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 In the mid-1980s, some 30 years ago, investigators fi rst developed the notion 
that magnetic resonance imaging (MRI) could be used to provide information 
about molecular diffusion in tissues. The concept of measuring diffusion was 
visionary, but the practical implementation turned out to present formidable 
challenges. It was a time when most MRI systems were operating at a fi eld 
strength of 0.5 T and gradient hardware was not well developed; as a result, 
early diffusion images suffered from a very poor signal to noise ratio and 
were severely degraded by eddy currents and motion artifacts. The fi rst trials 
were not very successful and the outcomes were rather disappointing. 
Moreover, the radiological community did not fully understand the potential 
of this technique, and many eminent scholars were doubtful that it would ever 
be possible to measure diffusion in the human body. 

 Slowly, but steadily, technical limitations were overcome. Vendors devel-
oped MRI scanners with higher fi eld strength, improved magnet homogene-
ity, steeper gradients, decreased eddy currents, etc. By the middle to late 
1990s, it became possible to produce good quality diffusion-weighted images 
(DWI) with “b-values” of up to 1000 s/mm 2 . The “b-value” is a measure of 
the sensitivity to diffusion and depends on the intensity, duration, and time 
interval of the diffusion gradient pulses as well as on the gyromagnetic ratio. 
In DWI images, the intensity of each voxel refl ects the magnitude (or rate) of 
water diffusion in that specifi c location. However, these images not only 
refl ect “true” diffusion, but are also affected by “confounders” such as perfu-
sion effects; this led to the introduction of the concept of the apparent diffu-
sion coeffi cient (ADC). The higher the “b-value,” the more the signal intensity 
refl ects “true” tissue water diffusion changes. In DWI, the diffusion gradients 
are applied in three orthogonal directions (simultaneously); this allows an 
estimation of the “trace,” which is an indicator of the average diffusivity. 
Trace-weighted diffusion images initially found their main area of applica-
tion in neurological disorders, especially for the early detection of the cyto-
toxic edema associated with acute ischemic stroke. Since about 15 years ago, 
DWI has become a crucial part of routine clinical MRI examinations of the 
brain, and, increasingly, other organs. 
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 Diffusion-weighted sequences provide information about the magnitude 
of free water diffusion in tissues. However, already in the early 1990s, it 
became clear that diffusion in white matter of the brain was anisotropic, 
depending on the orientation of nerve fi bers. This observation led to the 
notion that diffusion-weighted techniques could be modifi ed to provide 
 additional information about the directionality and other properties of diffu-
sion, at a microstructural level. In this way, diffusion tensor imaging (DTI) 
was born, where diffusion is probed in many more directions (typically >30) 
to describe the full diffusion tensor. When tissues have a complex (internal) 
structure, such as the bundles of myelinated axons in white matter, water dif-
fusion occurs more rapidly along the longitudinal direction of these axonal 
fi bers and more slowly when moving perpendicularly to the long axis. In 
order to obtain the directional information, which is essential for DTI, diffu-
sion gradients need to be applied in at least 6 directions, and preferably more. 
From the acquired DTI data, metrics such as fractional anisotropy (FA) and 
mean diffusivity (MD) can be derived. Taking into account the main direction 
of the diffusion tensor, it becomes possible to extrapolate the connectivity of 
white matter tracts in the central nervous system. This technique is known as 
“tractography” and yields spectacular 3-dimensional images of the brain and 
spinal cord in which white matter tracts can be represented as colored spa-
ghetti strands. In only a few years, DTI has emerged as the foremost tech-
nique for white matter disorders, revealing abnormalities in white matter fi ber 
structure and providing maps of brain connectivity. 

