necessary to increase
the number of lines of %-space before the centre of % to
avoid corruption of the data due to excessive vibration.

It has been shown in several studies that diffusion MRI
measurements can be severely corrupted by the effect of
cardiac pulsation (28-31). As the heart beats — the pres-
sure wave is carried through to the brain — and one gets
both local deformation of the tissue (32, 33), which results
in local misregistration between successive images, and
intra-voxel dephasing due to diffusion (30). The latter will
be interpreted as increased diffusion measured at the point
a particular encoding gradient is applied — which, in turn,
will lead to biases in the estimate of the diffusion tensor,
resulting in inaccurate estimates of both anisotropy and
fibre orientation (31). To avoid this, it is recommended
that the acquisition be timed so as to avoid acquiring data
during the time that the brain tissue is susceptible to this
pulsation.

We have previously found that corruption of data due to
cardiac pulsation can be avoided by waiting until at least
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Table 6.3
30 Electrostatically arranged and optimally ordered
sampling vectors

0.0559 —0.9920 —0.1134
—0.6669 —0.6780 0.3091
0.1637 0.5330 0.8301
—0.4320 —0.0898 0.8974
0.8865 0.2190 0.4076
0.7671 —0.6107 0.1964
0.3840 —0.2940 0.8753
—0.5464 0.6192 0.5639
—0.9500 0.0308 0.3108
0.0973 —0.7119 0.6955
—0.7308 —0.6541 —0.1950
0.0777 0.0950 0.9924
—0.3115 0.9086 —0.2781
0.2961 0.8430 0.4491
—0.7523 —0.3014 0.5858
0.7882 —-0.2137 0.5771
0.8458 —0.4786 —0.2358
—0.1722 —0.9086 0.3806
—0.2838 0.3816 0.8797
0.5428 0.1339 0.8291
—0.3989 —0.6000 0.6934
0.5072 —0.8486 —0.1505
—0.9375 —0.3410 0.0689
0.1467 —0.8120 —0.5649
—0.9757 0.1655 —0.1434

220 ms after the onset of the R-wave in the ECG trace
recorded from chest leads (30). In turn, we have also
found that the arrival of the pulse wave on a peripheral
pulse-oximeter placed on the finger is 249 + 17 ms (mean
£ SD) after the R-wave of the ECG (30). Consequently,
the delay needed after the peak on a peripheral oximeter
trace to avoid DT-MRI data corruption is minimal. It is
therefore beneficial to use a peripheral oximeter — as there
is less ‘dead time’ in each pulse-to-pulse interval, and it
is undoubtedly more convenient for the participant. One
point to note is that since the repetition time will then vary
due to natural variations in the cardiac cycle, it is important
that the effective TR is at least five times the 77 of the tissue
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of interest (to avoid partial recovery effects). However, in
practice — this condition is almost always satisfied — as one
can rarely squeeze in more than three or four slices into
an R-R interval and, for a typical 60-slice acquisition, this
means an effective TR of 15 or 20 R-R intervals. We use

a look-up table to rapidly determine the optimal effective
TR (Table 6.4).

Table 6.4
Prescribed effective TR as a function of
participant heart rate
Participant heart rate Effective TR
<50 bpm 15 R-R intervals
50-64 bpm 20 R-R intervals
65-95 bpm 30 R-R intervals
>95 bpm 60 R-R intervals

17. The first and most important thing that must be done

18.

is to examine the raw data. With pressures to get studies
completed quickly, this is an often overlooked step in many
laboratories. However, given that one is going to take mul-
tiple images and use them to compute the diffusion tensor
at each voxel (1) — it is important to check that there are
no corruptions in any of the individual data points. It can
be extremely informative to view the data in three orthog-
onal planes simultaneously (see Fig. 6.1a). There are mul-
tiple tools available for doing this (for example, the pop-
ular FSLyiew from the ESL software library). This allows
for rapid identification of slice-to-slice intensity variations
(for an axially acquired data set, these will be visible on the
coronal and sagittal planes). With the data set stored in a
4D format (the fourth dimension being the number of the
diffusion-weighted scan), viewing the data set as a looping
movie is a very efficient way of checking the data for unex-
pected signal dropouts (which will be visible as unusually
dark horizontal bands on the sagittal and coronal slices) or
other artefacts (see Fig. 6.1a).

