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Abstract

This case series assesses white matter microstructure in 3 adolescents born preterm with nonshunted ventricular dilation
secondary to intraventricular hemorrhage. Subjects (ages 12-17 years, gestational age 26-29 weeks, birth weight 825-1624 g) were
compared to 3 full-term controls (13-17 years, 39-40 weeks, 3147-3345 g) and 3 adolescents born preterm without ventricular
dilation (10-13 years, 26-29 weeks, 630-1673 g). Tractography using a 2 region of interest method reconstructed the following
white matter tracts: superior longitudinal/arcuate fasciculus, inferior longitudinal fasciculus, inferior fronto-occipital fasciculus,
uncinate fasciculus, and corticospinal tract. Subjects showed increased fractional anisotropy and changes in the pattern of frac-
tional anisotropy along the trajectory of tracts adjacent to the lateral ventricles. Tensor shape at areas of increased fractional
anisotropy demonstrated increased linear anisotropy at the expense of planar and spherical anisotropy. These findings suggest

increased axonal packing density and straightening of fibers secondary to ventricular enlargement.
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Preterm infants born at <32 weeks’ gestation are at risk for sus-
taining intraventricular hemorrhage, bleeding into the germinal
matrix and/or ventricles.! Factors predisposing to intraventricu-
lar hemorrhage include immaturity of the blood brain barrier,
systemic blood pressure instability, and a highly vascular germ-
inal matrix.' Intraventricular hemorrhage can be complicated by
progressive ventricular dilation secondary to decreased reab-
sorption of cerebrospinal fluid through obstructed or scarred ara-
chnoid villi and ependyma.” Infants with ventricular dilation are
at risk of developing cognitive impairment.?

Injury to the periventricular white matter in preterm infants
can occur independently of intraventricular hemorrhage. Preo-
ligodendrocytes in the developing white matter are susceptible
to oxidative and excitotoxic injury, triggered by ischemia and
inflammation during the neonatal period.* Moderate to severe
white matter abnormalities persist on magnetic resonance ima-
ging at term age and have been associated with motor delay and
poor executive function skills in children born preterm.”°

In vivo diffusion tensor imaging has improved the under-
standing of white matter injury in prematurity. Diffusion tensor
imaging measures the diffusion of water molecules within the
brain.” In areas of white matter injury characterized by loss of

axonal architecture, water diffusion becomes less anisotropic,
or more equal in all directions.® Injury can be quantified as a
decrease in fractional anisotropy, a scalar ratio that describes
the extent to which water diffusion is anisotropic in any given
voxel. The principal direction of diffusion can also be
described and is thought to represent the predominant arrange-
ment of axon fibers within a voxel. Tractography is a method
that takes advantage of this relationship to reconstruct the
course of fiber groups between predefined regions of interest
in the brain.
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Comparisons of white matter tracts between preterm sub-
jects and full-term controls have generally demonstrated a
decrease in fractional anisotropy with prematurity.” The
purpose of this case series was to assess the effect of ventricular
dilation on microstructural properties of white matter tracts in 3
adolescents born preterm with nonshunted ventricular dilation
secondary to intraventricular hemorrhage. The authors
hypothesized that fractional anisotropy would be decreased
relative to full-term controls and preterm comparisons without
ventricular dilation. Because of the distortion caused by ventri-
cular enlargement, the authors chose to examine the tracts in
the native space of each subject using tractography.

Case Series

All participants were recruited as part of a larger cohort of pre-
terms and controls. Written consent was obtained from parents
and verbal assent from participants. Three preterm subjects
were incidentally found on imaging to have enlargement of the
lateral ventricles. Review of neonatal records revealed a history
of grade III or III-IV intraventricular hemorrhage in all subjects
based on cranial ultrasound findings. Ventricular dilation had
arrested spontaneously without shunting in each subject. All
subjects were asymptomatic at the time of this study and scored
within the normal range in intelligence quotient when assessed
by the Wechsler Abbreviated Scale of Intelligence.'® T1 scans
were reviewed by an experienced neuroradiologist (KWY) to
classify the extent of ventricular dilation in each subject. Sub-
ject 1 had mild symmetrical dilation, subject 2 mild to moder-
ate dilation, and subject 3 moderate dilation (Figure SI1,
available at dbpresearch.stanford.edu.) Subjects 2 and 3 had
asymmetric enlargement of the lateral ventricles (left > right)
and irregular ventricular margins, suggestive of additional peri-
ventricular injury. Three healthy, full-term controls and 3 ado-
lescents born preterm without ventricular dilation served as
comparisons (Table 1).

Diffusion tensor imaging data was acquired on a 3 T Signa
Excite (GE Medical Systems, Milwaukee, WI). Imaging para-
meters are described in the supplementary materials.
The following association and projection fibers were tracked
bilaterally in each participant using the 2 region of interest
method described by Wakana et al'': superior longitudinal/
arcuate fasciculus, inferior longitudinal fasciculus, inferior
fronto-occipital fasciculus, uncinate fasciculus, and corti-
cospinal tract. A limitation of this tractography method is its
inability to differentiate the superior longitudinal fasciculus
and arcuate fasciculus.

