0031-3998/03/5405-0672
PEDIATRIC RESEARCH Vol. 54, No. 5, 2003
Copyright © 2003 International Pediatric Research Foundation, Inc. Printed in U.SA.

Preterm Children Have Disturbances of White
Matter at 11 Years of Age as Shown by Diffusion
Tensor Imaging

ZOLTAN NAGY, HELENA WESTERBERG, STEFAN SKARE, JESPER L. ANDERSSON,
ANDERS LILJA, OLOF FLODMARK, ELISABETH FERNELL, KIRSTEN HOLMBERG,
BIRGITTA BOHM, HANS FORSSBERG, HUGO LAGERCRANTZ, AND TORKEL KLINGBERG

Neonatal Unit [Z.N., H.L.], Neuropediatric Unit [Z.N., HW.,, E.F., KH., B.B., H.F., T.K.] of the
Department of Women and Child Health at the Astrid Lindgren Children’s Hospital, Department of
Neuroradiology [A.L., O.F.], and Department of Clinical Neuroscience, MR Center [SS, J.L.A],
Karolinska Ingtitutet, Q2:07, 171 76 Sockholm, Swveden

ABSTRACT

Preterm birth frequently involves white matter injury anctapsules. In the posterior corpus callosum this difference in
affects long-term neurologic and cognitive outcomes. Diffusiofractional anisotropy values may partially be related to a differ-
tensor imaging has been used to show that the white matterce in white matter volume between the groups. An analysis of
microstructure of newborn, preterm children is compromised the coherence measure failed to indicate a group difference in the
a regionally specific manner. However, until now it was not cleaxonal organization. These results are in agreement with previ-
whether these lesions would persist and be detectible on lora:s diffusion tensor imaging findings in newborn preterm chil-
term follow-up. Hence, we collected diffusion tensor imaginglren, and indicate that ex-preterm children with attention deficits
data on a 1.5-T scanner, and computed fractional anisotropy drailze white matter disturbances that are not compensated for or
coherence measures to compare the white matter integrity repaired before 11 y of agéPediatr Res 54: 672-679, 2003)
children born preterm to that of control subjects. The subjects for
the preterm group (10.2 0.29 y;n = 9; birth weight= 1500 g;
mean gestational age, 2846 1.05 wk) possessed attention Abbreviations
deficits, a common problem in preterms. They were compar&l, diffusion tensor imaging
with age- and sex-matched control children (16.8.33 y;n =  FA, fractional anisotropy
10; birth weight= 2500; gestational ages 37 wk). We found 1VH, intraventricular hemorrhage
that the preterm group had lower fractional anisotropy values MRI, magnetic resonance imaging
the posterior corpus callosum and bilaterally in the intern&VL, periventricular leukomalacia

Preterm birth, and the early exposure to the extrauteringatter of the brain occurs along the axons, this technique
environment, increases the risks of perinatal brain injury (1, 2)lentifies white matter and indicates the direction of the fiber
Often these injuries involve the white matter (2, 3) and affebundles within (9). In the absence of restriction, water diffusion
long-term neurologic and cognitive outcome, including prolis spatially uniform i.e. isotropic). However, depending on the
lems with attention (4—8). These long-term effects of perinatalimber, size, arrangement, and density of axons, as well as on
complications are either a result of the inability to repair thgye extent of myelination, water diffusion in the brain deviates
Original |eSi0nS, such as PVL, or caused by a disruption of tlﬁ%m Spherica| and approaches the Shape of an e|||p$md (
maturational processes. anisotropic diffusion) with the long axis pointing along the

DTl is a relatively recent method of MRI. From the fact thagyons [for a review, see Westet al. (10)]. Therefore DTI
the preferential direction of water diffusion within the white,qyides information on the microstructure of white matter. To
estimate the extent of anisotropy we calculated FA, which
Received January 14, 2003; accepted April 18, 2003, ranges in value between 0 and 1 for isotropic and one-
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brain volumes (7, 15), larger ventricles (7, 8, 15), a smaller
corpus calosum, and a reduced white matter volume (8).

