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Abstract

Diffusion tensor imaging (DTI) is a magnetic resonance imaging technique that allows for the 

visualization and characterization of the white matter tracts of the brain in vivo. DTI does not 

assess white matter directly. Rather, it capitalizes on the fact that diffusion is isotropic (equal in all 

directions) in cerebral spinal fluid and cell bodies but anisotropic (greater in one direction than the 

other directions) in axons that comprise white matter. It provides quantitative information about 

the degree and direction of water diffusion within individual units of volume within the magnetic 

resonance image, and by inference, about the integrity of white matter. Measures from DTI can be 

applied throughout the brain or to regions of interest. Fiber tract reconstruction, or tractography, 

creates continuous 3-dimensional tracts by sequentially piecing together estimates of fiber 

orientation from the direction of diffusion within individual volume units. DTI has increased our 

understanding of white matter structure and function. DTI shows nonlinear growth of white matter 

tracts from childhood to adulthood. Delayed maturation of the white matter in the frontal lobes 

may explain the continued growth of cognitive control into adulthood. Relative to good readers, 

adults and children who are poor readers have evidence of white matter differences in a specific 

region of the temporo-parietal lobe, implicating differences in connections among brain regions as 

a factor in reading disorder. Measures from DTI changed in poor readers who improved their 

reading skills after intense remediation. DTI documents injury to white matter tracts after 

prematurity. Measures indicative of white matter injury are associated with motor and cognitive 

impairment in children born prematurely. Further research on DTI is necessary before it can 

become a routine clinical procedure.
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Contemporary neuroscience conceptualizes complex thoughts and emotions as arising from 

widely distributed and highly interactive neural networks.1–4 Localized cortical regions 

within the gray matter contribute specialized or semispecialized computations to mental 

activity, functioning like microprocessors. The structure of these regions can be assessed 

with conventional magnetic resonance imaging. Activity within these regions during 

cognitive or emotional processing can be assessed using functional magnetic resonance 

imaging. Axons arising from cell bodies connect neurons to other neurons. Axons are 

organized into white matter fiber bundles that link cortical regions, acting like cables 

connecting the microprocessors. Diffusion tensor imaging is an magnetic resonance imaging 

technique that allows for the visualization and characterization of white matter tracts in 

living animals and humans. Understanding structural and functional features of white matter 

has become increasingly important in neuroscience and in clinical medicine.

The goal of this review is to provide pediatric clinicians and researchers with basic 

understanding of how diffusion tensor imaging works, its contributions to understanding the 

neural basis of child development and developmental disorders, limitations of the 

methodology, and future directions. Until the advent of diffusion tensor imaging, our 

understanding of white matter was based primarily on postmortem histology and on visual 

inspection of conventional magnetic resonance images. Diffusion tensor imaging, by 

contrast, generates quantitative measurements of white matter microstructure. In this review, 

we provide background about how the method facilitates understanding about white matter. 

After this foundation, we focus on 3 applications: (1) developmental changes in white 

matter, documenting locations and patterns of change as a function of age; (2) differences in 

white matter structure in good and poor readers, suggestive of the important role of white 

matter in human cognitive variation; and (3) associations of white matter injuries and 

neurodevelopmental outcomes in children born prematurely, demonstrating that white 

matter injury may be an important reason for neurodevelopmental disability after preterm 

delivery.

WHAT IS WHITE MATTER?

White matter is the compartment of the nervous system comprised of myelinated axons. 

Axons are the long, slender projections that arise from the cell bodies of neurons and that 

transmit electrical signals from neuron to neuron. Axons are sheathed in myelin, a 

compound composed primarily of lipids. Serving as insulation, myelin increases electrical 

resistance and prevents dispersion of electrical signals as they course down axons. Small 

gaps in the membrane sheath, known as the nodes of Ranvier, allow electrical impulses to 

skip down the axon, resulting in increased speed of transmission. Within the central nervous 

system, myelin is produced by glial cells called oligoden-drocytes. Axons are organized into 

fiber bundles. Grouped together, their myelin sheaths appear white, and hence the term 

white matter. Long white matter fiber bundles are called fasciculi or tracts. White matter 

comprises more than half of the volume of the cerebral hemispheres.5

Clinical magnetic resonance imaging scanning permits a qualitative assessment of the 

volume and appearance of white matter. Clinical reports may describe white matter as 

diminished in volume, immature, or under myelinated. Diffusion tensor imaging is a specific 
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magnetic resonance imaging technique that generates quantitative measures of white matter 

at the level of each voxel, the small, arbitrary unit of volume in magnetic resonance imaging 

scanning (see Glossary). Using specific analytic strategies, it can generate qualitative and 

quantitative data about the architecture and organization of fiber tracts.

HOW IS THE SIGNAL FOR DIFFUSION TENSOR IMAGING GENERATED?

