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ABSTRACT

BACKGROUND AND PURPOSE: While brain iron dysregulation has been observed in several neurodegenerative disorders, its associ-
ation with the progressive neurodegeneration in Niemann-Pick type C is unknown. Systemic iron abnormalities have been reported
in patients with Niemann-Pick type C and in animal models of Niemann-Pick type C. In this study, we examined brain iron using
quantitative susceptibility mapping MR imaging in individuals with Niemann-Pick type C compared with healthy controls.

MATERIALS AND METHODS: A cohort of 10 patients with adolescent- and adult-onset Niemann-Pick type C and 14 age- and sex-
matched healthy controls underwent 7T brain MR imaging with Tl and quantitative susceptibility mapping acquisitions. A probing
whole-brain voxelwise comparison of quantitative susceptibility mapping between groups was conducted. Mean quantitative suscepti-
bility mapping in the ROIs (thalamus, hippocampus, putamen, caudate nucleus, and globus pallidus) was further compared. The correla-
tions between regional volume, quantitative susceptibility mapping values, and clinical features, which included disease severity on the
Iturriaga scale, cognitive function, and the Social and Occupational Functioning Assessment Scale, were explored as secondary analyses.

RESULTS: We observed lower volume in the thalamus and voxel clusters of higher quantitative susceptibility mapping in the pulvi-
nar nuclei bilaterally in patients with Niemann-Pick type C compared with the control group. In patients with Niemann-Pick type C,
higher quantitative susceptibility mapping in the pulvinar nucleus clusters correlated with lower volume of the thalamus on both
sides. Moreover, higher quantitative susceptibility mapping in the right pulvinar cluster was associated with greater disease severity.

CONCLUSIONS: Our findings suggest iron deposition in the pulvinar nucleus in Niemann-Pick type C disease, which is associated
with thalamic atrophy and disease severity. This preliminary evidence supports the link between iron and neurodegeneration in
Niemann-Pick type C, in line with existing literature on other neurodegenerative disorders.

ABBREVIATIONS: ANTs = Advanced Normalization Tools; GRE = gradient recalled-echo; MABS = Multi-Atlas Brain Segmentation; NPC = Niemann-Pick
type C; NUCOG = Neuropsychiatry Unit Cognitive Assessment Tool; QSM = quantitative susceptibility mapping; QSMART = Quantitative Susceptibility
Mapping Artifact Reduction Technique; SOFAS = Social and Occupational Functioning Assessment Scale

iemann-Pick type C (NPC) is a rare genetic lysosomal stor-
N age disease characterized by defective intracellular lipid
transport mechanisms, which result in the intracellular accumu-
lation of cholesterol and glycosphingolipids, primarily in the
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brain, spleen, and liver. Brain involvement in NPC gives rise to
numerous neurologic and neuropsychiatric presentations such as
developmental delay, movement disorders, progressive cognitive
decline, and psychosis.' Neuroimaging studies have reported
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marked volume loss in the cerebellum, thalamus, hippocampus,
and basal ganglia in NPC. Widespread defects in myelination and
reduced fractional anisotropy have also been observed in the brains
of individuals with NPC."! The exact pathophysiologic processes
through which the gene mutations in NPC lead to neurodegenera-
tion are not as yet fully understood. Possible mechanisms that have
been proposed include oxidative stress,”* neuroinflammation,® and
Tau pathology.”® A clearer understanding of the intrinsic drivers of
neuropathology in NPC is needed to provide avenues for the devel-
opment of therapeutic interventions.