DTI has been used to investigate the microstructure of white
matter in preterms soon after birth. In one study Hippi et al.
(16) compared preterm children with or without white matter
injury and found that several white matter areas, including the
internal capsules, possessed a lower anisotropy in the preterm
group with lesions. Furthermore, although anisotropy is di-
rectly correlated with gestational age (17), preterm children
without white matter lesions possess a markedly lower anisot-
ropy in several white matter locations when examined at aterm
equivalent time and compared with those born at term (18).

Therefore, it is clear that the microstructure of white matter
is affected in newborn preterm children. A related and equally
important question is whether these microstructural lesions
would persist or affect the long-term development of white
matter. Until now the long-term outcome of microstructural
development of white matter has not been investigated by DTI.

We present a follow-up study on subjects recruited from the
Stockholm Neonatal Project, which is a cohort of preterm
births between 1988 and 1993 (6). The recruited subjects were
selected on the basis of attentional deficits and hence represent
asubgroup of the population of preterm children. We used DTI
to compare a group of 11-y-old children, who had been born
preterm (hereafter referred to as the preterm group) with a
group of control children of the same age but born at term. The
aim of this study was to investigate whether preterm birth leads
to long-term disturbances in the microstructural integrity of
white matter.

METHODS

Subjects. The children in the preterm group were selected
from participants of the Stockholm Neonatal Project, a fol-
low-up study of preterm births occurring between 1988 and
1993 (6, 19). There were a total of 182 children at 5y of age
(19), who were subsequently followed up and available for
selecting as our study group. Because of the narrow age span
(9.67-12.17 y) we required and the other inclusion criteria
(detailed below), we had a group of 10 children available (all
of whom agreed to participate). In one child the DTI scan was
not successful.

Inattentiveness and hyperactivity are common problems in
preterm children (4—8), and the subjects were part of a func-
tional MRI study in which the inclusion criteria were based on
motor activity and distractibility scores. We used the NEPSY
scale (20) and included children with rated motor-activity and
distractibility scores, which correspond to more than 3 and
more than 2 SD above the population mean, respectively. In
addition we excluded all subjects with evidence of PVL or IVH
(as defined by the neonatal ultrasound examinations) or having
an1Q < 80 at 5y of age.

The MRI images (collected in our study at 11 y of age) of the
children included in the study were examined by two pediatric
neuroradiologists (as described below). Despite the negative
neonatal ultrasound results, three children in the preterm group
showed signs of mild PVL.
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The control subjects were selected from a group of 125
healthy, term-born children who had been recruited to the
follow-up study at 5 years of age (19). With this process seven
of the nine preterm children had matched control subjects. The
other three control subjects were recruited through advertising.
Theinclusion criteriafor the control subjects were a gestational
age of at least 37 wk and a birth weight of at least 2501 g, and
they were matched to the preterm group for age and sex. We
had successful DT scansfor nine children in the preterm group
(three girls; birth weight, 1098.4 + 89.2 g, gestationa age,
28.6 = 1.05wk) and in 10 control subjects (three girls). At the
time of scanning the ages of the children in the preterm and
control groups were 10.9 = 0.29 and 10.8 *+ 0.33 y, respec-
tively (p = 0.83, two-tailed t test).

Ethical considerations. We obtained an informed consent
from the parent of each participant. The Ethical Committee at
the Karolinska Hospital in Stockholm, Sweden, approved the
study.

MRI data acquisition. All subjects underwent a single
scanning session on a 1.5-T General Electric Signa Echospeed
(Milwaukee, WI, U.S.A.) scanner. The diffusion scheme was
based on a set of directions, originally suggested by Joneset al.
(21) and further improved by Skare et al. (22) by using 20
diffusion-weighted, noncollinear directions. We collected im-
ages in these 20 directions (b = 1000 smm?) as well as five
nondiffusion-weighted images (b = 0 Ymm?).