Brute-force tracking of all fibers in each hemisphere was
initiated from 8 equidistant seed points in voxels with frac-
tional anisotropy > .20. Fiber tracts were estimated using a
deterministic streamlines-tracking algorithm with a fourth-
order Runge-Kutta path integration method.'*'? For tracking
purposes, a continuous tensor field was estimated using trilinear
interpolation of the tensor elements. Tracking proceeded in all
directions at a fractional anisotropy threshold of > .20 and an
angle threshold of < 41°.'" Each fiber group was reconstructed

by constraining the results of the brute-force approach to those
fibers passing through the 2 corresponding regions of interest.
Any fibers passing through the contralateral hemisphere were
eliminated using a “not” region of interest. From the tensor
matrix in each voxel, eigenvalues were derived representing the
rate of diffusion in different directions within that voxel. Axial
diffusivity is a measure of the rate of diffusion along the main
axis. Radial diffusivity is a measure of the average rate of diffu-
sion in all other directions. Fractional anisotropy was calculated
from these eigenvalues.'*

The authors then compared patterns of fractional anisotropy
along the trajectory of each tract between groups. To assure
that they compared the same anatomical regions of the tracts,
the tracts were clipped to include only those streamlines
between the 2 defining regions of interest. The remaining fiber
group was divided into 30 equidistant segments, and the
weighted mean of fractional anisotropy at each segment was
calculated.'® The weighted mean of clipped tracts was highly
correlated (+* > .80) to weighted mean of full tracts for all fiber
groups except the right uncinate. Using the full or clipped right
uncinate did not affect the relative differences between groups.

Tractography results in subjects with ventricular dilation
reproduced some streamlines belonging to other tracts in addi-
tion to the tract of interest (Figure S2). A secondary advantage
to clipping the tracts to the region between the 2 regions of
interest used for tractography was that it eliminated many aber-
rant streamlines. Values reported are those of the clipped tracts.

Preterms with ventricular dilation tended to have equal or
increased fractional anisotropy of white matter tracts compared
to full-term controls (Table 2). All subjects had increased
fractional anistropy in the right superior longitudinal/arcuate fas-
ciculus and corticospinal tract. Subjects 2 and 3 also had increased
fractional anisotropy in the right inferior longitudinal fasciculus.
These elevations were driven by decreased radial and/or increased
axial diffusivity. Similar findings were seen in the left hemisphere
tracts (data not shown). There was a trend toward normal or
decreased fractional anisotropy in the preterm comparisons with-
out ventricular dilation compared to full-term controls.

Subjects with ventricular dilation demonstrated diffusely
elevated fractional anisotropy along the entire superior longitu-
dinal/arcuate fasciculus compared to full-term controls and pre-
terms without ventricular dilation (Figure 1). The increases were
associated with both increased axial and decreased radial diffu-
sivity along the tract (Figure 2).

Two subjects demonstrated a localized elevation in frac-
tional anisotropy near the dorsal end of the left and/or right cor-
ticospinal tract (Figure S3), the approximate location at which
the tract courses around the enlarged ventricle. The pattern of
fractional anisotropy along the uncinate fasciculus was similar
across all 3 groups, consistent with its location anterior rather
than lateral to the ventricles (Figure S4).

To describe changes in tensor shape underlying the differ-
ences in fractional anisotropy among groups, the authors calcu-
lated linear, planar, and spherical anisotropies for all
participants at the points of maximally increased fractional ani-
sotropy along the superior longitudinal/arcuate fasciculus and
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Table 2. Fractional Anisotropy, Axial Diffusivity, and Radial Diffusivity Along the Right Hemisphere Tracts in All Participants.

Full-Term  Full-Term  Full-Term Preterm Preterm Preterm
Tract Subject I  Subject 2 Subject 3 Control I Control 2 Control 3 Comparison |  Comparison 2 Comparison 3
SLF/AF  FA 0.55 0.56 0.59 0.49 0.45 0.47 0.46 0.42 0.45
RD 0.49 0.51 0.44 0.57 0.65 0.54 0.58 0.65 0.60
AD 1.26 1.36 1.25 1.25 1.31 1.19 122 1.29 1.23
ILF FA 0.43 0.47 0.50 0.45 0.44 0.43 0.49 0.39 0.47
RD 0.68 0.63 0.6l 0.63 0.68 0.67 0.6l 0.71 0.62
AD 1.37 1.39 1.41 1.30 1.37 1.34 1.40 1.31 1.34
IFOF FA 0.48 0.51 0.52 0.50 0.49 0.51 0.49 0.46 0.49
RD 0.68 0.60 0.63 0.57 0.65 0.59 0.64 0.65 0.60
AD 1.49 1.45 1.50 1.33 1.50 1.39 1.47 1.40 1.36
UNC FA 0.46 0.41 0.42 0.45 0.40 0.47 0.41 041 0.43
RD 0.59 0.65 0.66 0.63 0.73 0.6l 0.67 0.70 0.66
AD 1.29 1.27 1.30 1.33 1.42 1.32 1.33 1.36 1.32
CST FA 0.59 0.65 0.70 0.53 0.50 0.57 0.56 0.50 0.6l
RD 0.46 0.41 0.40 0.53 0.60 0.47 0.52 0.57 0.48
AD 1.37 1.44 1.55 1.33 1.40 1.33 1.43 1.35 1.44