One possible pathophysiologic mediator of brain changes in
NPC is the dysregulation of iron. Iron is a crucial element in
myelin synthesis, neurotransmitter production, and mitochon-
drial energy metabolism,” in addition to serving a central role in
neurodevelopment.10 Excessive iron, however, has been shown to
be neurotoxic by contributing to oxidative stress and ferropto-
sis.'"12 In fact, a recent review summarized the existing neuroi-
maging evidence demonstrating iron accumulation in the specific
brain regions that are most implicated in the pathology of neuro-
degenerative disorders (for a review see Ravanfar et al,"? in 2021).
In NPC, there is evidence suggesting abnormal systemic and
brain iron regulation. More specifically, histochemical examina-
tions have identified diminished ferritin, the main iron storage
unit, in various tissue types in individuals with NPC,''* which
can lead to abnormal distribution of iron throughout the body.
Furthermore, Hung et al'® reported a lower concentration of iron
in the CSF in individuals with NPC and a trend toward increased
iron content in postmortem cerebellar tissue in patients with
NPC and healthy controls. Most important, in mouse models of
NPC, Hung et al found an increased iron concentration in the
brain along with decreased iron in the liver and spleen, suggesting
that the abnormalities in systemic iron may involve the brain.
However, due to the limitations in conducting human in vivo
studies to examine iron in the central nervous system, the existing
literature is limited in this area.

Technological advancements in neuroimaging, such as quan-
titative susceptibility mapping (QSM), have provided the tools
for the in vivo evaluation of brain iron. Accordingly, in this study,
we conducted an in vivo investigation of brain iron in individuals
with NPC compared with healthy controls using QSM at ultra-
high-field 7T MR imaging. Most important, this ultra-high-field
imaging provides an increased contrast-to-noise ratio in QSM
and enables the identification of smaller effect sizes compared
with lower field strengths.'”

Following from the available animal and human data, we
hypothesized that individuals with NPC would evince altered levels
of iron in key brain regions that undergo neurodegeneration in
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NPC, specifically the thalamus, striatum, and the hippocampus.'®
Furthermore, we hypothesized that such alterations would be asso-
ciated with volume loss in these brain regions and the severity of
clinical symptoms in patients with NPC.

MATERIALS AND METHODS

Standard Protocol Approvals, Registrations, and Patient
Consents

This study was approved by the Melbourne Health Human
Research Ethics Committees (HREC2012.066) and the Australian
Research Infrastructure Network (ARIN - 7T-2015.005, CFMS
No. MRI495000045). Written informed consent was obtained
from all participants and/or their legal guardians before their
enrollment in the study.

Study Population

This study was conducted as a prospective case-control study
from April 2019 to December 2019. Ten individuals diagnosed
with adolescent- and adult-onset NPC based on clinical features
and confirmed with genetic testing for NPCI disease-causing
mutations were enrolled at the Royal Melbourne Hospital.
Because there are no existing neuroimaging studies of brain iron
in NPC and considering the rarity of this disease, a study popu-
lation of 10 for the NPC group was deemed an achievable sam-
ple size for this study. Fourteen age- and sex-matched healthy
individuals were recruited from the general community in the
local metropolitan area through online advertisement. A history
of any other neurologic conditions (including head injury and
seizures), systemic diseases (eg, inflammatory disorders, diabetes,
and impaired thyroid function), current pregnancy, breastfeed-
ing, and MR imaging contraindications (eg, magnetic metal
implants and claustrophobia) were considered exclusion criteria
for both healthy and NPC groups. A personal or family (first
degree relative) history of any psychiatric and neurologic illness,
psychopathology that impacts functioning, and past or current
use of any psychoactive medication were considered as additional
exclusion criteria for the control group.

Imaging Methods

MR imaging was performed using a 7T MR imaging scanner
(Magnetom Terra 7T; Siemens) with a 1TX / 32Rx head coil (Nova
Medical). For the T1 structural images, an MP2RAGE sequence
was obtained with the following parameters: TE = 2.89 ms, TR =
4900 ms, matrix size = 256 x 232 x 192, voxel size = 0.9 mm iso-
tropic, acquisition time = 5:25 minutes. For QSM reconstruction,
a multiecho gradient recalled-echo (GRE) sequence was
acquired with the following parameters: number of echoes = 9,
first TE = 5.1 ms, ATE = 2.04 ms, TR = 24 ms, flip angle = 13°,
matrix size = 280 x 242 x 192, voxel size = 0.75 mm isotropic,
acquisition time = 8:42 minutes.