Diffusion Weighted Magnetic Resonance Imaging

Conventional magnetic resonance images are generated by applying a radio frequency pulse 

to the brain in a homogeneous magnetic field and measuring the resulting signal emitted by 

hydrogen atoms in the water molecules. Diffusion weighted magnetic resonance imaging 

measures the diffusion of water in tissues by applying a gradient that increases the strength 

of the magnetic field evenly in one direction (see Glossary).6 Based on the physics of 

magnetic resonance imaging, the emitted signal decreases as a function of the movement of 

water molecules in the direction of this gradient; however, it is unaffected by the movement 

perpendicular to the direction of the gradient.7–10 The rate of water diffusion in a given 

direction is calculated by comparing the signal when diffusion weighting is applied to the 

signal at the same location when no diffusion weighting is applied (called the B = 0 

measurement, see Glossary). The rate of water diffusion in other directions can be measured 

by changing the direction of the gradient.

Diffusion Tensor Imaging

Diffusion tensor imaging provides information about the degree and direction of water 

diffusion in multiple directions within individual voxels of the magnetic resonance 

image9,10 providing clues to the structure of the tissues.11,12 Diffusion weighted 

measurements are collected in at least different directions using gradient pulses. The rate 

and direction of diffusion within each voxel is the integration of these six measurements, 

summarized into a “tensor” model (see Glossary).10 The diffusion tensor is best visualized 

as an ellipsoid (Fig. 1) oriented so its long axis is parallel with the direction of greatest 

diffusion, known as the principal diffusion direction. Two additional vectors represent the 

rate of diffusion perpendicular to the principal diffusion direction (Fig. 1). The tensor model 

generates measures of the structure of cerebral tissue at a microscopic level that are based on 

characteristics of diffusion in those tissues.

Diffusion in Cerebral Tissues

At body temperature, water molecules are in a constant state of random Brownian motion. In 

cerebral spinal fluid, diffusion is isotropic; the molecules diffuse in all directions equally at a 

rate of ~3 µm/ms. In cerebral gray matter, internal cellular structures and cell membranes 

slow the rate of diffusion in comparison with the rate in cerebral spinal fluid. However, 

diffusion remains isotropic. In white matter, cell structure impedes the rate of diffusion 

perpendicular to the directional orientation of the axon fibers, while leaving the rate of 

diffusion parallel to the axon relatively unhindered. Diffusion in white matter is thus 

anisotropic, greater in one direction than in other directions (see Glossary).13 Diffusion 

tensor imaging measures are more indicative of intercellular rather than intracellular 

diffusion.14 Three factors that are thought to increase the efficiency of neural conduction—
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dense axonal packing, large axonal diameters, and high levels of myelination— contribute to 

a reduction in the amount of intercellular space and restrict water diffusion perpendicular to 

the orientation of the axons. Therefore, a high index of anisotropy and restricted diffusion 

perpendicular to the principal diffusion direction are considered indications of healthy or 

mature white matter microstructure.11–13,15

HOW IS DIFFUSION TENSOR IMAGING ANALYZED?

Measures

In research and clinical practice, it may be important to evaluate the integrity of white matter 

at a specific location. The data from the tensor model at the level of each individual voxel 

and subsequently in a region can be summarized and visualized in three different ways: 

mean diffusivity, degree of anisotropy, and the main direction of diffusivity. Mean 

diffusivity characterizes the net degree of displacement of the water molecules, measured in 

micrometers per millisecond. The mean diffusivity of individual voxels can be overlaid on 

an anatomical image (Fig. 2A); high mean diffusivity is represented as white appearance and 

low mean diffusivity as dark appearance (Fig. 2B). Mean diffusivity in both gray and white 

matter decreases with age because increasing structure within cells impedes water diffusion. 

Thus, mean diffusivity can be a useful measure for assessing maturation of white matter.16

The degree to which diffusion is anisotropic is represented by a fractional anisotropy (FA), 

which is a nondirectional proportion from 0.0 to 1.0 (see Glossary).12 Light axonal packing 

would leave more intercellular water than dense packing, resulting in less restriction of 

diffusion and therefore lowering FA. By contrast, a high degree of myelination would cause 

axons to be more tightly packed together, increasing FA. The FA of all the voxels of the 

brain can be overlaid on an anatomical map; high values are represented as white, whereas 

low values are represented as dark (Fig. 2C). Many studies use FA as the primary measure 

of white matter integrity.

The final measure that can be extracted from the tensor is based on the orientation in space 

of the tissue structure. The principal diffusion direction is used to infer the underlying 

orientation of axonal projections. The rate of diffusion in the principal diffusion direction is 

called axial diffusivity and the rate of diffusion perpendicular to the principal diffusion 

direction is called radial diffusivity (See Glossary). Color-coding each voxel based on the 

principal diffusion direction shows the principal diffusion direction of each voxel: red 

indicates diffusion along the x-axis, left-right orientation; green indicates diffusion along the 

y-axis, posterior-anterior orientation; and blue indicates diffusion along the z-axis, inferior-

superior orientation (Fig. 2D). The resulting maps provide an indication of whether the 

white matter tracts are in proper orientation.