It is extremely important to correct the data for sub-
ject motion and eddy current-induced distortions (e.g. 34,
35). Although the twice-refocused spin-echo sequence will
ameliorate much of the eddy currents (11), there may still
be residual distortions that need to be taken care of and it
is unlikely that the participant will have remained perfectly
still. The ‘industry standard’ approach is to use a global
affine registration (12 degrees of freedom — with transla-
tion, rotation, magnification and shear along each of the
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19.

20.

principal axes) to register each diffusion-weighted volume
to the volumes collected without any diffusion-weighting
applied (the ‘4 = 0 s/mm? images’). Given that the image
contrast is so different between the 4 = 0 image and those
acquired at & = 1,000 s/mm?, cost functions for the regis-
tration such as cross-correlation tend to fail and much bet-
ter results are obtained with entropy-based metrics, such
as the mutual information index (and its normalised ver-
sion) (36, 37). Again, there are many software packages
that cater to such global affine-based registration require-
ments, allowing one to specify the cost function.

Estimation of the tensor matrix requires exact knowledge
of the orientation of the diffusion-encoding gradient with
respect to the participant’s head (1). If the participant
moves their head during the acquisition — this can be cor-
rected with image realignment methods — as just discussed.
However, simple naive application of ‘off-the-shelf’ regis-
tration software will not account for the fact that, during
such a rotation, the angle between the participant’s head
and the pre-selected gradient sampling vectors will change.
Failing to account for this can lead to substantial errors
in estimates of anisotropy and of fibre orientation (38).
Therefore, it is desirable that, when available, the gradient
table that is used as input into the tensor estimation routine
is modified accordingly. The amount of diffusion encoding
for a particular combination of gradients is characterised by
the -matrix (1). The effect of rotation can be handled by
deriving the rotational part of the transformation required
to realign the images and subsequently applying this rota-
tion to the f-matrix prior to estimation of the tensor.
Figure 6.2 shows the effect of neglecting to perform this
step on estimates of anisotropy and fibre orientation.

There are three widely used approaches to estimating
the diffusion tensor from the 4-matrix and the diffusion-
weighted data: ordinary linear least squares (OLLS),
weighted linear least squares (WLLS) (1) and nonlinear
least squares (NLLS) (39). (Note that there are lots more
approaches in the literature — but these are the most com-
mon.) It is outside the scope of this chapter to go into
the fine detail of these different approaches — but stan-
dard mathematical processing packages provide access to
all of these. For the first two approaches, i.e. linear fit-
ting, the diffusion-weighted signal intensities are first log
transformed (1). In OLLS, each observation contributes
equally to the fit — and thus a set of simultaneous equa-
tions relating the log of the signal to the unknown ele-
ments of the tensor are set up — and a simple matrix
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(A) motion/distortion correction (B) motion/distortion correction
without B-matrix rotation with B-matrix rotation

Fig. 6.2. Directionally encoded fibre orientation maps without (a) and with (b) the required b-matrix rotation prior to
estimating the diffusion tensor. The differences in orientation (colour) and fractional anisotropy (intensity) between the
images is clearly visible, as shown, for instance, with the enlarged view of the posterior region of the corpus callosum.

21.

inversion yields the unknown elements of the tensor. Given
the rapid nature of this approach, it is extremely popular
and is employed in several popular software packages (e.g.
ESL). The consequence, however, of taking the log trans-
formation is that, although the noise/random errors in
the signal prior to the log transformation are uniform (i.e.
homoscedastic) — after the log transformation, the variance
in the (log-transformed) signal becomes a function of the
signal itself (1, 40) and so the errors are heteroscedastic. To
properly address this, a weighted linear regression (WLLS)
is required, where one has to compute a covariance matrix
— deriving the relationship between the variance in the log-
transformed and non-log transformed data — and include it
in the regression step (1). Although this makes computa-
tion longer, the results are far more robust and WLLS is to
be preferred over OLLS (39). In NLLS, on the other hand,
there is no log transformation of the signal — and thus the
errors remain homoscedastic, so the covariance matrix is a
multiple of the identity matrix and can effectively be fac-
tored out of the analysis, which is an advantage over the
linear framework approaches. While NLLS is attractive in
that it fits the model to the data directly, producing results
that are superior to WLLS (and therefore to OLLS) (39),
the computational time is considerably longer — and special
care has to be taken that the fitting algorithm has not been
trapped in a local extremum.

