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with Hydrocephalus Detected by Probabilistic
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A. Rajagopal, J.S. Shimony, R.C. McKinstry, M. Altaye, T. Maloney, F.T. Mangano, D.D. Limbrick, S.K. Holland, B.V. Jones, S. Simpson,

D. Mercer, and W. Yuan

ABSTRACT

BACKGROUND AND PURPOSE: Hydrocephalus is a severe pathologic condition in which WM damage is a major factor associated with
poor outcomes. The goal of the study was to investigate tract-based WM connectivity and DTI measurements in children with hydro-
cephalus by using the probabilistic diffusion tractography method.

MATERIALS AND METHODS: Twelve children with hydrocephalus and 16 age-matched controls were included in the study. Probabilistic
diffusion tractography was conducted to generate tract-based connectivity distribution and DTI measures for the genu of the corpus
callosum and the connectivity index. Tract-based summary measurements, including the connectivity index and DTI measures (fractional
anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity), were calculated and compared between the 2 study groups.

RESULTS: Tract-based summary measurement showed a higher percentage of voxels with lower normalized connectivity index values in
the WM tracts in children with hydrocephalus. In the genu of the corpus callosum, the left midsegment of the corticospinal tract, and the
right midsegment of the corticospinal tract, the normalized connectivity index value in children with hydrocephalus was found to be
significantly lower (P � .05, corrected). The tract-based DTI measures showed that the children with hydrocephalus had significantly higher
mean diffusivity, axial diffusivity, and radial diffusivity in the genu of the corpus callosum, left midsegment of the corticospinal tract, and
right midsegment of corticospinal tract and lower fractional anisotropy in the genu of the corpus callosum (P � .05, corrected).

CONCLUSIONS: The analysis of WM connectivity showed that the probabilistic diffusion tractography method is a sensitive tool to
detect the decreased continuity in WM tracts that are under the direct influence of mechanical distortion and increased intracranial
pressure in hydrocephalus. This voxel-based connectivity method can provide quantitative information complementary to the standard
DTI summary measures.

ABBREVIATIONS: AD � axial diffusivity; CI � connectivity index; FA � fractional anisotropy; CC � corpus callosum; mCST � midsegment of corticospinal tract;
MD � mean diffusivity; PDT � probabilistic diffusion tractography; RD � radial diffusivity

Pediatric hydrocephalus is a common medical condition char-

acterized by an imbalance in CSF production and absorption,

leading to elevated intracranial pressure and ventriculomegaly.

Previous studies of hydrocephalus have consistently found func-

tional deficits in a series of neuropsychological domains, includ-

ing visuospatial, motor,1 and nonverbal learning,2 presumably

resulting from white matter damage or degeneration.3

DTI is a noninvasive MR imaging technique that quantifies

diffusion properties of in vivo brain structures, especially in the

white matter. Fractional anisotropy (FA) values allow us to infer

WM integrity, or the lack thereof, for underlying pathologic

changes in myelin sheaths, axonal membranes, and intercellular/

extracellular spaces. Past DTI studies in hydrocephalus have iden-

tified structural damage in the corpus callosum and internal cap-

sule on the basis of abnormal diffusion properties in these

important WM structures.4,5

The severe deformation in the hydrocephalic brain presents a

unique challenge for imaging data processing and analysis. Past

DTI studies of pediatric hydrocephalus have been based on re-

gion-of-interest analysis.1,6 Although region of interest– based

analysis has helped demonstrate evidence of structural abnormal-

ities in key WM regions, there are limitations inherent in this type
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of analysis: The delineation of the region of interest is limited to 1

or a small number of sections, usually subjectively selected, that

may or may not lead to a full representation of the WM structure

of interest. There have been new developments in image registration

methods that have shown initial success in their applications in

brains with large ventricles and/or distortion7-9; however, they are

not tailored for application in the pediatric hydrocephalic brains with

severe distortion, especially in children at a very young age.