Diffusion tensor imaging (DTI) is better suited for analyzing large fiber bundles than small 

tracts. Difficulties in interpretation arise when two tracts with different principal diffusion 

directions cross, merge, branch, or touch within a voxel. The FA of that voxel is lower than 

it would be if it contained only one of those tracts and therefore does not reflect either of the 

contributing fibers. Future research must continue investigating the neurobiological basis of 

magnetic resonance diffusion signals and find measurements that can overcome these 
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limitations. Table 1 summarizes the patterns of measures that might be obtained under 

different underlying neurological conditions.

Analytic Strategies

Diffusion metrics can be summarized globally for the whole brain. However, most 

researchers are interested in identifying the anatomical locations at which differences are 

found. Multiple analytic strategies provide spatial localization for the measures from DTI. 

We will summarize 4 strategies, discussing the decision about which of these techniques to 

use based on hypothetical research questions.

Whole Brain Analysis or Voxel-Based Morphometry—In our first hypothetical 

experiment, we want to compare measures of white matter in school-aged children (7–12 

years old) and adolescents (13–18 years old), and we have no underlying theory about where 

we might find group differences. A reasonable approach in this case is to analyze all of the 

voxels in the brain in terms of one of the diffusion measures, such as FA.

The challenge of whole brain analysis is that individuals vary substantially in terms of the 

size and shape of their brains. It is necessary to align individual brains to assure that the 

same structures are being compared in all subjects. Voxel-based morphometry implies that 

the images have been aligned using a protocol called spatial normalization (see Glossary). 

Spatial normalization uses computer-based algorithms to turn, stretch, shrink, and warp each 

brain image to make the best fit possible to a template. Unfortunately, normalization may be 

imperfect, compromising the accuracy of experimental comparisons. Normalization is 

particularly likely to distort the brains of individuals from clinical populations with 

underlying structural abnormalities. Smoothing is a process that corrects for some of the 

errors in normalization by averaging the results from a single voxel with the corresponding 

results of its neighbors (see Glossary).17 Smoothing not only reduces the effect of noise in 

the data but also decreases anatomical specificity.

Typically, the next step in voxel-based morphometry is the analysis of voxels that meet a 

threshold value of FA, such as 0.20, to avoid including areas of gray matter or cerebral 

spinal fluid. These voxels are processed individually and the differences between groups, 

(that is, in our hypothetical study, school-aged children compared with adolescents) are 

analyzed using simple univariate statistics. Alternatively, the measure of interest can be 

correlated with a relevant factor, in this case age or in other cases test scores. In a DTI study 

with voxels that are 2 mm3, there are more than 100,000 voxels in an individual brain. 

Statistical tests generally apply corrections because with this many comparisons some 

difference are likely to be significant on the basis of chance.18 The results of the analyses 

are represented in images in which the greatest differences are represented by the most 

intense colors and typically overlaid on an anatomical image.

Tract-Based Spatial Statistics—A variation of the whole brain approach is called tract-

based spatial statistics. Tract-based spatial statistics roughly aligns the FA images from 

multiple subjects to a common space using an algorithm. It then creates a tract 

representation, called the “mean FA skeleton”19 including only those voxels assumed to be 

at the center of tracts common to all the members of the group and excluding regions of poor 
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alignment.20 The resulting FA skeleton data for all subjects are analyzed the same way as in 

voxel-based morphometry, by computing statistics at each voxel and identifying regions 

with significant differences between groups (Fig. 3). A limitation of tract-based spatial 

statistics is that it may miss variations in the periphery of white matter tracts, which are not 

included in the analyses. Whole brain techniques such as voxel-based morphometry and 

tract-based spatial statistics may be a good first attempt at identifying areas of major 

difference across subjects that can then be followed up on with other methods.

Region of Interest Analysis—In our next hypothetical experiment, we hypothesize that 

white matter differences will be found in the frontal lobes in a comparison of school-aged 

children with adolescents. In this case, a region of interest (ROI) approach is appropriate. 

This method relies on a priori spatial definitions of brain structures of interest21 and 

analyzes only those voxels within the region. In the ROI approach, the number of statistical 

comparisons is considerably lower than in a whole brain approach. The advantages are 

therefore that statistical power increases and small differences not apparent on whole brain 

analyses may be found. A major disadvantage of this method is that it may miss differences 

in regions not included in the analysis.

