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Advanced Fiber Tracking in Early Acquired Brain

Injury Causing Cerebral Palsy

F. Lennartsson, L. Holmstrém, A.-C. Eliasson, O. Flodmark, H. Forssberg, J.-D. Tournier, and B. Vollmer

ABSTRACT

o B B

BACKGROUND AND PURPOSE: Diffusion-weighted MR imaging and fiber tractography can be used to investigate alterations in white
matter tracts in patients with early acquired brain lesions and cerebral palsy. Most existing studies have used diffusion tensor tractography,
which is limited in areas of complex fiber structures or pathologic processes. We explored a combined normalization and probabilistic
fiber-tracking method for more realistic fiber tractography in this patient group.

MATERIALS AND METHODS: This cross-sectional study included 17 children with unilateral cerebral palsy and 24 typically developing
controls. DWI data were collected at 1.5T (45 directions, b=1000 s/mm?). Regions of interest were defined on a study-specific fractional
anisotropy template and mapped onto subjects for fiber tracking. Probabilistic fiber tracking of the corticospinal tract and thalamic
projections to the somatosensory cortex was performed by using constrained spherical deconvolution. Tracts were qualitatively assessed,
and DTl parameters were extracted close to and distant from lesions and compared between groups.

RESULTS: The corticospinal tract and thalamic projections to the somatosensory cortex were realistically reconstructed in both groups.
Structural changes to tracts were seen in the cerebral palsy group and included splits, dislocations, compaction of the tracts, or failure to
delineate the tract and were associated with underlying pathology seen on conventional MR imaging. Comparisons of DTI parameters
indicated primary and secondary neurodegeneration along the corticospinal tract. Corticospinal tract and thalamic projections to the
somatosensory cortex showed dissimilarities in both structural changes and DTI parameters.

CONCLUSIONS: Our proposed method offers a sensitive means to explore alterations in WM tracts to further understand pathophys-
iologic changes following early acquired brain injury.

ABBREVIATIONS: CerPed = cerebral peduncle; CP = cerebral palsy; CSD = constrained spherical deconvolution; CST = corticospinal tract; FA = fractional
anisotropy; FTA = fiber-tract assessment; M1 = primary motor cortex; MD = mean diffusivity; PLIC = posterior limb of the internal capsule; TRS1 = thalamic projections

to the somatosensory cortex

Cerebral palsy (CP) is a disorder of movement and posture
caused by nonprogressive disturbances in the developing
brain. Brain lesions that cause CP are commonly identified by
visual inspection of conventional structural T1- and T2-weighted
MR imaging. A range of macrostructural abnormalities has been
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described.! However, subtle brain abnormalities may be missed
on visual inspection.

Diffusion-weighted MR imaging can be used to infer the struc-
tural composition and integrity of neuronal tissue,” and white-
matter fiber tractography can be used to trace fiber tracts nonin-
vasively.” Diffusion tensor imaging describes a single diffusion
process in a voxel. However, most voxels contain multiple, often
crossing, fiber populations.” The use of probabilistic fiber track-
ing in diffusion models capable of resolving complex fiber struc-
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tures is likely to be beneficial when studying white matter tracts
and could provide additional information about the pathophysi-
ology of altered fiber pathways. Findings in recent studies in CP
support this assumption.””

In CP, studies have shown alterations in major fiber tracts,
including the corticospinal tract (CST), the corticobulbar tract,
superior and posterior thalamic radiations, the superior longitu-
dinal fasciculus, and transcallosal fibers (for a review, see Scheck
et al®). Parametric changes include decreased fractional anisot-
ropy (FA) and increased mean diffusivity (MD), indicating al-
tered tract microstructure. Decreased tract volumes and fiber
counts, which may be indicative of perturbations during tract
development, have been described.® Studies also have shown
parametric changes that suggest secondary (Wallerian) neurode-
generation distant from the primary lesion site, with decreased FA
and axial diffusivity (the largest tensor eigenvalue), increases in
radial diffusivity (the mean of the 2 smaller tensor eigenvalues),
but no changes or only slight increase in MD.>? Moreover, the
overall severity of CP, measured by, for example, the Gross Motor
Function Classification System,'® appears to correlate with diffu-

11713 and/or sensory pathways.'*'® In

sion parameters in motor
addition, correlations have been shown between diffusion mea-
sures in motor and sensory tracts and specific measures of sensory
and/or motor functions.”>”'”2° Some studies suggest that sen-
sory and motor functions correlate more strongly with changes in
the sensory pathways (superior and posterior thalamic radiation)
than changes in the motor pathways (CST).*'? These findings
indicate that preservation of sensory pathways is important for
motor function. However, most tractography studies in CP have
used deterministic diffusion tensor tractography, which is a lim-
itation because the algorithm cannot progress in areas where the
tensor model shows a high uncertainty in the estimated fiber di-
rections due to complex fiber architecture or pathologic changes.