Processing of Neuroimaging Data

Structural T1. T1 images were used for anatomic labeling and seg-
mentation of the ROIs. Brain masks were constructed using the
Multi-Atlas Brain Segmentation (MABS) tool (https://github.
com/pnlbwh/PNL-manual#multi-atlas-brain-segmentation-mabs).
Generated binary masks were visually assessed and manually
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corrected using ITK-SNAP, Version 3.8 (http://www.itksnap.org/)"’
by an investigator blinded to participant groups.

The striatum (the putamen and caudate nucleus), hippocam-
pus, and thalamus were selected as the ROIs for the ROI-based
comparison of mean QSM values between groups. The putamen,
caudate nucleus, and thalamus were automatically segmented using
the Multiple Automatically Generated Templates Brain Segmen-
tation (MAGeT-Brain; https://github.com/CobraLab/MAGeTbrain)
pipeline®® with the CIT168 atlas.*' Automatic segmentation of the
hippocampus was performed using FreeSurfer, Version 7.1.0 (http://
surfer.nmr.mgh.harvard.edu). Label maps generated by MAGeT-
Brain and FreeSurfer for the study ROIs were merged into single
files for each subject, visually inspected, and manually corrected in
all cases using 3D Slicer, Version 4.11 (https://www.slicer.org)** by
an investigator under the guidance and quality assessment of 2 sen-
ior neuroanatomists, all of whom were blinded to participant
groups.

QSM Processing. The Quantitative Susceptibility Mapping Artifact
Reduction Technique (QSMART) pipeline23 was used to construct
QSM maps using the phase and magnitude components of the
GRE sequence. Briefly, a brain mask was generated using the FSL
Brain Extraction Tool (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET).**
After phase unwrapping using a Laplacian-based method* for each
echo, multiecho data were combined using a magnitude-weighted
least squares echo fitting method. A 3D spatially dependent filter-
ing”® and iterative least-squares (iLSQR) decomposition were sub-
sequently used for background field removal and field-to-source
inversion, respectively. Details of this method were further
explained in Yaghmaie et al,”> in 2021. In QSM processing, mag-
netic susceptibility is commonly estimated and reported relative to
a reference region in the brain that is assumed to be unaffected by
disease pathology and, therefore, expected to have similar QSM
across study groups.”’ In NPC, we expect a generalized involvement
of the brain regions by disease pathology. Hence, in this study, we
did not use a reference region for QSM processing. Magnetic sus-
ceptibility values reported by the QSMART pipeline are inherently
referenced to the magnetic susceptibility of water.

Voxelwise QSM Comparison between Groups. To compare the
QSM values in the entire brain between the 2 groups, we per-
formed a probing voxelwise comparison of QSM between groups.
To transform all QSM images to a common template, we first cre-
ated a study template from all participants’ skull-stripped T1
images using the antsMultivariateTemplateConstruction2 tool
from Advanced Normalization Tools, Version 2.3.5 (ANTs;
https://github.com/ANTsX/ANTSs/ ).2 For each subject, affine and
nonlinear transformations were constructed from the subject T1 to
the study template using antsRegistrationSyN tool from ANTs.
Additionally, for each subject, we conducted a rigid transformation
from the non-skull-stripped first-echo magnitude image of the
GRE sequence to the T1 image using ANTs. The “GRE-to-T1”
rigid transform and the “subject-to-study template” affine + non-
linear transforms were sequentially applied to each participant’s
QSM to warp it to the common study template.