The aim of the present study was to explore the feasibility of

applying probabilistic diffusion tractography (PDT) in children

with hydrocephalus to quantify structural integrity in a series of

WM fiber tracts, including the genu of the corpus callosum (CC),

splenium of the CC, and midsegment of corticospinal tract

(mCST). The connectivity index (CI) (a measure of WM connec-

tivity between 2 brain regions) was calculated for each voxel as the

sum of the number of streamlines that started from the seed re-

gion, passed through the voxel, and reached the target region. The

deviation of the CI from the normal range may indicate compro-

mised integrity in the myelin sheath and axons under pathologic

conditions. We examined the tract-based CI values and DTI val-

ues and explored the complementary aspect of the CI and FA in

differentiating the hydrocephalus group from controls.

MATERIALS AND METHODS
Subjects
Twelve children (age range, 0 –38.5 months) who were diagnosed

with hydrocephalus and referred for surgical treatment were in-

cluded in the present study. An age-matched control group (n �

16; age range, 0.6 –37.5 months) was also included for compari-

son. All participants were recruited for a multicenter study from

either the Cincinnati Children’s Hospital Medical Center (7 patients

with hydrocephalus, 15 controls) or St. Louis Children’s Hospital (5

patients with hydrocephalus, 1 control). The inclusion/exclusion cri-

teria have been described elsewhere.1 Both local institutional review

board committees approved the study protocol, and written in-

formed consent was obtained from parents of the participants.

DTI Data Acquisition
DTI data were acquired at both sites during the clinical scans by

using a 1.5T MR imaging system (either Signa; GE Healthcare,

Milwaukee, Wisconsin or Avanto; Siemens, Erlangen, Germany).

The imaging protocol included a single-shot EPI diffusion-

weighted spin-echo sequence (FOV � 240 � 240 mm; matrix �

96 � 96; resolution � 2.5 mm isotropic; TR/TE � 9400/93.2 ms;

NEX � 2) and a 3D anatomic T1 sequence (FOV � 256 � 256

mm; matrix � 256 � 256; resolution � 1 mm isotropic). Diffu-

sion-weighting was applied along 15 directions with a b-value of

1000 s/mm2, and 1 additional image was acquired with no diffu-

sion-weighting (b-value � 0 s/mm2). Siemens gradient weight-

ings were programmed to match the implementation on the GE

Healthcare scanner. The compatibility of MR imaging data ac-

quired from different scanners at 2 different research sites was

established initially by using an MR phantom (BIRN: Biomedical

Informatics Research Network; http://www.nbirn.net) and a hu-

man phantom and then maintained annually. The interscanner

difference was minimal (�1.1%) on the basis of mean diffusivity

(MD) values measured from the BIRN phantom. The relative

interscanner difference based on the human phantom was �3.3%

and 3.5% for FA and MD, respectively. The details of the quality

assurance procedure have been reported in previous work.1,10

DTI Data Processing and Probabilistic Diffusion
Tractography
Image processing and analysis were performed by using the fMRI

of the Brain Software Library (FSL; http://www.fmrib.ox.ac.uk/

fsl). DTI data were preprocessed with eddy current correction and

minor head motion by using affine registration to a reference

volume. The preprocessed images were then fit to a diffusion ten-

sor model at each voxel. Summary measures, including FA, MD,

axial diffusivity (AD), and radial diffusivity (RD), were calculated

on the basis of standard methods.

At each voxel, the Bayesian Estimation of Diffusion Parame-

ters Obtained by using Sampling Techniques (BEDPOSTX) func-

tion in FSL was used to build up the distributions on diffusion

parameters on the basis of the Markov Chain Monte Carlo sam-

pling.11 The outputs of the BEDPOSTX were used to compute the

PDT by using Probtrackx12 in FSL. The seed and target masks

used in the PDT for genu of the CC were created on sagittal sec-

tions as illustrated in Fig 1. The 2 masks for the left or right mCST

were created on axial sections placed between 1 section below the

body of the corpus callosum and the entry of the posterior limb of

the internal capsule to the cerebral peduncle (Fig 2). All masks

were delineated by 1 operator (W.Y.) and confirmed by 3 pediat-

ric radiologists (R.C.M., J.S.S., and B.V.J.) and 2 pediatric neuro-

surgeons (F.T.M., D.D.L.).