In this study, we aimed to improve fiber tractography and
characterization of motor and sensory fiber tracts in children with
early acquired brain lesions by using a combined normalization
and probabilistic fiber-tracking method. In addition, we aimed to
use this method to characterize changes in gross morphology and
in diffusion parameters close to and distant from the primary
lesion.

MATERIALS AND METHODS

Participants

We examined a convenience sample of 17 children with unilateral
spastic CP at the Gross Motor Function Classification System
level I and the Manual Ability Classification System®' levels I-11.
After we excluded poor-quality imaging data, 15 children (6 boys,
9 girls; median age, 12.4 years; range, 7.2—17 years) remained in
the sample (On-line Table). Twenty-four typically developing
children served as controls (9 boys, 15 girls; median age, 12.7
years; range, 8.8—17.3 years; 23 right-handed). The lesion side is
referred to as the hemisphere where structural abnormalities are
detected on visual inspection of conventional structural MR im-
aging (On-line Table). In cases of bilateral lesions, the lesion side
is defined as the most affected side as assessed by visual inspection.
Measures from the lesion side in the subjects with CP are com-
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pared with measures in the hemisphere ipsilateral to the domi-
nant hand in the controls.

Neuroimaging

MR imaging was performed on a 1.5T MR imaging system (Signa
Excite Twinspeed; GE Healthcare, Milwaukee, Wisconsin). Con-
ventional structural MR imaging included T1-, T2-weighted, and
FLAIR images. DWI (TR/TE = 10,000/76 ms, voxel size = 2.3
mm® reconstructed to 1.72 mm? in-plane) included 6 b = 0
images followed by 45 gradient directions with b = 1000 s/mm?.
Conventional structural MRIs were visually assessed for lesion
type, location, and extent. All controls had normal findings on
MRI, and in the group with unilateral CP, a representative spec-
trum of lesions was seen (On-line Table).

Preprocessing of DWI

Tools in the FSL package (Version 4.0; http://www.fmrib.ox.
ac.uk/fsl) 2* were used for distortion and motion correction and
to realign the gradient directions.>> MRtrix (http://neuro.debian.
net/pkgs/mrtrix.html)** was used for estimation of diffusion ten-
sors and fiber orientation distributions with constrained spherical
deconvolution (CSD) to assess multiple fiber populations in every
voxel. From the diffusion tensors parametric maps of MD, FA,
axial diffusivity, and radial diffusivity were computed.

All sections in all diffusion volumes and FA maps were visually
inspected for artifacts. In addition, for each section, the mean
signal was plotted over all diffusion volumes to detect large signal
changes indicating gross imaging artifacts. Two of the original 17
subjects (1 child with a cortical malformation and 1 with white

matter damage of immaturity) were excluded due to artifacts.

Spatial Normalization of DWI

A study-specific FA template was created by using symmetric nor-
malization.”®> A subset of 6 controls and 7 subjects (randomly
selected after excluding subjects with a severe extent of WM dam-
age and the patient with schizencephaly; On-line Table) were cho-
sen for constructing the template. A b=0 template and a color-
coded FA template were constructed as the average of the
corresponding images mapped into template space. All control
and subject FA maps were then registered to this FA template. To
check the consistency of the spatial registration, we mapped the
FA template onto each subject’s FA map by using the inverse
transform. The results showed satisfactory agreement in the cen-
tral and peripheral WM.

ROI Definition in Template Space

Regions of interest in the cerebral peduncles (CerPeds), the pos-
terior limb of the internal capsule (PLIC), the thalami, and the
primary motor (M1) and somatosensory cortex were manually
defined on the study template (On-line Fig).