Once one has fitted the model, it is expected that any dif-
ferences between the observed signal and those predicted
by the model (i.e. the ‘residuals’) should be random and
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should not contain any structure. Deviations will rapidly
identify points that are corrupt (41) (see Fig. 6.1b). There-
fore, before proceeding with further analyses, we recom-
mend inspecting a map of the residuals to ensure that there
is nothing unexpected in the data.

22. The final stage in a standard DT-MRI pipeline is to derive
parameters of interest from the ditfusion tensor. These are
invariably the mean diftusivity (or trace of the diffusion ten-
sor) (2), a measure of anisotropy (27) — and the princi-
pal diffusion orientation, which can be used for creation
of directionally encoded colour (DEC) maps (5) or for
fibre-tracking analyses (6-10). With regard to the choice
of anisotropy index, there is a plethora of indices in the lit-
erature (20). However, by far the most popular is the frac-
tional anisotropy, derived from the three eigenvalues of the
diffusion tensor. One can show that this has a better signal-
to-noise ratio characteristic than other popular indices such
as relative anisotropy (42).

23. Itis always prudent to look carefully at the resultant para-
metric maps before inputting them into any form of analy-
sis. Values of anisotropy greater than 1 are physically non-
meaningful, since they are designed to lie between 0 and
1 — and will result when one or more of the eigenvalues
is negative. Again, this is non-physically meaningful — but
can occur when the diffusion-weighted signal is higher in
intensity than the non-diffusion weighted signal. In turn,
this may arise in regions that are particularly noisy — or
where there is insufficiently corrected misregistration. A
similar tell-tale sign for artefact is to examine the rim of
the anisotropy maps. A high anisotropy around the rim
of the adult mammalian brain is not expected in practice
(Fig. 6.1c). Given that high anisotropy means that the
DW signal varies rapidly with the direction of the diffusion-
encoding gradient, the appearance of such a bright rim
would be consistent with misregistration of, for instance,
CSF and gray matter with either white matter or perhaps
the edge of the brain.

References
1. Basser, P. J., Mattiello, J., LeBihan, 3. Stejskal, E. O., Tanner, J. E. Spin diffusion
D. MR diffusion tensor spectroscopy measurements: Spin echoes in the presence of
and  imaging.  Biophys ]  1994;66: a time-dependent field gradient. J Chem Phys

259-267.

. Dierpaoli, C., Jezzard, P., Basser, D. J.,

Barnett, A., Di Chiro, G. Diffusion tensor
MR imaging of the human brain. Radiology
1996;201:637-648.

1965;42:288-292.

. Moseley, M. E., Cohen, Y. C., Kucharczyk,

J., Asgari, H. S., Wendland, M. F., Tsu-
ruda, J., Norman, D. Diffusion-weighted
MR imaging of anisotropic water diffusion



10.

11.

12.

13.

14.

15.

in cat central nervous system. Radiology
1990;176:439-445.

. Pajevic, S., Pierpaoli, C. Color schemes

to represent the orientation of anisotropic
tissues from diffusion tensor data: Appli-
cation to white matter fiber tract map-
ping in the human brain. Magn Reson Med
1999;42:526-540 (Erratum in: Magn Reson
Med 2000 43:921).

Mori, S., Crain, B. J., Chacko, V. P, van
Zijl, P. C. Three-dimensional tracking of
axonal projections in the brain by magnetic
resonance imaging. Ann Newrol 1999:45:
265-269.

Jones, D. K., Simmons, A., Williams, S. C.,
Horsfield, M. A. Non-invasive assessment of
axonal fiber connectivity in the human brain
via diffusion tensor MRI. Magn Reson Med
1999;42:37-41.