CI was extracted for all the voxels from the PDT-derived WM

tracts. The fiber tracking drew 5000 samples from each voxel in

the seed mask. The CI value for any voxel in the brain is the sum of

all the tracking samples that originated from the seed mask,

passed through the voxel, and reached the target region. Only the

voxels between the 2 masks were retained for analysis. A threshold

of 100 was used for the connectivity index to avoid spurious re-

sults as the consequence of partial volume effect and image

noise.13,14 We also tested more stringent threshold levels at 150

and 200, and the findings remained the same. Therefore, only the

data based on a threshold of 100 are reported in the present study.

Data Analysis
The comparison between the children with hydrocephalus and

the control group was made in 4 PDT-derived WM tracts (ie, the

genu of the CC, splenium of the CC, left mCST, and right mCST).

The fiber tracking was successful in all participants in the control

group for all the WM tracts. It was also successful in the hydro-

cephalus group for the genu of the CC, left mCST, and right

mCST (successful rates were 11/12, 12/12, 12/12 for the 3 tracts,

respectively). However, fiber tracking was not successful in the

splenium of the CC in 9/12 children with hydrocephalus. There-

fore, the data for the splenium of the CC were not included in the

eventual analysis. This outcome may be due to the expansion of

ventricle volume that caused the stretching of the occipital horn of

the ventricles, leading to a sharp bend in the splenium of the CC.

Histograms of the distribution of CI values within a tract

showed that they did not follow normal distribution. To quantify

the degree of skewness for the within-tract CI and DTI measures,

we used the following index: Skewness � �3/�3, where � is the

mean, �3 represents the third moment about the mean �, and � is

2380 Rajagopal Dec 2013 www.ajnr.org



the SD. A skew to the left or right direction of a distribution was

called a positive or negative skew, respectively. The skewness in-

dex was calculated for each tract in individual subjects first and

then for group comparison.

Due to the age range of the study population and the expected

developmental change in brain structures, it was not feasible to

maintain the size and shape of the seed or target masks as constant

across all subjects in the fiber tracking. Initial correlation analysis

showed that in some cases the seed and target mask, as well as the

tract volume, were significantly correlated with the median CI

value from all the voxels within the tract. Thus, a new index,

normalized CI (CI/tract volume, units of samples/voxel), was

used in the study for group comparison. The tract volume (the

number of voxels in the tract) is, in theory, affected by both seed

and target mask size (as confirmed by our initial data). The draw-

ing of these masks can also be affected by the brain tissue area,

which is age-related, and are operator-dependent. Using the tract

volume as the weighting factor in the index of normalized CI

minimizes the above-mentioned factors.

Statistical Analysis
The group difference of the skewness index was tested by using the

Mann-Whitney U test. Multiple regression analysis was per-

formed by using either the DTI measurement (FA, MD, AD, or

RD) or the normalized CI as a dependent variable and group and

age as independent variables. Multiple comparisons were cor-

rected by using the false discovery rate method.15

RESULTS
Comparison of Within-Tract Skewness in Connectivity
Index and FA Values
Skewness in CI for each tract is plotted in Fig 3. In all 3 tracts

analyzed, CI values within a tract were found to skew to the left of

the distribution with a long tail extended in the high CI direction

(Fig 3 and Table 1). The CI within-tract skewness in any group/

tract centered between 0.94 and 1.33, leading to a significant de-

viation from symmetric distribution in this index (P � .05 for all

groups). Therefore, the mean of the CI value is not considered a

reflection of the CI values across all the voxels within a certain

FIG 1. DTI maps demonstrating seed and target masks and resultant probabilistic fiber tracking of the genu of the CC in representative
participants. A–C, hydrocephalus. A and B, Color-coded FA maps. C, FA map. The masks shown in orange in the sagittal maps can be seen as short
blue lines on axial map.

FIG 2. DTI maps demonstrating seed and target masks and resultant probabilistic fiber tracking of the left and right midsegments of the cortical
spinal tracts in representative participants. A–C, Hydrocephalus. A and B, Color-coded FA maps. C, FA map. The masks shown in orange on the
axial DTI maps can be seen as short blue lines on coronal FA map.
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tract. For subsequent analysis of CI measures, the 25th, 50th and

75th percentile values were selected. On the other hand, the skew-

ness for within-tract FA was found to center close to zero; there-

fore, the mean value was an appropriate summary measure for

further analysis and comparison.