ROI Mapping and Refinement

All ROIs in template space were mapped onto each subject’s na-
tive space. Transforming a binary region-of-interest image by us-
ing a continuous deformation field generates a nonbinary image
in native space; therefore, the mapped region of interest had to be
thresholded. Having explored several lower thresholds (0.1-0.5),
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we chose a threshold of =0.2 to ensure anatomically adequate
mapping of the template ROIs. Mapped ROIs were visually in-
spected and manually edited when required to ensure accurate
anatomic placement. In addition, to prevent tracts from entering
spaces with CSF, we multiplied the fiber-orientation distribution
field by a subject-specific mask of the WM. The WM mask effec-
tively confined the tracking to WM-dominated voxels but did not
exclude any voxels in the thalami, for example.

Fiber Tracking of the Cortical Spinal Tract and the
Thalamic Projections to the Somatosensory Cortex
Probabilistic fiber tracking was performed on the CSD-estimated
fiber orientation distribution fields with the mapped ROIs as in-
put by using default tracking parameters. The CSTs were tracked
by seeding in M1 and by using the PLIC and the cerebral pedun-
cles on the same side as Waypoint masks. The thalamic projec-
tions to the somatosensory cortex (TRS1s) were tracked by seed-
ing in the thalamus and by using the somatosensory cortex as a
Waypoint mask. The fiber-tracking algorithm was run until 10*
streamlines had been produced. Tracts that did not reach this
number within 10® trials were considered to have an unrealisti-
cally low probability of connectivity and were excluded from fur-
ther analysis.

Fiber tracts were converted to probability maps with voxel
values equal to the fraction of the number of passing and gen-
erated streamlines. These were thresholded at 0.01 (1% of the
total number of streamlines) and were considered to be the
core of the fiber tracts. The ROIs for the PLIC and the cerebral
peduncle were used to separate the CST probability maps into
different parts: between M1 and the cerebral peduncle
(CST-ML1 to CerPed), between the PLIC and the cerebral pe-
duncle (CST-PLIC to CerPed), and between M1 and the PLIC
(CST-M1 to PLIC, not including PLIC-level voxels). The tha-
lamic ROIs were used to remove thalamic voxels from the
TRS1 probability maps. The complete processing from region-
of-interest definition in the template space to the thresholded
probability maps was performed twice in all participants by the
primary study rater (F.L.) and, in a randomly selected subset of
7 subjects and 7 controls, by rater B.V., to evaluate the intra-
and interrater reproducibility. To rule out partial volume ef-
fects as a confounder, we generated histograms of the MD
voxel values in all probability maps; outliers were observed in
only a very small proportion of voxels.

To assess diffusion parameters along CST and TRS1, we
extracted the median voxel value (to minimize the influence of
outliers) for FA and MD within the thresholded probability
maps. In the CST-PLIC to CerPed, where the descending mo-
tor fibers are the dominating fiber population, the axial diffu-
sivity and radial diffusivity were also extracted. For statistical
comparisons, the mean of the median values for the trials of
rater F.L. was used.

Qualitative Fiber-Tract Assessment

From visual inspection of the fiber tracts, 4 distinct, spatial char-
acteristics deviating from what is normally expected were identi-
fied in lesion-affected areas: dislocation of the major branch of the
tract; local, continuous splitting of the tract into 2 separate

branches; compaction of a nonsplit tract; or failure to delineate
the fiber tract (as described above). A fiber tract was found to
have an atypical fiber-tract assessment (FTA) if =1 of these sce-
narios was observed along the tract and was confirmed on the
thresholded probability map (Fig 1).

Statistics

Statistical analyses were performed by using the Statistics Toolbox
in Matlab (MathWorks, Natick, Massachusetts). To assess intra-
and interrater reproducibility of fiber tracts, we performed pair-
wise comparisons of the spatial matching between the thresh-
olded probability maps by calculating the Cohen k coefficient.*
Comparison of DTT parameters between subjects and controls
was done by using the nonparametric Mann-Whitney U test
(2-tailed, with P << .05 as the significance threshold).

Ethics

The study was granted ethics approval by the Regional Ethics
Committee Stockholm North. All children and parents gave in-
formed written consent.