Conturo, T. E., Lori, N. F., Cull, T. S., Akbu-
dak, E., Snyder, A. Z., Shimony, J. S., McK-
instry, R. C., Burton, H., Raichle, M. E.
Tracking neuronal fiber pathways in the liv-
ing human brain. Proc Natl Acad Sci USA
1999;96:10422-10427.

Basser, P. J., Pajevic, S., Pierpaoli, C., Duda,
J., Aldroubi, A. In vivo fiber tractogra-
phy using DT-MRI data. Magn Reson Med
2000;44:625-632.

Parker, G. J. M., Haroon, H. A. et al.
A framework for a streamline-based proba-
bilistic index of connectivity (PICo) using
a structural interpretation of MRI diffu-
sion measurements. | Magn Reson Imay
2003;18:242-254.

Reese, T. G., Heid, O., Weisskoff, R. M.,
Wedeen, V. J. Reduction of eddy-current-
induced distortion in diffusion MRI using a
twice-refocused spin echo. Magn Reson Med
2003;49:177-182.

Bammer, R., Auer, M., Keeling, S. L.,
Augustin, M., Stables, L. A., Prokesch,
R. W., Stollberger, R., Moseley, M. E.,
Fazekas, F. Diffusion tensor imaging using
single-shot SENSE-EPI. Magn Reson Med
2002;48:128-136.

Hiltunen, J., Hari, R., Jousmiki, V., Miiller,
K., Sepponen, R., Joensuu, R. Quantification
of mechanical vibration during diffusion ten-
sor imaging at 3 T. Neuroimage 2006;32:
93-103.

Pruessmann, K. P., Weiger, M., Scheideg-
ger, M. B., Boesiger, P. SENSE: Sensitiv-
ity encoding for fast MRI. Magn Reson Med
1999:42:952-962.

Griswold, M. A., Jakob, DP. M.,
Heidemann, R. M., Nittka, M., Jellus,
V., Wang, K., Kiefer, B., Haase, A. Gen-
eralized autocalibrating partially parallel

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Diffusion Tensor Imaging 143

acquisitions (GRAPPA). Magn Reson Med
2002;47:1202-1210.

Edelstein, W. A., Bottomley, P. A., Pfeifer,
L. M. A signal-to-noise calibration proce-
dure for NMR imaging systems. Med Phys
1984;11:180-185.

Gudbjartsson, H., Patz, S. The Rician distri-
bution of noisy MRI data. Magn Reson Med
1995;34:910-914.

Dietrich, O., Heiland, S., Sartor, K. Noise
correction for the exact determination of
apparent diffusion coefficients at low SNR.
Maygn Reson Med 2001;45:448—453.

Jones, D. K., Basser, P. J. “Squashing peanuts
and smashing pumpkins”: How noise distorts
diffusion-weighted MR data. Magn Reson
Med 2004;52:979-993.

Basser, . J., Pierpaoli, C. Microstructural
and physiological features of tissue eluci-
dated by quantitative-diffusion-tensor MRI.
J Magn Reson B 1996;111:209-219.

Jones, D. K., Horsfield, M. A., Simmons,
A. Optimal strategies for measuring diffu-
sion in anisotropic systems by magnetic res-
onance imaging. Magn Reson Med 1999:42:
515-525.

Jones, D. K. The effect of gradient sampling
schemes on measures derived from diffusion
tensor MRI: A Monte Carlo study. Magn
Reson Med 2004;51:807-815.

Conturo, T. E.; McKinstry, R. C.; Akbu-
dak, E., Robinson, B. H. Encoding of
anisotropic diffusion with tetrahedral gradi-
ents: A general mathematical diffusion for-
malism and experimental results. Magn Reson
Med 1996;35:399-412.

Cook, P. A, Symms, M., Boulby, D
A., Alexander, D. C. Optimal acquisition
orders of diffusion-weighted MRI measure-
ments. | Magn Reson Imaging 2007;25:
51-58.

Dubois, J., Poupon, C., Lethimonnier, F.,
Le Bihan, D. Optimized diffusion gra-
dient orientation schemes for corrupted
clinical DTT data sets. Magma 2006;19:
134-143.