The ROIs are sometimes defined based on anatomical landmarks within individual brains, 

respecting individual variation in brain morphology.22 However, manually drawing the 

ROIs can be labor intensive and time-consuming and becomes less feasible as the sample 

size increases. Automated approaches to drawing regions are more standardized and less 

subjective but are vulnerable to the inaccuracies that arise from normalization. The ROI 

analysis can be combined with other methods. For example, whole-brain statistical analyses 

may identify particular structures of interest, which can then be investigated further with the 

ROI analysis.20 The ROI approach has also been used for assessing the microstructure of 

white matter tracts within deep gray matter and subcortical gyri, such as within the basal 

ganglia.21

Fiber Tract Reconstruction or Tractography—In our final hypothetical experiment, 

we want to evaluate changes in the superior longitudinal fasciculus from school age to 

adolescence, because we think that this structure may be linked to age-related improvements 

in cognitive control. Fiber tract reconstruction, or diffusion tensor tractography, is a method 

used to identify and visualize a continuous 3-dimensional trajectory by sequentially piecing 

together the estimates of fiber orientation from the directionality of individual voxels.23–25 

Tractography identifies the tracts and fibers that connect specific cortical or subcortical 

structures within and across individuals (Figs. 4A and 4B). Tractography allows the 

researcher to compare equivalent fiber connections across individuals, even if the precise 

location of the tract varies. Moreover, using tractography, apparently equivalent anatomical 

regions in different individuals may be found to contain axons projecting to different brain 

areas.26

The two broad categories of tractography are deterministic and probabilistic.27,28 

Deterministic algorithms move from voxel to voxel based on principal diffusion direction 

until they reach voxels unlikely to be in the tract. This method is problematic in voxels 

where fiber tracts cross and the primary diffusion direction of the voxel no longer represents 
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the direction of the fiber of interest. Then, the algorithm may proceed along an incorrect 

trajectory.29 Probabilistic algorithms take into account uncertainty in the orientation of 

axonal bundles by calculating a distribution of probable fiber orientations in each voxel 

based on the variability in the diffusion measurements.30,31 Probabilistic tractography has 

the advantage that it can identify multiple pathways in regions of crossing fibers, allowing 

an experimenter to study connections that are known to exist but are not found with 

deterministic algorithms.

Tractography often uses experimenter-defined ROIs to identify the tracts of interest. Seeding 

is the term used for choosing the initial voxels from which the tract will originate; target 

regions represent areas through which the fibers must pass to be included as part of the 

pathway (Figs. 2D, 4A, and 4B). Fibers that pass through specified exclusion regions are 

selectively removed from analysis (Figs. 4A and 4B). These regions may be manually 

selected, usually according to a priori information on tract location or may be chosen based 

on published atlases of DTI-based white matter anatomy.32,33 The multiple ROI approach 

uses spatially separated target regions that can, for example, allow dissection of different 

sets of fibers within a bundle.34 Automated methods for defining fiber tracts can also be 

used and are advantageous for large samples. However, these methods rely on spatial 

normalization, with its inherent limitations.35

The measures of diffusion we described previously, such as FA or mean diffusivity, can be 

averaged over the entirety of each tract21 or calculated for different segments of a tract to 

reveal variations within the tract.36 Diffusion metrics can also be weighted averages, with 

the number of fiber trajectories passing through a voxel comprising a weight for the value of 

that voxel.36 In these methods, voxels with many fiber trajectories, assumed to be in the core 

of the tract, contribute more to the measurements than voxels with few fiber trajectories, 

likely to represent the edges of tracts.

Tractography is most accurate in identifying large tracts. However, it too has limitations. It 

should be considered a proxy technique to infer the direction of white matter pathways 

because it is not a direct visualization.34 It cannot identify the location or direction at the 

level of the individual axons. Each estimate of fiber orientation is subject to errors that can 

accumulate.37 Errors in tract reconstruction are particularly likely where fibers cross, merge, 

or branch.38 Despite these limitations, many DTI-based tract definitions are consistent with 

postmortem dissections.

APPLICATIONS OF DIFFUSION TENSOR IMAGING

The addition of diffusion tensor imaging (DTI) to the armamentarium of neural imaging 

techniques has revolutionized our understanding of white matter anatomy, structure-function 

associations in the nervous system, and disease states. We will focus on three broad areas of 

interest to the readers of this journal: normal development, reading disorders, and 

developmental problems after preterm delivery.
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Applications of DTI to Brain Development

Anatomical Studies—Between birth and 5 years of age, whole brain volume nearly 

quadruples,39 mostly due to reductions in gray matter volume and extensive increases in 

white matter fibers. Postmortem histology found that most white matter tracts appear to be 

in place by birth. Magnetic resonance imaging (MRI) studies detected the beginning of 

myelination as early as 29 weeks gestational age and described the progression of 

maturation in established tracts throughout the first year of life in an inferior-to-superior and 

posterior-to-anterior fashion.40 A large longitudinal MRI study of children and adolescents 

described white matter growth as linear,41 although others described variations in the nature 

of white matter volume increases by region.42

DTI studies have changed, expanded, and refined understanding of white matter 

development. Subtle structures of the fetal brain have now been visualized in utero 

beginning at 18 weeks gestational age,43 and normal white matter maturation has been 

observed to evolve from inner to outer layers and from anterior to posterior. In the third 

trimester and extending through the neonatal period, the limbic system develops first. This 

development is followed by connections between the two hemispheres (commissural fibers) 

and connections between spinal cord and lower brain regions to cortex (projection fibers). 