RESULTS

Reproducibility of Generated Fiber Tracts

The normalization and fiber-tracking method showed high intra-
and interrater reproducibility for all fiber tracts. Cohen k values
for the intrarater reproducibility were in the range of 0.88-0.98
for the controls and 0.81-0.94 for the subjects. For the interrater
reproducibility, Cohen k values were in the range 0f 0.84—0.91 for
the controls and 0.87-0.92 for the subjects.

Applicability of the Fiber-Tracking Method in Typically
Developing Controls

Both the CST and the TRS1 were successfully reconstructed in
agreement with expected neuroanatomy (column 1, Fig 1). In 3
controls the CST and in another 3 controls the TRS1 had atypical
FTA with minor splits. None of the splits could be explained by
any abnormalities on conventional structural MR imaging.

Applicability of the Fiber-Tracking Method in Subjects
with Unilateral CP

Both the CST and TRS1 were successfully reconstructed in most
subjects with CP (On-line Table). On the nonlesion side, FTA for
the TRS1 was typical for all subjects, whereas FTA for the CST was
atypical in 1 subject having a minor split but without obvious
underlying pathology (subject 5, On-line Table). In contrast, on
the lesion side, the TRS1 and the CST showed atypical FTA in 7/15
and 10/15 subjects, respectively, and underlying pathologic
changes were present in all these subjects (On-line Table). While
atypical FTA was more frequently observed in the CST than in
TRS1, in most cases, both tracts were affected simultaneously,
though rarely in the same way.

DTI Parameters in Fiber Tracts
Diffusion parameters (FA, MD, axial diffusivity, and radial diffu-
sivity) for the CST and TRS1 were compared between the subjects
with CP and the controls (Fig 2).

On the nonlesion side, both the CST-M1 to CerPed and its
subpart CST-M1 to PLIC showed significant increases in MD
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FIG 1. Tracking results of the CSTs (yellow) and the TRSIs (blue) in a healthy control (column 1) and 3 subjects with unilateral CP (columns 2—4,
On-line Table). Images, shown in radiologic orientation, include Tl-weighted images (row 1) and tracts superimposed on FA maps in the axial
section at the level of the upper corona radiata (row 2) and entire coronal projections (rows 3—4). In the control (column 1), the CSTs are initiated
from the entire M1ROlIs and follow consistent, expected paths down to the brain stem. The TRSIs are primarily initiated in the ventroposterior
parts of the thalami, then travel posterior to the CSTs in the corona radiata, and spread over a large part of the somatosensory cortex ROls.
Subject 9 (column 2) has a periventricular pseudocyst at the level of corona radiata, which causes local splits to the left TRS1and left CST, which
are seen to partly share locations, and dislocate the major branch of the left CST. Subject 12 (column 3) has a large right WM lesion obstructing
the anticipated courses of the TRSIs and the CSTs, making tracking of the TRS1impossible and dislocating the right CST. Subject 14 (column 4)
had a left focal infarct with extensive damage to the entire left hemicranium and severe WM damage above the PLIC, which confined the left
CST to a thin sliver of WM at the level of the corona radiata and made the left TRS1 nontrackable.

(P < .05and P < .05) in the CP group compared with controls,
whereas no changes in diffusion parameters were found in the
subpart CST-PLIC to CerPed compared with controls. The TRS1
showed significant increase in MD (P < .05) in the CP group
compared with controls.

On the lesion side in the CP group with successful tracking of
the CST (n = 12), both CST-M1 to CerPed and CST-M1 to PLIC
showed a significant decrease in FA (P < .001 and P < .001) and
an increase in MD (P < .001 and P < .001) compared with con-
trols. The subpart CST-PLIC to CerPed showed a significant de-
crease in FA (P < .001) and axial diffusivity (P < .05) and an
increase in radial diffusivity (P < .001) compared with controls.
The TRS1 (n = 11) showed a significant increase in MD (P < .01)
compared with controls.

DISCUSSION

The CST and the TRS1 could be reconstructed according to ex-
pected neuroanatomy. We saw that DTI parameters varied along
the CST in primary and secondary affected areas with traits con-
sistent with primary and secondary (Wallerian) neurodegenera-
tion. Both CST and TRS1 were affected on the lesion side; how-
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ever, they showed different patterns on FTA assessment and in
DTI parameters, which suggest that alterations were more pro-
nounced in the CST than in the TRSI.