ROI-Based QSM Comparison. To compare mean QSM values in
the putamen, caudate nucleus, globus pallidus, thalamus, and
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hippocampus between groups, we overlaid the label maps gener-
ated from the brain segmentation step onto the QSM images by
inversely applying the rigid transform from the GRE-to-T1
acquisitions generated in the previous step. Mean intensity values
on QSM images (magnetic susceptibility) were extracted in each
ROI for comparison between groups.

Clinical Assessments. For individuals with NPC, the treating phy-
sician conducted and reported clinical evaluations of disease sever-
ity using the Iturriaga scale,”® cognitive performance using the
Neuropsychiatry Unit Cognitive Assessment Tool (NUCOG),”
and global functioning capacity using the Social and Occupational
Functioning Assessment Scale (SOFAS).”"

Statistical Analysis. We tested groups for age and sex differences
using an independent samples ¢ test and a y? test, respectively.
To compare ROI volumes between groups, we used the
ANCOVA test with total brain volume as a covariate and 5000
bootstraps. We used skull-stripped brain images as inputs for
FreeSurfer to improve the accuracy of segmentations. Therefore,
the total intracranial volume was not obtainable from the
FreeSurfer outputs. Total brain volume was calculated by the
summation of all gray and white matter volumes from the label
maps provided by FreeSurfer, to exclude any intracranial space
occupied by the CSF.

Voxelwise comparison of QSM between groups was con-
ducted using the Randomize tool in FSL (http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/Randomise/UserGuide), with age as covariate, 5000
permutations, and threshold-free cluster enhancement® family-
wise error rate correction.”® ROI-based between-group compari-
son of QSM was performed using ANCOVA, with age and vol-
ume of each ROI as covariates with 5000 bootstraps. To limit the
number of covariates in the statistical models and considering
that most of the QSM studies have not observed an effect of sex

4, . . . .
335 we did not include sex as a covariate in our

on brain iron,
models. In these analyses, correction for multiple comparisons
was performed using the Benjamini-Hochberg method,*® with a
false detection rate of 0.05. An @ = .05 was considered the signifi-
cance threshold. All the above statistical tests were performed
using SPSS (Version 24; SPSS Statistics for Mac; IBM).

As secondary analyses, we examined the partial correlation
between volume and QSM in the brain regions that showed a sig-
nificant difference between groups, controlling for the effect of age.
Furthermore, we explored the partial correlation between mean
QSM (controlling for age) and volume (controlling for total brain
volume) in the ROIs with clinical assessments. We conducted these
analyses using the Pearson correlation test. Data preparation, statis-
tical analyses, and data visualization were conducted using R Studio
(http://rstudio.org/download/desktop) 2021.09.0 Build 351 “Ghost
Orchid” Release® operating on R version 4.1.2, using the psych
2.1.9.% corrplot 0.92,> corx 1.0.6.1,%° tidyverse 1.3.1,* readxl 1.3,
ggplot2,* and dplyr 1.0.7** packages.

Data Availability. Data sets extracted from study participants’
MR imaging acquisitions will be shared by request from any
qualified investigator. Raw de-identified neuroimaging data can
be made available on requests from investigators, subject to
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Table 1: Demographic description and comparison of the study population

Voxelwise QSM Compatrison

Control (n = 14) NPC (n = 10) P Value In NPC, whole-brain voxelwise compari-
Age (mean) (SD) (yr) 32,6 (9.2) 331 (12) 92 son of QSM between groups showed
Sex (male/female) 6:8 46 89 clusters of significantly higher QSM in
i e (e o) NA 91(3) NA the posterior segment of the right (223
NUCOG (mean) (SD) NA 63.9 (18) NA ] " ¢ in Montreal
SOFAS (mean) (SD) NA 42 (227) NA VOXels, center of mass i vontrea
Miglustat dose NA 7 Patients taking 200 mg TID NA Neurological Institute 152 space: X =

Note:—NA indicates not applicable; TID, 3 times per day.
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FIG 1. Between-group comparison of volume in the ROIs. In the Tukey boxplots, the middle line
of each box indicates the median, upper and lower boundaries of the boxes show the upper and
lower quartiles, respectively; the upper and lower whiskers show the maximum and minimum
data points; and the cross signs indicate the mean in each group. Filled triangles represent data
points from patients with NPC who were not taking miglustat. Error bars indicate SDs. L indicates

left; R, right.

approval from the Human Research Ethics Committee and sign-
ing a data-sharing agreement.