We used a single-shot, diffusion-weighted, echo planar im-
aging sequence, triggered with pulse gating with a delay of 300
ms. The inplane resolution was 1.72 mm X 1.72 mm. The slice
thickness was 5 mm with no interslice spacing, and 18 hori-
zontal dlices were acquired from each subject.

Spin-echo T,-weighted images (TR/TE 500/8, three excita
tions) were also collected for each subject, including 18 axial
slices with 5-mm dlice thickness, no interslice spacing, and an
inplane resolution of 1.72 mm X 1.72 mm.

Neuroradiologic examination. Two pediatric neuroradiolo-
gists independently examined the T,- and T,-weighted images
from each child. The T, images were the nondiffusion-
weighted images of the diffusion scheme. The radiologists
were blinded to which group a child belonged. They used
published criteriafor diagnosis (23) and graded the severity of
PVL on a scale from 0 to 3, where 0 = no; 1 = mild; 2 =
moderate; and 3 = severe. Each radiologist identified three
children in the preterm group to have signs of PVL. They
identified the same three children, and both gave each of the
children a grade of 1.

FA images. All volumes that contained slice(s) with signal
dropout because of movement were excluded. The average
number of images that had to be removed was 1.9 (maximum,
9). There was no group difference between the numbers of the
excluded images (p = 0.54, two-tailed t test).

We compensated for eddy current distortions and corrected
for head-movement [i.e. movement that occurs between as
opposed to during image acquisitions] (24) before estimating
the diffusion tensor. From the tensor FA images were calcu-
lated (11).

To compare movement between the groups, for each subject
we quantified movement as the mean of the absolute value of
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the rotations along each of the Cartesian axes. These values
were obtained from the movement correction algorithm. We
performed separate t tests for each of the movement variables
at a confidence level of 0.05.

For spatial normalization (25) we used the mean of the five
nondiffusion-weighted images for each subject and normalized
it to acommon template. The normalization parameters, which
we obtained for each subject, were then applied to the FA
image of the same subject.

Coherence images. For the present purpose we define co-
herence as the scalar measure that quantifies how well the main
direction of water diffusion in a given voxel aigns with the
main direction of water diffusion in al of its neighboring
voxels (26). This measure is similar to the one put forth by
Basser and Pierpaoli (11). For further details see the appendix
to this article.

White matter probability maps. For each subject the mean of
the five nondiffusion-weighted images were segmented with an
automatic procedure as implemented in the SPM software (Well-
come Department of Cognitive Neurology, London, England). In
the segmentation procedure each voxel was given probability
values for possessing gray matter, white matter, or cerebrospinal
fluid. The probability maps for the different tissue types were
saved in separate images. In our anadysis we only used the images
of the white matter probability maps, but before the statistical
comparison they were smoothed with a 5-mm Gaussian filter to
obtain autocorrelation values similar to that of the FA images.

Statistical analysis of images. Group comparisons of the FA
images were performed in SPM software with an absolute
threshold of 0.15 (i.e. only considering voxels in which FA >
0.15). The rationale behind this threshold is 2-fold: first, small
FA vaues, which normally indicate isotropic diffusion, are
affected by noise and bias this measure to suggest anisotropy;
and second, this threshold had been found to be reliable (27) to
confine the analysis to white matter (i.e. FA values of white
matter regions are larger than that of gray matter and cerebro-
spinal fluid).

As we did not have an a priori hypothesis for the outcome
of the group comparisons, we performed a global comparison
analysis (i.e. considering al the intracerebral voxelswith FA >
0.15, instead of a volume of interest), using a t test and
correcting for multiple comparisons (28, 29).

Analogous group analyses were also performed on the co-
herence images and the white matter probability maps. In these
cases no threshold was applied.