Finally, short and long range connections within the hemisphere (association fibers) develop 

last.39 Commissural tracts and frontotemporal fibers develop anterior-to-posterior. Beyond 

the regional differences in timing of microstructural change in white matter, DTI methods 

have also documented maturation to be nonlinear, with the greatest rates of change observed 

in the majority of tracts by 5 years of age.21,44 In a large, meticulous study of 202 typically 

developing children, adolescents, and young adults, Lebel et al.21 used DTI-based 

tractography and region of interest (ROI) analyses to describe the exponential changes in 

microstructural development of white matter from childhood to adulthood. They determined 

that 90% of maximal (adult) levels of fractional anisotropy (FA) are achieved by 11 years of 

age for the splenium anterior and genu posterior of the corpus callosum, and the inferior 

longitudinal fasciculus (connecting occipital and temporal lobes); by 13 to 20 years for the 

superior longitudinal fasciculi (connecting frontal, parietal, and temporal lobes), the superior 

and inferior fronto-occipital fasciculi (connecting occipital and frontal lobes), and the 

anterior limb of the internal capsule (connecting cortex to medulla); by 21 to 24 years for 

projection fibers in the external capsule (coursing between basal ganglia and cortex), 

posterior limb of the internal capsule (containing corticospinal and sensory fibers), and 

corticospinal tracts; and after 25 years of age for the uncinate (connecting the limbic system 

and frontal lobes) and cingulum (connecting components of the limbic system). It is possible 

that white matter changes continue throughout life because white matter growth is activity 

dependent. However, our current methods of DTI may be insensitive to small changes or 

changes in small regions.

Most studies of brain anatomy combine data from male and female subjects. However, 

whole-brain analysis of DTI data on a sample of typically developing children between the 

ages of 5 and 18 years found that white matter volume increases faster in male than in 

female children.45 Males were also found to have proportionally greater white matter than 

gray matter, even after controlling for total cerebral volume. Differences in FA and volume 
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underscore the need to consider gender differences in neural development and have 

implications for the study of brain-behavior relationships in disordered development.

Structure-Function Associations—DTI methods have been used to link features of 

white matter maturation to cognitive function. In a whole-brain analysis of 47 participants, 

Schmithorst et al.46 found positive correlations between intelligence quotient (IQ) and FA in 

several structures—left arcuate fasciculus, the genu of the corpus callosum, right parietal 

regions, and the frontal lobes. This finding suggests that increases in fiber organization and 

axonal density support or reflect increased global cognitive ability. Of particular interest is 

the association between cognitive measures and increases in white matter maturation within 

the frontal lobes, because these are regions that are among the last to myelinate and are 

known to support planning, organizing, inhibiting automatic responses, and other executive 

functions. It is generally thought that myelination limits developmental change and plasticity 

in axons.5 Therefore, delayed myelination, particularly in areas of the brain associated with 

higher order cognitive functions, may explain the continued growth of these abilities into 

adulthood. DTI tractography is consistent with this concept; increased restriction in 

diffusion measured as radial diffusivity in frontostriatal regions predicted faster reaction 

times on a go-no-go task, a paradigm that requires response inhibition, in children and adults 

aged 7 to 31 years, even after controlling for age and accuracy.47 Tractography and ROI 

analytic methods have also shown increases in FA of right hemisphere frontoparietal 

pathways to be associated with spatial working memory ability.48

Applications of DTI to Reading

Reading is a highly complex cognitive skill, requiring the coordination of multiple, 

distributed brain regions. Approximately 5% to 10% of otherwise typically developing 

children have a reading disability or dyslexia. Functional MRI studies have found that good 

readers show a high degree of functional activation in left temporoparietal cortex, whereas 

poor readers show minimal left temporoparietal activation and a high degree of frontal 

activation with reading, primarily on tasks involving phonological decoding.49

DTI has expanded our understanding of the neural basis of reading and reading disorder. 

Klingberg et al.50 used DTI to compare the whole-brain FA values in adults with good 

versus poor reading ability. They found that relative to good readers, poor readers had lower 

FA bilaterally in a region of the temporoparietal lobes. The values of FA in this critical 

region positively correlated with reading skill.50 These findings suggest that dyslexia 

represents a disruption in the communication between brain regions critical for reading.51,52 

Deutsch et al.53 replicated these results in children aged 7 to 13 years with a range of 

reading abilities. They found that FA in left temporoparietal white matter only correlated 

with Word Identification scores. DTI studies have further identified 3 major white matter 

pathways that seem to be critical to the development of reading skill: the superior corona 

radiata, the corpus callosum, and the superior longitudinal fasciculus (in particular, the 

arcuate).22

Other pathways may be important to reading, but the results are contradictory. Andrews et 

al.,54 in a study of adolescents born prematurely and controls, found that FA in the corpus 
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callosum was positively associated with reading skills. However, Doughtery et al.29 found 

that FA in the corpus callosum was negatively associated with phonological scores. The 

latter group interpreted their findings to suggest that better readers may have reduced 

interhemispheric activity. More research on the meaning of FA may be required to reconcile 

differences. More recently, studies have used a combination of ROI approaches and 

tractography to localize the area of greatest correlation between FA and reading skill; these 

studies have linked Word Identification scores to the superior corona radiata, located in the 

posterior limb of the internal capsule.55 However, an intriguing case study found that 

selective damage to the arcuate fasciculus, a part of the superior longitudinal fasciculus (Fig. 

