Providing Choice & Value | ) fesees

CONTACT REP

Global and Widespread L ocal White Matter

Abnormalitiesin Juvenile Neuronal Ceroid
Lipofuscinosis

U. Roine, T.J. Roine, A. Hakkarainen, A. Tokola, M.H.
Balk, M. Mannerkoski, L.E. Aberg, T. Lénnqvist and T.

Autti
gfh{]ﬁ;;‘fg{m;gg‘ SCUTENt @S A JNR Am J Neuroradiol 2018, 39 (7) 1349-1354

doi: https://doi.org/10.3174/ajnr.A5687
http://www.ajnr.org/content/39/7/1349


http://www.ajnr.org/cgi/adclick/?ad=57967&adclick=true&url=https%3A%2F%2Fmrkt.us-marketing.fresenius-kabi.com%2Fajn1872x240_july2025
https://doi.org/10.3174/ajnr.A5687
http://www.ajnr.org/content/39/7/1349

ORIGINAL RESEARCH
PEDIATRICS

Global and Widespread Local White Matter Abnormalities in
Juvenile Neuronal Ceroid Lipofuscinosis
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ABSTRACT

BACKGROUND AND PURPOSE: Juvenile neuronal ceroid lipofuscinosis is a progressive neurodegenerative lysosomal storage disease of
childhood. It manifests with loss of vision, seizures, and loss of cognitive and motor functions leading to premature death. Previous MR
imaging studies have reported cerebral and cerebellar atrophy, progressive hippocampal atrophy, thalamic signal intensity alterations,
and decreased white matter volume in the corona radiata. However, conventional MR imaging findings are usually normal at younger than
10 years of age. The purpose of our study was to investigate whether diffusion MR imaging could reveal changes in white matter
microstructure already present at a younger age.

MATERIALS AND METHODS: We investigated global and local white matter abnormalities in 14 children with juvenile neuronal ceroid
lipofuscinosis (mean age, 9.6 = 3.4 years; 10 boys) and 14 control subjects (mean age, 1.2 * 2.3 years; 7 boys). Twelve patients underwent
follow-up MR imaging after 2 years (mean age, 1.4 = 3.2 years; 8 boys). We performed a global analysis using 2 approaches: white matter
tract skeleton and constrained spherical deconvolution—based whole-brain tractography. Then, we investigated local microstructural
abnormalities using Tract-Based Spatial Statistics.

RESULTS: We found globally decreased anisotropy (P = .000001) and increased diffusivity (P = .001) in patients with juvenile
neuronal ceroid lipofuscinosis. In addition, we found widespread increased diffusivity and decreased anisotropy in, for example, the
corona radiata (P < .001) and posterior thalamic radiation (P < .001). However, we found no differences between the first and second
acquisitions.

CONCLUSIONS: The patients with juvenile neuronal ceroid lipofuscinosis exhibited global and local abnormalities in white matter
microstructure. Future studies could apply more specific microstructural models and study whether these abnormalities are already
present at a younger age.

ABBREVIATIONS: AD = axial diffusivity; CLN3 = juvenile neuronal ceroid lipofuscinosis; CP = coefficient of planarity; FA = fractional anisotropy; MD = mean

diffusivity; NCL = neuronal ceroid lipofuscinosis; RD = radial diffusivity; TBSS = Tract-Based Spatial Statistics

uvenile neuronal ceroid lipofuscinosis (CLN3) is a rare, pro-
gressive neurodegenerative lysosomal storage disease, in which

autofluorescent ceroid lipopigments accumulate in the lyso-
somes. The first clinical symptom, rapidly progressive vision fail-
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ure leading to blindness, appears around 410 years of age.' > It is
followed by deterioration in cognitive and motor functions, in
which the cognitive decline becomes clearer around 8 —12 years of
age." Other symptoms include ataxia, dysarthria, rigidity, and dif-
ficulty in initiating movement, and occasionally, there are pyra-
midal signs.' The patients start having epileptic seizures typically
around 10 years of age.” Psychiatric symptoms, such as depression
and psychosis, are also common.” Although the clinical course is
variable, the disease eventually leads to premature death in the
second or third decade of life.®

More than 400 mutations in 14 genes have been found in chil-
dren with neuronal ceroid lipofuscinoses.”® The juvenile form is
the most common, with a reported incidence of 2-7/100,000
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births in Scandinavia® and 0.2-1.5/100,000 in Central Eu-
rope.m’11 In Canada, the estimated incidence is 0.6/100,000
births.'” The disease is caused by the recessive inheritance of mu-
tations in the CLN3 gene located on chromosome 16p12, encod-
ing a membrane protein CLN3."?