Statistical analysis of brain size. The spatid normalization
procedure, using the SPM software, resultsin 12 variables, which
describe the linear transformations required to align an image to
the template (30). Of the 12 variables, three describe the scaling
along the three Cartesian axes. We extracted the valuesfor scaling
in the x and y directions from the results of the normalization
procedures and compared them between the groups using t test
and asignificance leve of 0.05. Scaling in the z direction was not
evaluated because we only obtained 18 dices for each subject and
this did not provide full coverage of the brains.

Image and statistical analyses were performed using Matlab
R12.1 (MathWorks Inc, Natick, MA, U.S.A.). When appropri-
ate, the results and descriptive measures of the subjects are
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given as mean = SEM. The SPM software, which we used for
all our movement corrections, statistical calculations, and
normalization procedures, uses validated methods. A large
number of references, detailed explanations, course notes,
and an extensive mailbase can be found on the Internet
(http://www. fil.ion.ucl.ac.uk/spm/).

RESULTS

Group comparison of FA and coherence. We first compared
the FA images between the groups. This andysis resulted in three
clusters (Table 1) in which the children in the preterm group had
asignificantly lower FA value compared with the control subjects.
One of these clusters overlaps with the region of the posterior
corpus callosum, and the other two are within the locality of the
interna capsules bilaterdly (Fig. 1).

We compared parameters of subject head movement that we
obtained from the motion correction algorithm but found no
group differences (Table 2). This indicated that our findings
were not caused by image artifacts that could result from
differences in the amount of movement between the groups.

The analysis of the coherence images, in which we com-
pared the preterm and control groups, failed to indicate statis-
tically significant differences between the groups.

Group comparison of white matter probability. The analy-
sis for group differences resulted in severa clusters in which
the children in the preterm group had a lower probability of
white matter. A search for voxels in which the children in the
preterm group had both a lower FA value and a lower white
matter probability resulted in 888 voxels. The three FA clusters
together contained 2164 voxels (Table 1). Therefore 41% of
these voxels had a lower probability for white matter in
children of the preterm group. However, 821 of these 888
voxels were within the corpus calosum cluster (Fig. 2), and
that cluster contains 1150 voxels. Thus 71% of the corpus
callosum cluster in the FA analysis contained voxels in which
the members of the preterm group had lower white matter
probability whereas only 6% of the FA clusters in the internal
capsules had this property.

Fiber directions in the internal capsule. In addition to
comparing the FA images we also extracted the directional
information within the DTI data. We displayed small lines
indicating the x and y coordinates of the main direction of
water diffusion within each voxel. In one case these directions
were overlaid on the FA image to observe the relationship
between anisotropy and fiber directions (Fig. 3A). This indi-
cates that both the posterior and the anterior limbs of the
internal capsule are equally anisotropic although the fiber
directions are different. We also color-coded the x, y, and z

Table 1. Regions in which the children in the preterm group had
lower FA values

Corrected Cluster size

Significant clusters p value (voxels) Location (x, y, 2)*
Posterior corpus calosum  <0.001 1150 (0, —46, 15)
Left internal capsule <0.001 320 (=15, —12, 16)
Right internal capsule <0.001 694 (10, —6, 12)

* The coordinates refer to Talairach space in units of millimeters.
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Figurel. Significant clustersof group differencesin FA values. A, horizontal section intersecting all three clusters (the posterior corpus callosum and the internal
capsules bilaterally). B, coronal section intersecting the clusters in regions of the internal capsule. C, sagittal section intersecting the cluster within the posterior
corpus callosum. D, plots of FA values from the peak voxel of the three clustersin A-C. The FA values corresponding to the children with mild PVL are displaced

dlightly to the right.