No statistically significant group difference was found between

the children with hydrocephalus and those in the control group in

either CI skewness or FA skewness in any of the 3 tracts analyzed.

Aggregated Normalized Connectivity Index Values in the
Genu of the CC, Left mCST, and Right mCST
Figure 4 shows the percentile histograms of the aggregated nor-

malized CI. In all 3 tracts, children with hydrocephalus were

found to have a lower percentage of voxels with high normalized

CI values. The percentage of the voxels with normalized CI

values higher than 20 (an arbitrary value selected at approxi-

mately where the 2 distribution curves cross) in the genu of the

CC (Fig 4A) was 30.5% for children with hydrocephalus and

56.3% for controls. Similar differences were also found in the

left mCST (Fig 4B, 13.1% versus 27.0%) and right mCST (Fig

4C, 8% versus 27.1%).

In the mCST, the distribution curve for the hydrocephalus

group skewed more toward the low end, with the tail ending at a

value of 40, while the control still had 6.4% and 8.4% of the voxels

in the left mCST and right mCST, respectively, which are higher

than 40 in normalized CI values (Fig 4E, -F).

Tract-Based Summary Connectivity Measures
(Normalized Connectivity Index Values)
As shown in Fig 5 and Table 2, the median within-tract normal-

ized CI values in the patients with hydrocephalus were signifi-

cantly lower than those in the control group (P � .05, corrected) in

all 3 WM tracts examined. The difference was also significant (P �

.05, corrected) or at trend level (right mCST in the first quartile of

normalized CI) at both the first and the third quartiles of the within-

tract normalized CI levels. Age was not found to be a significant

predictor of normalized CI in any of the analyses.

Tract-Based Summary DTI Measures (Mean FA, MD, AD,
and RD Values)
As shown in Fig 6 and Table 3, on the basis of the multiple regres-

sion analysis, age was found to be a factor that affected all the DTI

parameters examined in all 3 tracts at a statistically significant

level (P � .05, corrected) or at least at trend level (AD in genu of

the CC). After age was accounted for, significant group differ-

ences of tract-based DTI measurements were found in MD, AD,

and RD in all 3 WM tracts and the group difference was significant

in FA in the genu of the CC (all P � .05, corrected).

DISCUSSION
Probabilistic tractography is a powerful

fiber tracking method that calculates mul-

tiple pathways emanating from a seed re-

gion of interest and from each point along

the reconstructed trajectories. It avoids

the use of an FA threshold, thus allowing

tracking to continue through brain re-

gions where the level of uncertainty

would cause a deterministic algorithm to

fail.11,16-18 In this study, we investigated

tract-based WM connectivity and DTI

measurements in children with hydroceph-

alus by using PDT. We tested and proved

the working hypotheses: 1) The connectiv-

ity index derived from PDT is decreased in

children with hydrocephalus; and 2) DTI

measurements derived from PDT are ab-

normal in children with hydrocephalus, re-

flecting disruption in fiber continuity.

The most prominent functional deficits

that are consistently reported in pediatric
FIG 3. Boxplot showing the skewness index for connectivity index (A and B) and FA (C and D).

Table 1: Descriptive statistics of the within-tract connectivity index and FA skewness

Tracts Group

CI FA

Min Median Max Min Median Max
gCC Control (n � 16) 0.2 0.94 1.56 �0.61 �0.13 0.33

Hydrocephalus (n � 11) 0.44 1.04 1.66 �0.4 0.1 0.46
Left mCST Control (n � 16) 0.58 0.97 1.92 �0.37 0.00 0.23

Hydrocephalus (n � 12) 0.58 1.05 1.80 �0.55 0.19 0.52
Right mCST Control (n � 16) 0.42 1.10 1.91 �0.5 �0.01 0.61

Hydrocephalus (n � 12) 0.9 1.33 1.86 �0.47 0.18 0.39

Note:—Min indicates minimum; Max, maximum; gCC, genu of the CC.
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patients with hydrocephalus are in such domains as motor, visuospa-

tial, and other nonverbal intelligences.1-3 These deficits have been

associated with myelin sheath breakdown, axonal degeneration, or

even loss of axons in the corpus callosum and periventricular white

matter based on both human and animal neuropathologic studies.19

In the present study, statistically significant differences in both the

summary DTI measures and the connectivity measure were found in

the comparison between children with hydrocephalus and those

in the control group. We interpret this as evidence of WM changes as

the result of neuropathology seen in hydrocephalus.