Fiber-Tracking Method

Manually drawn ROIs have been used in most existing studies
in CP, either for comparing diffusion parameters or as input
for fiber tractography.® Often inter- and intrarater reproduc-
ibility statistics are reported, but ROIs may still not have been
defined in comparable locations among subjects due to differ-
ences in section orientation. Defining ROIs on a normalized
template could improve this deficiency. However, normaliza-
tion of brains with lesions is difficult and has been used in few
previous studies in CP.'®*7>?® In our study, the symmetric nor-
malization algorithm?® allowed accurate registration of central
GM and WM, even in subjects with large brain lesions. The
cortical GM and subcortical WM were less accurately regis-
tered, most likely due to intersubject variability in cortical sul-
cation patterns. Thus, the native-space ROIs of M1 and the
somatosensory cortex had to be edited slightly in some indi-
viduals to ensure anatomically correct placement. Our sug-
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FIG 2. Boxplots of diffusion parameters in the TRS1, CST-M1to PLIC, and CST-PLIC to CerPed in the group with unilateral CP and controls on the
lesion (gray) and nonlesion (white) sides. Diffusivity is expressed as 10~ mm?/s. The asterisk indicates a significant difference between the group
with unilateral CP and controls by statistical comparisons using the Mann-Whitney U test (2-tailed; significance level, .05).

gested method showed high intra- and interrater reproducibil-
ity, indicating that the method is robust.

Probabilistic fiber tracking with CSD of the CST and the
TRSI from their assumed starting points and including distant
Waypoints appears to provide reliable and anatomically accu-
rate tracking results. This finding is supported by Rose et al®
and Tsao et al,” who also used probabilistic CSD fiber tractog-
raphy to successfully track motor and sensory pathways. An
alternative could have been to define the cortical ROIs from
functional data such as fMRI. Thus, parts of the motor and
somatosensory strips, such as the hand areas, could be targeted
separately. However, the fMRI localization of functional areas
is not perfect, the resolution is relatively poor, and it is not
certain that fMRI would elicit a functional response in the CP
group. Moreover, in early brain lesions, there are indications of
different reorganizational patterns in the motor and somato-
sensory systems in CP. It has been shown that somatosensory
functions show mainly ipsilesional reorganization patterns,
whereas the motor functions can show ipsilesional, contral-
esional, or mixed reorganization patterns.”® Functional MR
imaging activation sites may therefore not be relevant as cor-
tical targets because we were interested in the structure of the
ipsi- and contralesional CST and TRS1.

Some case reports show diffusion tensor tractograms of
thalamocortical connections that are displaced by lesions but still
reach cortical areas in individuals with early acquired brain le-
sions (eg, Staudt et al’’; Guzzetta et al’"). With our method, we

observed, in several cases and in all lesion types, that both the CST
and TRS1 on the lesion side have altered paths when passing le-
sion-affected areas. These fiber tracts showed expected distribu-
tions in their end points and displayed plausible deviations from
their expected route, and both the CST and the adjacent TRS1
showed very similar but not identical behavior on FTA. Likewise,
when a tract could not be delineated, the reason was, in all cases,
an interruption of the tract by the lesion. At the same time, tracts
on the nonlesion side followed paths consistent with those ob-
served in the controls, indicating that the tracking method is
robust.

Qualitative Fiber-Tract Assessment

We saw atypical FTA in many cases for both the CST and the TRS1
on the lesion side. The tracts that were classified as nontractable,
compacted, or dislocated all corresponded with macrostructural
abnormalities, but the splits detected were both plausible splits
caused by the lesion and smaller splits that had no macrostruc-
tural correlate on conventional structural MR imaging. The oc-
currence of small splits without any macrostrucural correlate
might be explained by the limited performance of CSD with the
current imaging protocol. Sampling more directions and using a
larger b-value of 2000-3000 s/mm” would improve the ability of
CSD to resolve the fiber-orientation distributions in cases of mul-
tiple fiber populations** but would make motion and eddy-cur-
rent correction harder.
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DTI Parameter Changes in CST and TRS1