The presence of ocular abnormalities and vacuolated lympho-
cytes in peripheral blood is suggestive of the disease, and the di-
agnosis can typically be confirmed by CLN3 mutation analysis."*

Conventional MR imaging findings are usually normal at
younger than 10 years of age.'” Previous MR imaging studies
have reported cerebral and cerebellar atrophy, progressive
hippocampal atrophy, decreased gray matter volume in the
dorsomedial part of the thalami, and decreased white matter
volume in the corona radiata in patients with CLN3.">"'” How-
ever, cerebral atrophy is mostly seen in patients older than 14
years of age, and cerebellar atrophy, even later.' In a postmor-
tem study, higher MR imaging signal intensity of the periven-
tricular white matter was reported with histologically observed
severe periventricular loss of myelin and gliosis.'® Thalamic
alterations have been consistently found in several types of
neuronal ceroid lipofuscinosis (NCL), including CLN1 (infan-
tile NCL), CLN2 (classic late infantile NCL), CLN3 (juvenile
NCL), CLN5 (Finnish-variant late infantile NCL), and CLN7
(Turkish-variant late infantile NCL)."” Decreased T2-weighted sig-
nal intensity in the thalamus was also reported in a retrospective
study in 33% of 43 patients with NCL.*° Of the 11 patients with
CLNS3, four had T2 hypointensity in the thalamus. Moreover, MR
imaging and CT showed diffuse cerebral and cerebellar atrophy,
and electroencephalography findings were abnormal in 90% of
the patients.

Diffusion-weighted imaging is a noninvasive method that en-
ables the investigation of the white matter microstructure in the
brain.?"?? In an unrestricted space, the diffusion of water mole-
cules is equal in all directions and is thus called “isotropic,” but in
nerve fibers, the cell membranes restrict the diffusion of the mol-
ecules and the diffusion becomes anisotropic. Fractional anisot-
ropy (FA) is the most commonly used index to quantify the degree
of anisotropy.”> Mean diffusivity (MD) or ADC is the average
diffusivity over all directions, axial diffusivity (AD) describes the
diffusivity along the nerve fiber, and radial diffusivity (RD), per-
pendicular to it.

DW-MRI has previously revealed increased ADC values in
patients with late infantile NCL.?* Furthermore, ADC values cor-
related with patient age and disease duration, but the correlation
with the central nervous system disability scale was much weaker.

The aim of this study was to investigate global and local white
matter abnormalities in CLN3. We hypothesized that DW-MRI
would be more sensitive in detecting microstructural white mat-
ter abnormalities than conventional MR imaging. We investi-
gated global white matter microstructure with 2 approaches: 1) by
performing whole-brain tractography, ie, the reconstruction of
the white matter tracts in the brain>; and 2) by reconstructing a
white matter tract skeleton.”® With DTI-based tractography,*”**
it is not possible to detect crossing fibers.?>>° Thus, we used con-
strained spherical deconvolution—based tractography,*>>"**
which enables the reliable reconstruction of neural tracts through

regions with complex (eg, crossing) fiber configurations,’ >
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present in most white matter voxels.”® Finally, we used Tract-
Based Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/TBSS) to investigate local microstructural properties in
the same subjects.”®