4B), in an adolescent with radiation-induced tissue necrosis was associated with profound 

dyslexia,57 although another adolescent with a missing arcuate fasciculus after premature 

delivery had normal reading abilities (Yeatman et al., in preparation). Again, more research 

on both methods and structure-function correlations is needed.

A recent and exciting study has documented microstructural measures of white matter on 

DTI in children who were poor readers and then showed functional improvements in reading 

after intensive remediation.57 White matter development and myelination are thought to be 

activity-dependent, increasing as pathways are used more frequently or more intensively.5 

Changes in white matter after remediation may be either a cause or a result of improvements 

in reading skill. In either case, in the coming years, DTI may contribute to the evaluation of 

education and therapy in a variety of clinical conditions.

Applications of DTI to Neurodevelopmental Outcomes of Prematurity

Structural Abnormalities—White matter tracts in the parietal and periventricular regions 

are highly susceptible to injury from premature birth.58 This predilection is due to multiple 

factors: the immature vascular supply to cerebral white matter; impairment in the regulation 

of cerebral blood flow; and vulnerability of the precursors of oligodendrocytes, the myelin-

producing cells, to hypoxia, ischemia, reperfusion, and inflammation between 24 and 32 

weeks gestation.58–60 Recent reviews emphasize that white matter injury from prematurity 

falls on a spectrum from large or multiple destructive cystic lesions to diffuse, noncystic 

injury.59,60 Improvements in neonatal intensive care in the past decade have resulted in a 

reduction in the prevalence of cystic white matter injuries.59 However, there has not been 

corresponding decreases in the prevalence of noncystic white matter injury or improvements 

in neurodevelopmental outcomes.61 DTI holds considerable promise for detecting and 

monitoring the degree and location of diffuse injuries.

DTI obtained when the premature infant approaches term age seems to be sensitive to 

diffuse white matter injury prior to detection of such injury on cerebral ultrasound or 

conventional MRI.62 A study using tract-based spatial statistics to analyze DTI in preterm 

infants without evidence of lesions on conventional MRI at term-equivalent age found 

several areas of lower FA in pre-terms compared to term controls, including the centrum 

semiovale, frontal white matter, and the genu of the corpus callosum. In infants born at less 

than 28 weeks gestation, additional areas had reductions in FA, including the external 

capsule, the posterior aspect of the posterior limb of the internal capsule, and the isthmus 

and middle portions of the body of the corpus callosum.20 Diffuse white matter signal 

Feldman et al. Page 10

J Dev Behav Pediatr. Author manuscript; available in PMC 2014 November 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



abnormalities on clinical imaging at term correlate with increased radial diffusivity and 

decreased FA, particularly in the internal capsule and sensorimotor regions of the infant 

brain.63 Animal studies find that injury to myelin results in increased radial diffusivity. At 

term age, when differentiating oligodendrocytes are just beginning to wrap around axons in 

preparation for myelination, increased radial diffusivity may represent a failure of the cells 

to develop fully and create the sheath around the axon that ultimately would allow 

myelination.63

Dudink et al.64 sought to determine reference values for the FA in the white matter tracts of 

very low birth weight infants. They retrospectively analyzed DTIs that were obtained in 28 

very low birth weight infants between 26 and 32 weeks gestational age who did not have 

evidence of white matter abnormalities on conventional MRI and who had normal 

developmental outcome when assessed at 1 to 3 years of age. They found positive 

correlations between the gestational age and FA of the posterior limb of the internal capsule 

and the pyramidal tracts in these infants. Although FA measurements should be similar 

across scanners, it is important to document the reliability of FA values across different 

centers, scanners, and scanning protocols before applying DTI clinically to predict outcomes 

of prematurity.

Associations of Structural Findings with DTI and Motor Function—Abnormal 

FA in the posterior limb of the internal capsule on DTI when preterm children are near term 

age has been associated with later neurologic and gait abnor-malities,65 even in children 

who had no significant findings on conventional MRI at the same gestational age.66 DTI has 

also documented that thalamocortical connections may be disrupted in addition to 

descending corticospinal tracts in cerebral palsy.67,68 Injury to these tracts has been found to 

correlate with sensory and motor findings.67

DTI Findings in Older Children, Adolescents, and Adults Born Prematurely—
DTI studies demonstrate that white matter microstructure disturbances in children born 

prematurely persist into school age and beyond.69–71 One study found that school-aged 

children born prematurely have lower whole-brain mean FA than their full-term peers; in 

addition, preterm males have lower FA than females.71 Apart from prematurity, the children 

in this study had no history of poor health and no major behavioral or cognitive deficits. The 

mean FA of their total white matter was a significant predictor of IQ score after adjusting for 

birth weight, gestational age, and gender. One possible confounding factor was the lower 

SES and parental education level in the preterm group versus controls.