Table 2. Group comparison of head movement during scanning

Rotations Preterm Control p vaue
Pitch 0.0071 + 0.0016 0.0064 + 0.0011 0.718
Yaw 0.0036 + 0.00067 0.0040 + 0.00058 0.643
Roll 0.0015 + 0.00012 0.0015 + 0.00012 0.667

The figures represent the average rotational movement between the success-
ful acquisitions of images. The quantities pitch, yaw, and roll have a unit of
radians.

coordinates of the main direction and used this color plot asthe
background (Fig. 3B), which shows the relationship between
the two-dimensional projection of the diffusion vector and its
true, three-dimensional representation. These procedures indi-
cated that the direction of white matter fiber bundles was
different between the anterior and the posterior limbs of the
internal capsules. The anterior limb contains fibers with axial
orientation whereas the fibers in the posterior limb run in the
superior-inferior direction.

Group comparison of brain size. During the normalization
process the brains of the children in the preterm group had to
be magnified significantly more than those of the control
subjects. This difference was about 7% in the x direction
(left-right) and about 4% in the y direction (anterior-posterior;
Table 3). Thusthe children in the preterm group tended to have
smaller brains.

DISCUSSION

In this study we used DTI to show that preterm birth results
in disturbances in the white matter microstructure that are still
detectible at 11y of age. In particular, white matter integrity of
children in the preterm group was poorer in the posterior
corpus callosum and within regions of both the anterior and
posterior internal capsules bilaterally. We calculated a coher-
ence measure, which suggested that the lower anisotropy in the
preterm group is not likely to result from the disorganization of
white matter fibers. Furthermore, we found indications that the
children of the preterm group tended to have smaller brains.

Children were only included in the preterm group if they had
not had ultrasound evidence of PVL or intracranial bleeding.
Ultrasound examinations predict well the existence of IVH and
PVL on autopsy (31-33), athough false negatives do occur
and another study indicates that a normal white matter echo-
genicity on ultrasound is not a good predictor of anorma MRI
in preterm infants (34). For this reason the MRI images of each
child were further examined for signs of PVL, and three
members of the preterm group were diagnosed with a mild
reduction of periventricular white matter volume. However, as

Table 3. Group comparison of brain size

Scaling Preterm Control p value
X 1.16 = 0.018 1.08 = 0.01 <0.001
y 1.05 = 0.014 1.01 = 0.01 <0.05




Figure 2. Significant group difference of white matter probability and FA.
The cluster at the posterior corpus callosum in which the preterm group had
both alower FA value and white matter probability is displayed in horizontal
(A) and sagittal (B) view in the same slices as Figure 1, A and C, respectively.
The clusters are overlaid on the average of the FA images of all the subjects.

the FA values of these three children were not outliers and they
were distributed randomly about the mean of their group (Fig.
1D), we chose to alow them into the analyses. Furthermore, it
is possible that more subjects would have shown signs of PVL
had the T,- and T,-weighted images been of higher quality.
The fact that the three subjects with the most obvious sings of
PVL were good representatives of the preterm group (at least
on FA comparison) showed that the decrease in FA was not
directly related to PVL. Therefore, it is not likely that the
quality of the anatomic T;- and T,-weighted images hindered
our ability to draw our conclusions. Finally, our inclusion
criteria required inattentiveness and hyperactivity. Although
these symptoms are common in preterm children, our findings
cannot be directly extended to preterm children without these
symptoms.
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Figure 3. Horizontal projections of the principal directions of anisotropy. In
each voxel the small line represents the horizontal projection of the largest
eigenvector of the diffusion tensor. The length of the line is weighted by the
anisotropy (FA value). The contour lines are outlines of the significant clusters
from Figure 1. The vector plots are overlaid on the average of the FA images
of al subjects (A) or on a color-coded image where, blue, red, and green
represent |eft-right, anterior-posterior, and superior-inferior directions, respec-
tively, on the basis of the three components of the major direction of diffusion
in agiven voxel (B). (PCC, posterior corpus callosum; PIC, posterior internal
capsule; AIC, anterior internal capsule; ACC, anterior corpus callosum)
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Main findings. In arecent study Hippi et al. (16) compared
preterm subjects with or without white matter injury. They
made their comparison at term using DTl and found that
anisotropy in theinternal capsule was lower in those with white
matter injury. In addition, it is possible to show by DTI that
even in seemingly uncomplicated cases of preterm birth the
developing brain takes a different course from those of full-
term children (18). It seems that during the period between
birth and term, the development of fiber organization or my-
elination of preterm children does not keep up with the intra-
uterine development of infants born at term. Until now, how-
ever, it was not clear whether these initial aterations within the
internal capsules would be detectible, using DTI, on a long-
term follow-up. The results of our study show that the micro-
structural development of the internal capsule is affected
throughout the maturation process, at least up to 11y of age.