MATERIALS AND METHODS

Participants

We acquired DW-MRI data from 14 patients with CLN3 and 14
age-matched controls. Twelve of the 14 patients underwent fol-
low-up MR imaging after 2 years on average. MR imaging was
performed at the Helsinki University Central Hospital, Finland,
from 2007 to 2014. During the first acquisition, the mean age of
the patients was 9.6 = 3.4 years, and during the second acquisi-
tion, it was 11.4 = 3.2 years. The mean age of control subjects was
11.2 = 2.3 years. The difference in age was not statistically signif-
icant between patients and controls in the first or second acquisi-
tion. Seventy-one percent of the patients were males in the first
acquisition, and 67%, in the second acquisition. Fifty percent of
the controls were males. In addition, we collected disease-severity
information using the Unified Parkinson’s Disease Rating Scale,
Part I11,>” a clinician-scored monitored motor evaluation, from
13 of the 14 patients for the first acquisition and 11 of the 12
patients for the second acquisition. Only the youngest patient had
visual function close to normal at the time of the first acquisition;
the remainder were blind or almost blind.

The patients with CLN3 were diagnosed on the basis of their
clinical symptoms, including deterioration of vision and typical
ophthalmologic findings, and the diagnoses were confirmed by
DNA analysis. Nine patients were homozygous for the main mu-
tation (1.02kb deletion including amino acids in exons 7 and 8).
Four patients were heterogeneous for the major mutation and a
minor mutation (3kb deletion including amino acids in exons
10-13). One patient was heterozygous for the main mutation and
a single nucleotide mutation in exon 13. The symptoms of this
patient differed from others because she was blind, but her cog-
nitive profile was normal. Depending on the patient, symptom-
atic medication typical for the disease was in use, including cita-
lopram, valproate, levetiracetam, and risperidone. In addition,
most patients participated in a concurrent study testing simvasta-
tin in CLN3 for 1-2 years. The patients were recruited from the
Department of Child Neurology, Helsinki University Central
Hospital, and the control subjects were healthy volunteers re-
cruited for this study. The Ethics Committee for Gynaecology and
Obstetrics, Pediatrics, and Psychiatry of the Hospital District of
Helsinki and Uusimaa approved the research protocol, and a
guardian of each participant signed a written informed consent
form before the study.

Data Acquisition

The MR imaging data were acquired with an Achieva 3T machine
(Philips Healthcare, Best, the Netherlands) with an 8-channel
head coil, using a 2 X 2 X 2 mm voxel size and 32 gradient
orientations with diffusion-weighting of 1000 s/mm?. In addi-
tion, 1 non-DWI was acquired. The FOV was 224 X 224 X 160
mm, and 80 axial slices were acquired. The TE was 59.5 ms, and
TR was 10.809 seconds. T1-weighted anatomic 3D images were
acquired with a resolution of 1 X 1 X 1 mm. The FOV was
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Table 1: Global microstructural differences between children with CLN3 and age-matched control group with both skeleton and

tractography approaches

P Value® P Value® P Value®
(CLN3 1st (CLN3 2nd (CLN3 1st
Measure Control CLN3 1st CLN3 2nd vs Control)  vs Control)  vs CLN3 2nd)
FA (skeleton) 328 = .026 297 + 021 288 + 029 <.001° <.00P° 95
FA (tractogram) 271+ .019 233 + 016 224 + 021 .000001° .0000071° 82
MD (skeleton) 965X1073+ 0582 X 107> 1011 X 107>+ .0806 X10™> 1057 X107+ 119 X 10> o .005° 89
MD (tractogram) 957 X 10> % .0506 X 107>  1.036 X 10 >+ .0882 X 10> 1108 X10 >+ BIX10>  <.00P° <001 43
AD (skeleton) 129 X 1073 + 0614 X 102 131X107°+ 0769 X 107> 136 X 107> = M2 X107 n 04° 83
AD (tractogram) 122X 107> .0506 X10™> 128 X10>*.0803 X 107> 134 X103 122X 10> .008® <001 39
RD (skeleton) 801X 1072+ .0578 X 107> 859 X107+ 0849 X 10>  .907 X 10> = 126 X 10> .003° .002° 93
RD (tractogram) ~ .823 X 10" = .0512 X 10 SI7 X107+ .0927 X107 990 X10 £ 136 X102  <.00P <001 45
CP (skeleton) 169 = 0135 163 = 0125 157 = .0146 04° 03° 73
CP (tractogram) 141+ .0113 129 +.00633 126 £ .00866 <.001° <.001® 93
 Age and sex were used as covariates.
® Significant.
%107
256 X 256 X 170 mm, TR was 8.3 ms, TE was 3.8 ms, and the 028 — ' ' ‘ ' 14
i . . . % Fractional anisotropy| *
flip angle was 8°. In addition, T2-weighted images were ac- % Mean diffusivity
quired with a resolution of 0.5 X 0.5 X 4.4 mm; for 8 of the 12
patients in the second acquisition, fluid-attenuated inversion 2
recovery images were acquired with a resolution of 0.4 X 0.4 X £ 03 "2z
4.4 mm. k) =
O £
5 J=
Visual Analysis s 3
The size of the cerebral sulci and the ventricles was classified as § 025% 11 =2
w
normal, mildly enlarged, moderately enlarged, or severely en- ]
larged. All signal intensity abnormalities were recorded. The mid- X
sagittal area of the corpus callosum was measured.*®
02 . s ‘ . . , . 08
0 5 10 15 20 25 30 35 40