DTI has also detected differences in FA in specific white matter areas, both regions 

associated with periventricular leukomalacia in preterm infants and regions indicating a 

distal extension of white matter injury. One whole-brain analysis identified 13 white matter 

areas (clusters of at least 100 voxels) with reduced FA in preterm adolescents.70 A ROI 

analysis was then carried out, in which the mean FA values from each significant cluster 

were extracted and compared with results from clinical neuropsychological tests.72 Visual 

perceptual deficits were associated with low FA in the external capsule, posterior part of the 

internal capsule, and in the inferior fasciculus; these findings suggest damage of association 

tracts containing secondary visual fibers that carry information for processing in temporal 
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and frontal areas. Low IQ was associated with low FA in the external capsule and inferior 

and middle superior fasciculus, all areas containing long association fibers. Performance IQ 

was correlated with FA in the right posterior internal capsule and right superior longitudinal 

fasciculus. Fine motor impairment was related to low FA in the internal and external capsule 

and superior fasciculus, which may reflect disturbed connectivity of motor projection fibers 

and long association tracts. Mild social deficits, as measured by the Autism Spectrum 

Screening Questionnaire, correlated with reduced FA in the external capsule and superior 

fasciculus. Inattention symptoms and the diagnosis of Attention-Deficit/Hyperactivity 

Disorder were related to lower FA in several white matter areas. Impairments in more 

complex functioning such as attention, arithmetic, and visual motor integration seemed to be 

related to more extensive injury to white matter microstructure. A limitation of this study is 

that the regions of interest were not defined in native space but on normalized brains. MRI 

showed structural abnormalities in a large percentage of the preterms, such as thinning of the 

posterior corpus callosum and reduced periventricular occipital and parietal white matter 

tissue, so that inaccuracies in the spatial normalization process may have occurred.

DTI studies of the corpus callosum in older children and adolescents born prematurely show 

variable results. A ROI analysis of preterm and full-term children from 10 to 16 years of age 

found associations between regions of the corpus callosum and reading scores. A 

tractography study of young adults with a mean age of 19.3 years compared measures of the 

corpus callosum with IQ.73 It found no significant difference between preterms and controls 

for FA or mean diffusivity in the corpus callosum but found that preterm females had higher 

mean diffusivity in the genu than control females, which was also associated with lower 

performance IQ. These findings differ from a study that found reduced FA in both the genu 

and splenium70; another that found lower FA in the splenium69; and a third that found no 

associations between IQ and corpus callosum microstructure.72 One possible confounding 

factor is the ongoing development of the corpus callosum, which may attenuate group 

differences between adolescence and early adulthood. Differences in age of assessment, the 

socioeconomic status of the subject groups, and analysis methods also limit the 

comparability of these studies.

CONCLUSIONS AND FUTURE DIRECTIONS

Diffusion tensor imaging (DTI) is a magnetic resonance imaging technique that generates 

measures of white matter microstructure. The data from DTI have greatly expanded our 

understanding of the normal development of the nervous system in childhood and 

adolescence. Associations between structural measures on DTI and functional measures, 

such as reading scores, suggest that variations in white matter structure may be associated 

with important variations in human functioning. In addition, mechanisms of improvements 

after intense remediation may become clear if replication studies find that changes in DTI 

measures correlate with functional improvements.57 This recent finding opens up the 

possibility that DTI can be used to supplement behavioral measures to investigate the impact 

of education and therapy on clinical or functional status. DTI has also contributed to 

understanding the nature of neural injury in prematurity and the variation in 

neurodevelopmental outcome after preterm delivery.
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Despite these advances, further research is needed before DTI can be used routinely for 

clinical purposes. At the present time, it is unclear whether measures from different centers 

and different scanners are comparable or whether each center, scanner and scanning protocol 

will require its own norms for DTI. Centers often use their own customized software to 

analyze DTI data, further complicating the full-scale application of DTI in the clinical arena, 

although sharing of the algorithms is possible.74 Several studies, as we have reviewed, yield 

contradictory data in terms of core measures such as fractional anisotropy. In some cases, 

increasing fractional anisotropy is associated with positive findings but in other cases 

fractional anisotropy is associated with unfavorable outcomes. The reason for such variation 

must be understood, particularly before DTI is used for prediction of long-term outcomes. 

New scanning protocols under development may be able to differentiate the contribution of 

myelination from neuronal size or packing density, thereby explaining disparate findings. 

Overall, we anticipate continued improvements in the acquisition, analysis, and 

interpretation of data with corresponding advances in our understanding of neuroscience and 

clinical medicine.
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GLOSSARY

Anisotropic 
diffusion

Diffusion that is not equal in all directions (isotropic) but greater in 

one direction than in other directions

Axial diffusivity Rate of diffusion in the direction that is parallel to the white matter 

tract.

B = 0 image An image collected without diffusion weighting. The B0 image is 

used as a reference for diffusion weighted images when calculating 

the diffusion tensor.