The connectivity index maps (Figs 1 and 2) are the connectivity

distribution maps with the value at each voxel being the sum of the

sample streamlines passing through the voxel. In the present study,

we defined a seed mask and a target mask for each subject on the basis

of anatomic landmarks, to restrict the tractography in all the tracts

examined to yield the specific tracts of interest. The connectivity

measure is a quantification of the strength, or probability, of the con-

nectivity for all those connections initiated from the seed voxels and

reaching the target masks. Similar approaches based on PDT have

been adopted by other studies to investigate the pathologic progres-

sion in amyotrophic lateral sclerosis,14 to contrast the organization of

prefrontal projection pathways in humans and macaque monkeys.20

In the present study, the histogram based on the aggregated

normalized CI measures showed that children with hydrocepha-

lus had a lower percentage of voxels with

higher connectivity and a higher percent-

age of voxels with low connectivity in all 3

tracts examined. The comparison of the

within-tract summary connectivity mea-

sure between the 2 groups showed a con-

sistent significant decrease in normalized

CI values in children with hydrocephalus.

As expected, examination of the connec-

tivity index maps (Figs 1 and 2 as examples)

showed that the voxels with high connectiv-

ity were located in the central portion of the

tracts, while the voxels at the peripheral ar-

eas of a tract tended to have lower connec-

tivity. We examined the summary connec-

tivity measure (normalized CI) not only at

the median but also at the lower and upper

quartile values. The fact that the group con-

trast was significant at all 3 quartile levels

indicates that this summary connectivity in-

dex, normalized CI, is sensitive to the pa-

thology resulting from hydrocephalus

throughout different portions of WM tracts

in children with hydrocephalus.

Tract-based summary DTI measures

showed a significant increase of MD, AD,

and RD values, which was consistent in all

FIG 4. Percentile histograms of the normalized connectivity index (nCI) values for children with
hydrocephalus and controls, respectively, in the genu of the CC (A) (30.5% and 56.3%), left mCST
(B) (13.1% and 27.0%), and right mCST (C) (8% and 27.1%). The corresponding cumulative percentile
histograms for the genu of the CC, left mCST, and right mCST are shown in D–F, respectively.

FIG 5. Boxplot showing the normalized CI for left mCST by using 3 different quartile levels of the normalized CI as a summary measurement. A,
First quartile. B, Median. C, Third quartile.
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tracts examined in children with hydrocephalus after accounting

for age. FA in the genu of the CC was also found to be significantly

lower in the children with hydrocephalus. These tract-based find-

ings are consistent with previously reported region of interest–

based results in terms of the patterns of abnormality,5 and the

differences in the patterns of DTI abnormalities between the genu

of the CC and the mCST in the present study lend further cre-

dence to the concept of region-specific multifactorial variation in

underlying white matter injury mechanisms in hydrocephalus.1,6

Although the group difference of FA in the left mCST and right

mCST was not significant between the children with hydro-

cephalus and the controls (because some children with hydro-

cephalus had abnormally low FA while others had abnormally

high FA values), the reduction in the connectivity measures in

children with hydrocephalus remained statistically significant;

this outcome emphasizes the importance of including both

summary DTI measures and connectivity measures in future

studies.

FIG 6. Comparison of DTI measures derived from PDT in the genu of the CC. A, FA, B, MD, C, AD. D, RD.