Global Microstructural Analysis

Whole-brain probabilistic tractography was performed to recon-
struct fiber tracts with constrained spherical deconvolution in
ExploreDTI (http://exploredti.com/).>>*** The DWIs were cor-
rected for subject motion and eddy current and echo-planar im-

1041 after which the fiber orientation

aging—induced distortions,
distribution functions were estimated with constrained spherical
deconvolution.?® Spheric harmonics up to the fourth order were
used in the estimation. Streamline tractography was then per-
formed in native space for all subjects.*® A seed point resolution of
1 X 1 X 1 mm, a fiber orientation distribution threshold of 0.1, a
step size of 1 mm, and a maximum angle deviation of 45° were
used. The minimum length of the fiber was set to 50 mm.

Finally, a streamline density-weighted mean FA value was cal-
culated by weighting the FA value of all voxels with the number of
streamlines passing through the voxel and dividing by the sum of
all streamline counts. Mean values for MD, AD, RD, and the co-
efficient of planarity (CP) were calculated in the same way. CP can
be used to quantify the degree of fiber complexity.** A higher CP
describes a more disc-shaped diffusion tensor, typically caused by
crossing fibers.*>™*

In addition, an FA skeleton was reconstructed for all subjects
as introduced in TBSS.?° The mean values for FA, MD, AD, RD,
and CP were then calculated across the skeleton.

The relationship between disease severity and the global mi-
crostructural parameters was investigated by calculating correla-
tions both with and without age and sex as covariates.

Statistical analyses were performed in SPSS (IBM, Armonk,
New York) with a general linear model using age and sex as cova-
riates. The homoscedasticity of the residuals was verified visually,

UPDRS-II

FIG 1. The relationship between disease severity measured by the
Unified Parkinson’s Disease Rating Scale (UPDRS), Part Ill, and frac-
tional anisotropy (A) and mean diffusivity (B) calculated from the
whole-brain white matter tract skeleton.

and the equality of error variances was confirmed using the
Levene test. The significance threshold was P < .05.

Local Microstructural Analysis

The voxelwise microstructural analysis was performed using
TBSS,?® which belongs to the FMRIB Software Library tools (FSL;
http://www.fmrib.ox.ac.uk/fsl).*® Subject motion and eddy cur-
rent—-induced distortions were corrected with the eddy tool
(https:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy),"” after which the dif-
fusion tensors were fitted. To reconstruct a mean FA skeleton, we
transformed FA images into the subject space of the most repre-
sentative subject by nonlinear registration based on free-form de-
formations and B-splines, after which a mean FA image of all

26

subjects was calculated and thinned.”® Finally, the individual sub-
ject’s skeleton was projected onto the mean FA skeleton. For MD,
AD, RD, and CP, we used the same nonlinear warps and projection
vectors as used for FA images. Randomise (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/Randomise), a permutation program, was used for statis-
tical testing of the voxelwise differences between patients and con-
trols with 5000 permutations. Clusterlike structures in the data were
enhanced with threshold-free cluster enhancement, and multiple
correction for the family-wise error rate with a significance threshold
of P < .05 was performed using permutation-based nonparametric

testing,*®

AINR Am J Neuroradiol 39:1349-54  Jul 2018  www.ajnr.org 1351


https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise

FIG 2. Tract-Based Spatial Statistics results for decreased fractional anisotropy in patients with