Cook, P. A., Bai, Y., Nedjati-Gilani, S., Seu-
narine, K. K., Hall, M. G., Parker, G. ],
Alexander, D. C. (2006) Camino: Open-
Source Diffusion-MRI Reconstruction and
Processing, 14th Scientific Meeting of the
International Society for Magnetic Reso-
nance in Medicine, Seattle, WA, USA, p.
2759, May 2006.

Pierpaoli, C., Basser, P. J. Toward a quantita-
tive assessment of diffusion anisotropy. Magn
Reson Med 1996;36:893-906.

Turner, R., Le Bihan, D., Maier, J., Vavrek,
R., Hedges, L. K., Pekar, J. Echo-planar



144

29.

30.

31.

32.

33.

34.

35.

Jones and Leemans

imaging of intravoxel incoherent motions.
Radiology 1990;177:407-414.

Skare, S., Andersson, J. L. On the effects
of gating in diffusion imaging of the brain
using single shot EPI. Magn Reson Imaging
2001;19:1125-1128.

Pierpaoli, C., Marenco, S., Rohde, G., Jones,
D. K,, Barnett, A. S. (2003). Analyzing the
contribution of cardiac pulsation to the vari-
ability of quantities derived from the diffu-
sion tensor iz “Proc. ISMRM 11th Annual
Meeting, Toronto” p. 70.

Jones, D. K., Pierpaoli, C. (2005) The con-
tribution of cardiac pulsation to variability in
tractography results. Iz “Proc. ISMRM 13th
Annual Meeting, Miami”, p. 225.

Poncelet, B. P., Wedeen, V. J., Weisskoft,
R. M., Cohen, M. S. Brain parenchyma
motion: Measurement with cine echo-
planar MR imaging. Radiology 1992;185:
645-651.

Enzmann, D. R., Pelc, N. J. Brain
motion: Measurement with phase-contrast
MR imaging.  Radiology  1992;185:
653-660.

Rohde, G. K., Barnett, A. S., Basser, P. J.,
Marenco, S., Pierpaoli, C. Comprehensive
approach for correction of motion and distor-
tion in diffusion-weighted MRI. Magn Reson
Med 2004;51:103-114.

Andersson, J. L., Skare, S. A model-
based method for retrospective correc-
tion of geometric distortions in diffusion-
weighted  EPI.  Newroimage 2002;16:
177-199.

36.

37.

38.

39.

40.

41.

42.

Maes, F., Collignon, A., Vandermeulen,
D., Marchal, G., Suetens, P. Multimodality
image registration by maximization of
mutual information. IEEE Trans Med Imayg-
ing 1997;16:187-198.

Studholme, C., Constable, R. T., Duncan,
J. S. Accurate alignment of functional EPI
data to anatomical MRI using a physics-based
distortion model. IEEE Trans Med Imaging
2000;19:1115-1127.

Leemans, A., Jones, D. K. The B-matrix
must be rotated when motion correcting
diffusion tensor imaging data. Magn Reson
Med 2009;61:1336-1349.

Koay, C. G., Chang, L. C., Carew, J. D.,
Pierpaoli, C., Basser, P. J. A unifying theo-
retical and algorithmic framework for least
squares methods of estimation in diffusion
tensor imaging. | Magn Reson 2006;182:
115-125.

Bevington, P. R., Robinson, D. K. Data
Reduction and Ervor Analysis for the Physical
Sciences, 2nd ed. New York, NY: McGraw-
Hill; 1992.

Leemans, A., Evans, C. J., Jones, D. K
(2008). Quality assessment through analy-
sis of residuals of diffusion image fitting.
In “Proc. ISMRM 16th Annual Meeting,
Toronto”. p. 3300.

Hasan, K. M., Alexander, A. L., Narayana,
P. A. Does fractional anisotropy have bet-
ter noise immunity characteristics than rel-
ative anisotropy in diffusion tensor MRI?
An analytical approach. Magn Reson Med
2004;51:413-417.



	6 Diffusion Tensor Imaging
	1 Introduction
	2 Materials
	3 Methods
	4 Notes

	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