The unfavorable effects of preterm birth have been impli-
cated also in the hindered development of the posterior corpus
callosum. Previoudly, Stewart et al. (8) found that ex-preterm
children had a thinner corpus callosum at 15 y of age. Peterson
et al. (7) reported a similar finding in a group of 8-y-olds.
However, to date these findings have not been supported with
the DTI method. In this study we found that the posterior
corpus callosum had a lower FA in the preterm group, indi-
cating the possibility of smaller fiber bundles in this region.

Coherence. It has been suggested previously that the lower
FA in preterm children is attributabl e to the fact that their fibers
are not as well organized (16). To investigate this idea further,
we calculated a coherence measure (11, 26). This measure
indicates how well the main fiber directions align in neighbor-
ing voxels (see the appendix to this article). Based on our
analysis, we suggest that the lower FA values in preterm
children (at least on long-term follow-up) are not likely to
result from the disorganization of axonal pathways. Instead, the
decreased anisotropy is likely to be related to one or the
combination of 1) reduced axon diameter, 2) fewer axons, and
3) poorer myelination.

Differences in white matter volume. The results of the FA
analysis may be attributable to a volumetric difference in white
matter between the two groups, which was not corrected for by the
spatial normalization process. Hence we performed a group and-
ysis on the white matter probability maps. This analysis showed
that the children in the preterm group had a significantly lower
white matter probability within the FA cluster at the posterior
corpus calosum (Fig. 2). This result was not unexpected as
preterm hirth had been associated with thinning of the posterior
corpus callosum (7, 8) and enlargement of lateral ventricles (7, 13,
14, 35). The lower white matter volume in the preterm group may
thus represent a confounder for the group difference in FA vaues
in the posterior corpus callosum. The FA differencein the interna
capsules, however, could not be explained by white matter vol-
ume differences between the groups.

Reduced brain size. We also found indications of reduced
brain size for members of the preterm group. It turns out that
during the normalization procedure (30), the brains of children
in the preterm group needed to be scaled more than the brains
of the term children by approximately 7% in the left-right and
approximately 4% in the anterior-posterior direction. Our find-
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ing is in agreement with previous reports on reduced brain
volumes in older children and adolescents with preterm birth
(7, 15). In particular, in the study by Peterson et al. (7), cortical
volumes of ex-preterm children were smaller in the sensori-
motor and premotor cortical regions as well as in the basal
ganglia and the corpus callosum. Also, Inder et al. (14) found
that preterm children with PVL had reduced gray and myelin-
ated white matter volumes compared with term children with-
out PVL. It is therefore reasonable to think that the internal
capsules and the corpus callosum may be less anisotropic in
preterm children because they consist of fewer fibers connect-
ing smaller cortical or subcortical regions.

Axonal directions in the internal capsules. The internal
capsules are conventionally divided into the anterior and pos-
terior limbs. Histologic studies have shown that in the anterior
limb the fibers run in the horizontal plane whereas in the
posterior limb they have a superior-inferior (corticospinal)
directionality (12). Our results confirm this finding (Fig. 3).
Furthermore, the significant clusters in which we found lower
FA values for the preterm group involve axons with both
horizontal and superior-inferior projections. This finding indi-
cates that the white matter injury in preterm children is specific
for the location of the internal capsules rather than for the
particular axona pathways involved (as would happen in
anterograde white matter degeneration for example).