On the nonlesion side, the CST-PLIC to CerPed did not show any
changes in DTI parameters, whereas farther up, both CST-M1 to
PLIC and TRS1 showed similar significant increases in MD only,
which were much less pronounced than on the lesion side. DWI
increases the sensitivity of detecting lesions that commonly dis-
play increased MD. Our findings are suggestive of additional sub-
tle lesions that can be detected with analysis of DTT parameters in
patients without overt bilateral lesions on visual inspection of
conventional structural MR imaging. A more speculative expla-
nation may be secondary (Wallerian) neurodegeneration in these
areas of intersecting pathways,>* with involvement of transcal-
losal connections from the lesion side, which has been shown to
be affected in CP.?° In the future, it may be possible to investigate
changes in the individual fiber populations in these areas by using
parameters derived from multifiber models (eg, Raffelt et al’%;
Dell’Acqua et al**).

On the lesion side, the CST distant from the primary lesion site
(CST-PLIC to CerPed) showed a pattern of diffusion measures
indicative of secondary (Wallerian) neurodegeneration, whereas
closer to the lesion, the CST-M1 to PLIC showed a pattern com-
patible with the signs of primary neurodegeneration.”* This find-

1,>> who showed sim-

ing is in line with the results of Thomas et a
ilar changes close to and distant from the lesion, and with Glenn et
al® in their study of the CST between the PLIC and the cerebral
peduncle. The TRS1 showed a significant increase in MD but no
changes in FA, which do not indicate any specific pathologic pat-
tern. Although the interpretation above of DTI parameters is the
current prevailing view, there are several factors, both on a micro-
scopic cellular and macroscopic architectural level, that will influ-
ence them and it is difficult to infer which factors actually account
for a change.”® Also, even if certain DTI changes are identified in
a disease model, the inverse may not always hold; moreover, gen-
eralization of DTT changes from one disease model may not be
valid in other situations. This is a potential problem in early
brain lesions because we see a large spectrum of both lesions
and etiologies. In our opinion, this issue remains unresolved.
Many studies contain heterogeneous CP groups and/or lesion
types.® Nevertheless, we did show that different parts of the
CST display distinct patterns in DTI parameters, and extract-
ing parameters as averages over large parts of the tracts, as done
in most studies, might be misleading. Furthermore, on the
lesion side, the TRS1 and the CST-M1 to PLIC both showed
similar, significant increases in MD, but only CST-M1 to PLIC
showed significant change in FA. The only study to report DTI
parameters in both CST and superior thalamocortical fibers in
unilateral CP is Thomas et al,>> who also saw this distinction
between FA and MD. The CST and TRSI are affected differ-
ently in our patient cohort, as indicated by the FTAs and DTI
parameters. We cannot infer the underlying cause of this dif-
ference from the limited information provided by DTI param-
eters in areas with complex fiber architecture. One speculative
explanation could be that we see reactive changes in the so-
matosensory projections, and indeed, it has been proposed
that there is a greater capacity for ipsilesional reorganization in
the somatosensory system than in the motor system.>’
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Limitations

Our sample is representative regarding the spectrum of lesion
types in unilateral CP; however, the lesion groups are not equally
represented. The study is partly limited by the fact that on the
lesion side, we could not track the CST in 3/15 and TRS1 in 4/15
subjects with CP. Hence, we could not evaluate any DTI param-
eters along those tracts. It may have been possible to delineate
more of these tracts by using an improved DWI protocol by in-
creasing the number of diffusion directions and the b-value.

CONCLUSIONS

We have successfully used a normalization method for improved
region-of-interest definition and probabilistic CSD fiber tracking
in individuals with early brain lesions and unilateral CP. Our
study demonstrated structural changes in the CST and the TRS1
on the lesion side, which could be linked to underlying pathologic
changes as seen on conventional structural MR imaging. Analysis
of DTI parameters along the CST showed traits of primary neu-
rodegeneration in lesion areas and distant secondary (Wallerian)
neurodegeneration, emphasizing the importance of analyzing dif-
ferent parts of a tract separately. There were dissimilarities in both
structural changes and in DTI parameters between the CST and
TRS1 on the lesion side indicating differences in how a tract is
affected by the injury. By providing sensitive means to, first, nor-
malize and define ROIs and, second, to explore WM tracts in areas
with complex white matter architecture, our methods improve
interpretation of diffusion measures in early acquired brain le-
sions and, by inference, of underlying pathophysiologic changes.
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