Table 2: Multiple regression analysis for each tract at 3 quartiles of normalized CIa

df
Dependent
Variables

First Quartile Median Third Quartile

SE T Value P SE T Value P SE T Value P
gCC 24 Group 2.753 3.09 .015 6.452 3.26 .012 7.657 3.46 .018

Age 0.118 �0.76 NS 0.277 �0.63 NS 0.329 �0.90 NS
Left mCST 25 Group 0.557 3.25 .015 2.334 3.03 .015 4.137 3.61 .023

Age 0.024 �1.18 NS 0.103 �1.4 NS 0.182 �1.46 NS
Right mCST 25 Group 2.098 2.3 .059 4.997 2.92 .016 6.987 3.28 .019

Age 0.092 �1.25 NS 0.2201 �1.13 NS 0.308 �1.21 NS

Note:—NS indicates not significant; SE, standard error; gCC, genu of the CC.
a All P values have been corrected for multiple comparisons using the false discovery rate method.

Table 3: Multiple regression analysis for each tract and DTI variablea

df Source

FA MD AD RD

SE T Value P SE T Value P SE T Value P SE T Value P
gCC 24 Group 0.022 5.36 .0024 0.000 �6.41 .0008 0.000 �4.57 .0005 0.000 �6.57 .0004

Age 0.001 6.67 .0012 0.000 �4.62 .0006 0.000 �2.11 .0523 0.000 �5.33 .0003
Left mCST 25 Group 0.023 0.47 NS 0.000 �3.74 .0015 0.000 �4.25 .0005 0.000 �3.18 .0052

Age 0.001 6.60 .0003 0.000 �4.62 .0003 0.000 �2.79 .1080 0.000 �5.25 .0002
Right mCST 25 Group 0.020 0.89 NS 0.000 �4.26 .0005 0.000 �3.46 .0028 0.000 �2.91 .0090

Age 0.001 6.81 .0002 0.000 �5.26 .0002 0.000 �2.94 .0088 0.000 �5.19 .0002

Note:—NS indicates not significant; SE, standard error; gCC, genu of the CC.
a All P values have been corrected for multiple comparisons using the false discovery rate method.
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Differences in the normalized connectivity index between the

children with hydrocephalus and those in the control group in the left

and right mCSTs, illustrated in Fig 4D, -E, suggest that WM connec-

tivity is subtly decreased in these long pathways in the patient group.

This apparent reduction in the volume of WM with the highest con-

nectivity might suggest an expectation or decreased sensorimotor

function in children with hydrocephalus relative to the controls.

Limitations
We note that the success of the PDT method may depend on the

tract of interest, especially when it is performed in brains with

large deformations, such as those in children with hydrocephalus.

Even though the tracts were carefully examined to avoid extend-

ing into ventricle areas and different threshold levels were tested

to ensure the consistency of the methodology, partial volume ef-

fect is difficult to quantify and cannot be excluded as a potential

factor that may bias the results. The attempt to track the splenium

of the CC was not successful in 9 of 12 children with hydroceph-

alus; this outcome can be attributed to the significant damage or

even agenesis of the area. Our initial attempt to track the whole

corticospinal tract was unsuccessful, likely due to the severe dis-

tortion of anatomic structures, which may have caused imaging

and modeling errors, accumulated over a long pathway, to exceed

even a very lenient threshold set in the PDT. This study may also

suffer from the limited sample size and the lack of pathologic evi-

dence to support the predictive value of the PDT-based measures.

Nevertheless, the findings in the present study represent an initial

success in the application of PDT in analyzing WM abnormalities in

pediatric hydrocephalus. The success also points to possible applica-

tions of this approach in patients with other pathologies that distort

white matter tracts, such as brain tumors or tuberous sclerosis. Fu-

ture studies should include a larger sample size and both short- and

long-term follow-up so that we can investigate the longitudinal pro-

gression during the developmental stages of childhood.

CONCLUSIONS
It was demonstrated that the summary measures of connectivity

and DTI based on the results of probabilistic diffusion tractogra-

phy are sensitive to differences in WM microstructure in children

with hydrocephalus compared with healthy controls. The PDT

method may be a useful noninvasive tool to serve as an imaging

biomarker for predicting behavioral and neuropsychological out-

comes in this patient population with hydrocephalus or in assess-

ing therapeutic efficacy in the treatment of hydrocephalus.
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