 Unfortunately, for many newcomers (and even for more experienced profes-
sionals), the boundaries between the general fi eld of DWI and the specifi c 
world of DTI are somewhat fuzzy. The complexities of DTI are diffi cult to 
fathom because of the advanced mathematics and physics involved in this tech-
nique. Moreover, it is always hard to see the forest for the trees; people have a 
natural tendency to focus on the many details and fail to see the overall view. 
This book aims at fi lling the knowledge gap between basic science and clinical 
applications of DTI. The editors have conceived this textbook as a practical 
manual, which covers the different steps of a DTI study, and provides advice 
and guidance toward optimization of the process. It is intended for radiologists, 
clinicians, technologists, and neuroscientists. Readers will learn tips and tricks 
and become familiar with the advantages and disadvantages of this complex 
diagnostic technique. The focus of the book is to help practitioners, in each 
clinical situation, to choose the parameters that are most likely to address the 
diagnostic issues and to guide clinical management. All chapters have been 
written by a team of experienced and well-known specialists in the fi eld of 
DTI. The editors, Wim Van Hecke, Louise Emsell, and Stefan Sunaert, have 
done an excellent job to integrate the various contributions and to provide a 
comprehensive update of current knowledge and future developments of DTI. 
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We trust this book will inspire readers to learn all they can about the basic sci-
ence and clinical applications of DTI, and that this knowledge will ultimately 
lead to the delivery of better health care to our patients.  

                   Paul     M.     Parizel, MD, PhD 
     Professor of Radiology  
 University of Antwerp
Chair, Department of Radiology
Antwerp University Hospital
   Antwerp ,  Belgium    

    Frederik     Barkhof, MD, PhD    
  Professor of Neuroradiology 
Director, Image Analysis Center (IAC) 
Department of Radiology and Nuclear Medicine  
 VU University Medical Center 
  Amsterdam ,  The Netherlands    
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 It is generally accepted that the best way to elicit an honest opinion is to ask 
a child. Having conducted this experiment with our own children, we hereby 
bring you a practical handbook about colorful hedgehogs (sometimes also 
confused with whole brain diffusion tensor imaging tractograms). Hedgehogs 
aside, diffusion tensor imaging (DTI) is certainly one of the most colorful 
medical imaging techniques available, one which creates such spectacular 
representations of the brain that at times it appears to effortlessly blur the 
boundaries of art and science. Some may argue that it does this rather too 
effortlessly. For indeed, the beauty of DTI is also its greatest handicap; its 
ability to create images that nearly always look good and appear plausible 
makes discerning between reliable and unreliable fi ndings extraordinarily 
challenging. This all the more so when the ground truth to validate them is 
hard to fi nd. 

 On the other hand, DTI is an incredibly powerful technique for visualizing 
and quantifying diffusion noninvasively in a matter of minutes. Its ability to 
provide insights into microstructural status through enhanced visualization 
and quantifi cation has yielded thousands of scientifi c papers relating to its 
application in a broad range of basic science and clinical domains, and in 
neurology and psychiatry in particular. 

 We are therefore left with the situation in which we have an exceptionally 
powerful, ground-breaking imaging technique that when implemented cor-
rectly can be incredibly useful, but when implemented incorrectly can, at 
best, yield misleading fi ndings, and at worst, be potentially harmful. It is our 
aim, through writing this book, to tip the balance in favor of the former, to 
help people acquire and analyze DTI data optimally to generate results that 
do not just look reliable, but are as reliable as possible. 

 Our motivation for writing  Diffusion Tensor Imaging :  A Practical 
Handbook  was simple: to help nonexperts come to grips with the practical 
aspects of DTI, from understanding the basis of the technique through selec-
tion of the right protocols, troubleshooting data quality, and analyzing DTI 
data optimally. We also wanted to introduce our readers to advanced non-
tensor- based diffusion MRI techniques, so we have included a special section 
on “Beyond DTI.” Also, we wanted to showcase some clinical applications of 
DTI while being mindful of the special challenges associated with DTI in 
different disorders. 

  Pref ace   
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    About the Contents 

 Notably, in this book, we have chosen to focus exclusively on DTI of the 
brain. This is because DTI is presently the most common clinical implemen-
tation of diffusion MRI, and the brain is currently the most studied organ 
using the technique and hence boasts the greatest wealth of associated knowl-
edge, validation, and clinical application. In general, the principles and strate-
gies described in this book are also broadly applicable to non-neurologic DTI 
applications. For detailed knowledge, however, the reader is encouraged to 
consult specialist literature on the topic. 