.000001) and CP (r = —0.66, P = .0005),
and significant positive correlations be-
tween the diffusivity parameters (P <
.0000001) and disease severity. The rela-
tionships of FA and MD with respect to
disease severity are shown in Fig 1. The
correlation coefficients between the global
microstructural parameters and disease
severity are presented in On-line Table 2.

juvenile neuronal ceroid lipofuscinosis visualized on axial (A), coronal (B), and sagittal (C) slices. The

white matter tract skeleton is visualized in green, and the significant results are visualized from
red (P = .05) to yellow (P <.001). Fractional anisotropy values are significantly (P <<.001) decreased
in many areas such as the corpus callosum, corticospinal tracts, corona radiata, and superior

longitudinal fasciculi.

FIG 3. Decreased fractional anisotropy in patients with juvenile neu-
ronal ceroid lipofuscinosis in, for example, the left posterior thalamic
radiation (P < .001) and left posterior corona radiata (P < .001) on
sagittal slices 58 (A) and 79 (B). The white matter tract skeleton is
visualized in green, and significant results are visualized fromred (P =
.05) to yellow (P < .001).

RESULTS

Conventional MR Imaging Findings

Conventional MR imaging was considered normal in most subjects
(On-line Table 1). The size of the ventricles was increased in 2 of the
14 patients during the first MR imaging and for 4 of the 11 patients
during the second MR imaging. Thinning of the corpus callosum was
observed in 2 of the 14 patients in the first MR imaging and 3 of the 11
patients in the second MR imaging.’® Abnormal periventricular sig-
nal intensity was not present in the T1- or T2-weighted images. How-
ever, in FLAIR images, an increase in the periventricular signal inten-
sity was observed for the 8 patients who underwent FLAIR in the
second acquisition. The conventional MR imaging findings are fur-
ther described in On-line Table 1.

Global Microstructural Analyses
We found significantly decreased FA and CP values and signifi-
cantly increased AD, RD, and MD values in patients compared
with the control group, as shown in Table 1. These differences
were found with both the tractography and the skeleton ap-
proach. The largest relative difference was in the FA values using
the tractography approach (—15% difference) (P = .000001).

We found significant differences in both acquisitions of pa-
tients with CLN3 compared with controls. However, there were
no significant differences between the 2 acquisitions of the pa-
tients. The analyses between the 2 acquisitions were repeated
without using age as a covariate, resulting in no significant differ-
ences. The effect of age was significant (P = .006—.044) for all
dependent variables except for the CP tractogram.

Correlation analyses between the global microstructural pa-
rameters from the white matter skeleton and disease severity
showed significant negative correlations for FA (r = —0.81, P =
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Local Microstructural Analysis

The local microstructural analysis per-
formed with TBSS revealed widespread
voxelwise decreases in FA as shown in
Fig 2, for example, in the corona radiata (P < .001) and posterior
thalamic radiation (P <.001), as shown in Fig 3. In addition, MD,
AD, and RD were increased and CP was decreased in many re-
gions. The results for MD are shown in Fig 4.

DISCUSSION

In a visual analysis of conventional MR imaging of patients with
CLN3, an increase in T2-weighted signal intensity of periven-
tricular white matter may be observed, sometimes even before 10
years of age.'® Later, decreased white matter volume and in-
creased white matter signal intensity due to gliosis can be seen.'”
Related to the general brain atrophy, thinning of the corpus cal-
losum is also present in CLN3."?

In this study, we investigated CLN3 for the first time with
DW-MRI. For the global analyses, we used 2 different approaches,
fiber tractography and white matter tract skeleton. We found
widely distributed abnormalities in the white matter microstruc-
ture in patients with CLN3 compared with age-matched controls,
and these abnormalities were seen at both the global and local
level. However, there were no differences between the first and
second acquisitions of patients with CLN3, suggesting that the
microstructural changes do not progress rapidly and thus might
be already present in early childhood.