Abbreviations: AD, axial diffusivity; CST, corticospinal tract; FA, fractional anisotropy; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus;
RD, radial diffusivity; SLF/AF, superior longitudinal/arcuate fasciculus; UNC, uncinate fasciculus.
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Figure 1. (a) The superior longitudinal/arcuate fasciculus in a full-term control visualized with QUENCH. Red markers represent the location of
the 2 regions of interest used for tractography. Fractional anisotropy along the tract at 30 equidistant points is shown for the left (b) and right (c)
hemispheres. Subjects with ventricular dilation demonstrate elevated fractional anisotropy at various points along the trajectory of the tract
compared to full-term controls and preterm comparisons.

corticospinal tract in the subjects with ventricular dilation. Fol-  corticospinal tract (Figure S5) compared to controls and
lowing the methods of Alexander et al'®, the authors mapped  preterms.

the anisotropies of each individual onto a 3-phase tensor shape
diagram to visualize changes in tensor shape among the groups.
Subjects with ventricular dilation demonstrated increased lin-
ear anisotropy and decreased planar and spherical anisotropy The authors found increased fractional anisotropy in adoles-
in the superior longitudinal/arcuate fasciculus (Figure 3) and cents born preterm with ventricular dilation secondary to

Discussion
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Figure 2. Axial (a) and radial diffusivity (b) along the trajectory of the
right superior longitudinal/arcuate fasciculus. Areas of increased frac-
tional anisotropy along the tract seen in Figure |c are associated with
both increased axial diffusivity and decreased radial diffusivity com-
pared to full-term controls and preterm comparisons.

intraventricular hemorrhage. Diffusion tensor imaging studies
of prematurity have generally demonstrated decreased frac-
tional anisotropy in white matter that can persist into adole-
sence.” Other studies in this population have also reported
positive correlations between fractional anisotropy and cogni-
tive outcomes in various domains.'” It is generally inferred
from these results that higher fractional anisotropy is a marker
of intact white matter unaffected by injury. These findings sug-
gest that high fractional anisotropy in prematurity has different
implications in the case of children born preterm with ventricu-
lar dilation.

The most likely explanation for these results is that ventricu-
lar enlargement caused changes in the organization and density
of axons. Diffusion tensor imaging studies of space-occupying
tumors in the brain have demonstrated increased fractional
anisotropy, increased axial diffusivity, and decreased radial
diffusivity in the surrounding nonedematous white matter.'®'?
The authors of these studies speculate that fiber displacement
by tumor increases the alignment of surrounding axons, result-
ing in a greater density of fibers within a given area of white
matter. In their model, the increased packing of axons limits dif-
fusion in the perpendicular direction, producing a decrease in
radial diffusivity. The pressing of the tumor mass against white

matter also stretches and straightens axons, leading to increased
diffusion in the parallel direction and increased axial diffusivity.
Consistent with this model, the authors found changes in the ten-
sor shape in voxels with increased fractional anisotropy in sub-
jects with ventricular dilation. The decrease in planar and
spherical anisotropy in these subjects could be suggestive of axo-
nal straightening and increased axonal density, respectively.

This study also highlights the importance of examining frac-
tional anisotropy along the trajectory of fiber tracts. The
authors found elevations in fractional anisotropy in regions
along the tracts adjacent to the lateral ventricles in subjects
with ventricular dilation. Measuring the mean alone potentially
misses important information about the behavior of a tract
along its entire length. The method presented here has the
advantage of identifying areas along tracts that are important
in driving the changes in mean values.

In conclusion, the authors report an increase in fractional
anisotropy in multiple white matter tracts in adolescents born
preterm with ventricular dilation secondary to intraventricular
hemorrhage. These results suggest that the overall effect of pre-
maturity on white matter microstructure varies with multiple
factors including enlargement of the ventricles.
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Figure 3. Subjects with ventricular dilation demonstrate a distinct tensor shape compared to controls and
preterms. The tensor shape is represented on a 3P tensor shape diagram, with linear, planar, and spherical
anisotropies mapped to coordinates x = (I — CL 4+ CP)/1.732 and y = | — CL — CP. Linear anisotropy is
maximal at the left vertex of the triangle, planar anisotropy maximal at the right vertex, and spherical ani-
sotropy maximal at the peak. Linear, planar, and spherical anisotropy were calculated in voxels at point 12
along the superior longitudinal/arcuate fasciculus where fractional anisotropy was increased in subjects with
ventricular dilation. The linearity of the tensor shape is increased at this region of the tract in subjects with
ventricular dilation, at the expense of both planar and spherical anisotropy.
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