 In our professional practice, we are advocates of both DTI and other forms 
of diffusion MRI, such as High Angular Resolution Diffusion Imaging 
(HARDI), higher order modeling approaches, and multi-shell diffusion imag-
ing, which we believe are and will be increasingly important techniques in the 
future. We are, however, mainly advocates of choosing the  right technique for 
a given application  and implementing it in the  best possible way given a cer-
tain set of circumstances . And this is the position we have taken in writing 
this book. 

 Our mantra throughout was to keep our book as short and simple as pos-
sible, unburdened by extensive theory, but without losing important detail. In 
this context, there are other books and atlases available which provide a much 
more comprehensive theoretical coverage of DTI than this book. For exam-
ple, Derek Jones’ much acclaimed reference book,  Diffusion MRI :  Theory , 
 Methods and Applications  (Oxford University Press, 2009), remains the stan-
dard reference for the fi eld, while other textbooks provide newcomers to DTI 
with comprehensive theoretical introductions, notably Susumu Mori and 
Donald Tournier’s  Introduction to Diffusion Tensor Imaging and Higher 
Order Models , Second Edition (Academic Press, 2014), and Heidi Johansen- 
Berg and Tim Behrens book entitled  Diffusion MRI :  From Quantitative 
Measurement to in vivo Neuroanatomy , Second Edition (Academic Press, 
2014). For those looking for a comprehensive DTI atlas, Bram Stieltjes, 
Romuald M. Brunner, Klaus Fritzsche, and Frederik Laun’s  Diffusion Tensor 
Imaging :  Introduction and Atlas  (Springer, 2013) is an excellent choice. We 
are fortunate and grateful to Bram for providing an excerpt of this atlas for 
our book. 

 What sets our book apart from these other excellent reference texts is that 
we have aimed for our handbook to be as practical as possible. This means 
that you will fi nd far fewer equations and theoretical content here than in 
other DTI books, and instead more decision schemes, practical examples, and 
lots of images illustrating the core material.  

    Acknowledgments and Thanks 

 A book is only as good as its content and therefore we aimed to share as much 
expert knowledge as possible. We are thus extremely fortunate and grateful 
that so many experts wanted to share their knowledge with us and with our 
wider readership. We unreservedly thank our team of coauthors for their 

Preface



xi

 contributions to our book, for being patient and responsive with and to all the 
revision requests and email reminders despite their busy workloads and other 
commitments, for sharing their enthusiasm with us, and for delivering top 
quality chapters. In particular, we would like to highlight our inclusion of 
contributions from both leading experts in the fi eld and from emerging tal-
ents. Our contributors have lived up to all expectations and provide excellent 
coverage of their topics. Thank you all! 

 On the topic of thanks and acknowledgment, we would also like to thank 
Springer for inviting us to write the book in the fi rst place and for their sup-
port during the different phases of its development and publication. We 
extend particular gratitude to Janet Foltin, Patti Donofrio, and Michael Sova 
for their continued patience, enthusiasm, support, and editorial expertise 
throughout the publishing process.  

    Personal Notes 

 Undertaking such an endeavor is always challenging, takes far more time 
than planned, and involves the support of far more people than appear on the 
book cover or author list. We would therefore like to thank our friends and 
families for all their support and particularly our children, for not being 
remotely interested in colorful hedgehogs. We would also like to thank our 
employers and colleagues at icometrix, University Hospital Antwerp, KU 
Leuven, and University Hospital Leuven for supporting this work and in par-
ticular for providing us with the freedom and opportunity to spend so much 
time working on it, especially in the fi nal phase leading up to the deadline. 

 Finally, we would like to thank you, the reader, for choosing to buy and 
read this book. We hope that you fi nd it as enjoyable and educational as we 
have during its preparation, and that it inspires you to incorporate DTI and 
other advanced diffusion MRI-based techniques into your future work.   

  Leuven, Belgium     Wim     Van     Hecke, PhD     
     Louise     Emsell, PhD     
     Stefan     Sunaert, MD, PhD    
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