More specifically, we found significantly decreased FA values
in patients with CLN3 widely distributed across the whole brain.
Intact cell membranes and dense packing of axons are the primary
cause of anisotropic diffusion.”> However, other properties such
as myelination can also affect the degree of anisotropy.”>** Be-
cause the complexity of the underlying white matter fiber struc-
ture can also affect the FA,>° we compared the CP values between
patients and controls. CP was decreased in patients with CLN3
compared with controls, suggesting that they would have a lower
degree of crossing fibers than the controls. Thus, the lower FA in
patients was not explained by more crossing fibers.

Increased MD in patients with CLN3 is in accordance with the
previous DW-MRI study performed in patients with late infantile
NCL, in which whole-brain ADC values correlated positively with
age and disease severity, whereas in control subjects, ADC values
decreased with age.”* In another study, quantitative T2 values
have been investigated in CLN2 and CLN3."” In patients with
CLN2, there were elevated quantitative T2 values, but in CLN3,
there were no differences in any of the white matter ROIs com-
pared with controls. This finding suggests that DW-MRI is re-



FIG4. Tract-Based Spatial Statistics results for increased mean diffusivity in patients with juvenile
neuronal ceroid lipofuscinosis visualized on axial (A), coronal (B), and sagittal (C) slices. The white
matter tract skeleton is visualized in green, and the significant results are visualized fromred (P =
.05) to yellow (P < .001). Multiple areas but not as many as for fractional anisotropy (Fig 2) have

significantly (P < .001) increased mean diffusivity values.

quired to detect the widespread microstructural changes in the
white matter of patients with CLN3.

In addition, we looked at AD and RD values. Both AD and RD
were increased in CLN3, but the absolute increase in RD (for the
skeleton approach +0.06) was higher than in AD (for the skeleton
approach +0.02), which is consistent with a decrease in FA.

Previous MR imaging findings suggest that there are thalamic
alterations in lysosomal storage diseases, including CLN3.'°2° In
our study, TBSS showed decreased FA in several tracts, including
the anterior and posterior thalamic radiations. Decreased white
matter volume in the corona radiata has been found earlier in
CLN3.'° In our study, TBSS showed a decrease in FA in the pos-
terior corona radiata. However, more specific analyses, such as a
tractography reconstruction of the fiber bundles, potentially im-
paired in CLN3, could reveal more specific information about the
microstructural and connectivity abnormalities than TBSS.

The patients with CLN3 underwent a follow-up MR imaging
after 2 years. No significant differences between the 2 acquisitions
of patients were found, suggesting that the microstructural
changes do not progress rapidly in the prepubertal stage but might
instead be present already in early childhood, though conven-
tional MR imaging findings are usually normal in visual analysis
at younger than 10 years of age.'”

Limitations of this study include a relatively small sample size.
However, we used several methods that produced similar results.
In addition, we used constrained spherical deconvolution—based
tractography in the global analyses, though its acquisition was
suboptimal because the diffusion-weighting and the number of
gradient orientations were relatively low.’>>' However, fiber

crossings are present in most white matter’®

and can be reliably
identified with constrained spherical deconvolution.”’*** More-
over, TBSS has limitations, for example, concerning the parame-
ters selected by the user—that is, sensitivity, anatomic specificity,

and restriction to only a part of the white matter voxels.>>

CONCLUSIONS

We found widespread microstructural white matter abnormalities in
both acquisitions of patients with CLN3 compared with healthy con-
trols. However, no significant differences were observed between the
2 acquisitions of the patients. Local microstructural abnormalities
were investigated with TBSS, showing widespread abnormalities. In
the future, more specific analyses are needed to investigate certain
regions more thoroughly, such as the thalami, or white matter tracts
related to those regions. Furthermore, the specific nature of the white

matter microstructural differences should
be investigated with more detailed micro-
structural models.

Our results indicate that in patients
with CLN3, the microstructural brain ab-
normalities are already present before 10
years of age and do not progress rapidly in
the prepubertal stage. Considering that
most of the conventional MR imaging
findings manifest at an older age, we be-
lieve that specific microstructural abnor-
malities could also be revealed in other
similar diseases using diffusion MR imaging.
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