CONCLUSIONS

In this study we presented the novel finding that preterm birth
(at least in children with attention deficits) is associated with a
regionaly specific white matter disturbance that is detectable
using DTI at 11y of age. The affected areas are within the region
of the interna capsules hilaterally and the posterior corpus callo-
sum, athough the latter one may be confounded by smaller white
matter volumes in the preterm group. The reduced FA values in
preterm children are more likely to be related to an impairment of
myelination, a hindrance of axon diameter growth, a reduction in
the number of axons, or a combination of these factors than to a
significant reduction in the extent of organization (i.e. coherence)
of white matter fiber tracks. The functional implications of this
developmental disruption in the microstructure of white matter are
not well known. The results of this study motivate future work to
identify the possibly affected cognitive, sensory, or motor abilities.

Acknowledgment. The authors thank Dr. Miriam Katz-
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APPENDIX

In principle the direction of water diffusion depends on the
following factors: 1) extent of myelination, 2) axon diameter,
3) number of axons, and 4) the extent of organization (i.e.
coherence) of fibers [reviewed by Westin et al. (10)]. Each of
these factors is directly related to the anisotropy of water
diffusion. Our aim with the coherence analysis wasto eliminate
one of the possible interpretations of FA (11). In practice, for
each voxel, we averaged the absolute value of the dot product
between the largest eigenvector of that voxel and the largest
eigenvector of each of the neighboring voxels in three dimen-



678
Low Coherence High Coherence
m
®1 X 2 /3§ \j/1 /21”f3

A1 s N
O] @
P 4 s >
R 6 R 7 / 8 777(7 6 \ 7‘ \ 8
e e*
e, 0 e 9

Figure4. Explanation for the concept of coherence in the two-dimensiona case.
Consider the two 3 X 3 grids as a representation of neighboring voxels within a
plane in the brain. The arrows within each voxel represent the main direction of
water diffusion in that voxel. The voxelsin the grid on the | eft contain arrows that
are more disorganized (i.e. less coherent) then the arrows within the grid on the
right. The coherence index quantifies how well the arrows align. As the arrows
represent the direction of water diffusion in agiven voxel and water tendsto diffuse
dong white matter fibers, this coherence measure in effect measures how well
white matter fibers are organized in the brain. Analyticaly, one would measure the
smallest positive angle between the main direction of water diffusion in a given
voxel (here denoted by an asterisk) and the main direction of water diffusion in
each of its neighboring voxels (numbered from 1 to 8), take the absolute value of
the cosine of this angle, and average for the eight different combinations. This
procedure is repeated for al the voxels in the brain. Take for example the center
voxel and the top left voxel in each grid (magnified at the bottom, below each
grid). It is clear that the angle between the arrows is larger in the grid with
more-disorganized fibers. As the cosine of an angle runs between 0 and 1, this
measure gives a numerica value to the degree of organization.

sions (for a pictorial explanation see Figure 4). From the
definition of the dot product between two vectors we have:

> ee X [e|eltos(t)

D = =
ave n n

where D", is the average dot product for a given voxel
(denoted by *), € is the unit vector indicating the principal
direction of water diffusion in that voxel, g is the unit vector
indicating the principal direction of water diffusion in a voxel
that is an immediate neighbor of the voxel denoted by *, 6; is
the smallest positive angle between € and &, n is the number
of neighbors of the voxel denoted by *, and |, || denote the
length of the vectors € and e.

If the vectors have a length of unity (which € and & do),
then the dot product of two vectors is equivaent to the cosine
of the angle between them. Furthermore, in three dimensions
any given voxel has 26 immediate, contiguous neighbors.
Hence the general expression above simplifies to:

> cos(6)

i=1

26

This measure ranges in value from 0, when all the neighboring
voxels have perpendicular eigenvectors, to 1, when the eigen-
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vectors of all the neighboring voxels are aligned. Coherence is
a scalar measure, similar to FA. The coherence images were
normalized using the same parameters as that for the FA
images (see FA images above in “Methods’ section).
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