Fractional 
anisotropy (FA)

A ratio ranging from 0 to 1 that represents the degree to which 

diffusion is anisotropic. High FA values indicate that diffusion is 

much greater in one direction that others, whereas low FA values 

indicate that diffusion is nearly equal in every direction.

Gradient A gradual increase (or decrease) in the strength of the magnetic field 

in a given direction, causing different effects on the biological 

substrate at different locations.

Normalization (or 
spatial 
normalization)

A process that attempts to fit an individual brain to an average brain 

from a specific sample or from a general population. Normalization 

may stretch, shrink, or warp the image to achieve the best fit. 

Normalization aides in the comparison of regions across individuals.
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Principal 
diffusion direction

The direction in which water diffuses the fastest rate. In white 

matter, the principal diffusion direction is usually parallel to the 

orientation of axonal projections.

Radial diffusivity Rate of diffusion in the direction that is perpendicular to the white 

matter tract.

Smoothing A method of averaging the data of one voxel with the neighboring 

voxels. The researcher defines the number of neighboring voxels or 

the distance over which to average the data.

Tensor The tensor model summarizes diffusion weighted imaging data 

collected in multiple directions. The diffusion tensor is used to 

calculate summary measures such as fractional anisotropy, principal 

diffusion direction, and axial and radial diffusivity.

Voxel A small arbitrary unit of volume in a magnetic resonance imaging 

scan. The size of the voxel is a function of the number of slices 

obtained, the field of view, and the matrix of the magnetic resonance 

imaging scan. Clinical scans often have voxels that are less than 1 

mm3. If a scan has slices that are 5-mm thick, then one dimension of 

the voxel is 5 mm.
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Figure 1. 
Three diffusion ellipsoids represent the diffusion profile of 3 different structures, marked 1, 

2, and 3 on Figures 2C and 2D. The axes represent the x- (left-right, red), y- (posterior-

anterior, green), and z-(inferior-superior, blue) directions. (A) Isotropic diffusion ellipsoid, 

representing a region of cerebral spinal fluid. (B) Anisotropic diffusion ellipsoid, 

representing a white matter tract parallel to the y-axis (superior longitudinal fasciculus). (C) 

Anisotropic diffusion ellipsoid, representing a white matter tract parallel to the x-axis 

(corpus callosum).
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Figure 2. 
Sagittal (top) and axial (bottom) slices from a healthy 12-year-old girl. (A) Conventional T1 

weighted anatomical image. (B) Mean diffusivity map calculated from diffusion tensor 

imaging data. High signal (white areas) represents high diffusion (cerebral spinal fluid); low 

signal (gradations of dark areas) represents reduced diffusion (gray and white matter). (C) 

Fractional anisotropy map calculated from diffusion tensor imaging data. High signal (white 

areas) represents high fractional anisotropy (white matter); low signal (dark areas) represents 

reduced anisotropy (gray matter and cerebral spinal fluid). (D) Red-Green-Blue map 

calculated from diffusion tensor imaging data. Voxels displayed as red represent tracts with 

primarily left-right orientation (x-axis); voxels displayed as green represent tracts with 

primarily anterior-posterior orientation (y-axis); voxels displayed as blue represent tracts 

with primarily superior-inferior orientation (z-axis). The superior longitudinal fasciculus, a 

tract containing fibers projecting along the y-axis (outlined in white, see Fig. 1B) is 

represented in green. The corpus callosum, a tract containing fibers projecting along the x-

axis, is represented in red (see Fig. 1C).
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Figure 3. 
Mean fractional anisotropy skeleton, in green, generated from Tract Based Spatial Statistics 

for a sample of 13 children born prematurely and 12 age-matched full-term controls, 

overlaid on a Montreal Neurologic Institute template. Regions of significant difference in 

fractional anisotropy (p < .05, uncorrected for multiple comparisons) between children born 

prematurely and controls are shown in red within the skeleton.
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Figure 4. 
Fiber tracking. (A) Three-dimensional visualization of superior longitudinal fasciculus 

fibers, tracked from the region of interest outlined in white in Figure 2D. The location of the 

"seed" region of interest is depicted in this sagittal view as a white line. The blue fiber tract 

contains fibers connecting the temporal, parietal, and frontal lobes. (B) The arcuate 

fasciculus, the portion of the superior longitudinal fasciculus that connects the temporal lobe 

to the frontal lobe. Tract was defined by limiting the blue fiber group in Figure 4A to only 

those fibers passing through a second region of interest, depicted by the red line, thereby 

using a 2 region of interest approach.
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Table 1

The Relations Among Fractional Anisotropy, Axial Diffusivity, and Radial Diffusivity Under Different 

Conditions

White Matter
Characteristics/
Conditions

Fractional
Anisotropy

Axial
Diffusivity

Radial
Diffusivity

Dense axonal packing High Unaffected Low

Large axonal diameter/
high myelination High High Low

Axonal degeneration Low Low High

Demyelination Low Unaffected High

J Dev Behav Pediatr. Author manuscript; available in PMC 2014 November 26.