RESULTS

Demographic, clinical, and neuroimaging data were analyzed from
all 10 individuals with NPC and 14 healthy control participants.
All patients with NPC had mutations in the NPCI gene. Seven of
10 patients in the NPC group were on active treatment with miglu-
stat. Data sets from all participants were complete and met the
required quality for analysis. Table 1 presents a summary of the de-
mographic and clinical information of the study population. Age
and sex were not statistically different between groups.

ROI Volumetric Comparisons

In individuals with NPC, the volume of the thalamus was signifi-
cantly lower bilaterally (left: 3846.4 versus 6861.1 mm?>, adjusted
P = 002, n°, = 0.85; right: 3964.6 versus 6866.3 mm’, adjusted
P =.002, nzp = 0.82), and there was a trend toward lower volume
in the left hippocampus (2916.7 versus 3741.7 mm?, adjusted P =
.08, nzp = 0.20). In all other ROIs, although average volumes were
lower in the NPC group, the differences were not statistically sig-
nificant (Online Supplemental Data and Fig 1).

172mm, Y = -287mm, Z =
3.37mm) and left (245 voxels, center of
mass in Montreal Neurological Institute
152 space: X = —172mm, Y =
—299mm, Z = 2.47mm) thalamus,
consistent with the anatomic location of
the pulvinar nucleus. Furthermore, we
observed a large cluster (30,764 voxels)
of lower QSM in the NPC group, spread

group across the white matter, including the

O control
A NPC (no miglustat)

tat) bilateral parietal lobes, corpus callosum,
A NPC (treated with miglustat)

and white matter surrounding the hip-
pocampi (Fig 2).

ROI-Based QSM Compatrison
Between-group comparison of mean
QSM values in the ROIs showed signifi-
cantly lower magnetic susceptibility in
the right hippocampus in the NPC
group after correction for multiple com-
parisons. In the other ROIs, we did not
find any significant difference between
groups. In the thalamus, despite the
presence of clusters with higher and
lower QSM, the mean QSM value was
not significantly different between groups
and was lower in NPC (Table 2).
Figure 3 provides representative QSM images from subjects in
the NPC and control groups. In Fig 4, treatment status with
miglustat is demonstrated on each of the data points. Due to the
limited number of patients in the treatment subgroups, statistical
analysis based on treatment status was not pursued. As a qualita-
tive observation, patients who were not treated with miglustat
showed higher QSM values in the thalamus compared with those
on treatment. Such a distinction was not noticeable in other ROIs
(Fig 4).

Correlation between QSM and Volume

The results are shown in Figure 5 for our exploratory test of cor-
relations between QSM and volume in the thalamus and hippo-
campus, 2 regions that showed a significant difference between
groups.

In the control group, a higher whole-ROI mean QSM value
was associated with higher volume in the left thalamus (r = 0.73;
95% CI, 0.19-0.93) and left hippocampus (r = 0.66; 95% CI,
0.05-0.91). In the NPC group, in contrast, these correlations were
not strong, and the confidence intervals contained the neutral
(zero) value. However, the mean QSM value of clusters within
the thalamus that showed significantly higher QSM compared
with controls (not the whole thalamus) correlated with a smaller
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higher QSM in NPC
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lower QSM in NPC
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FIG 2. Voxelwise between-group comparison of QSM. A, Lightbox axial view with 4-mm section spacing. The yellow-red spectrum indicates
clusters with higher QSM, and the blue-to-light blue spectrum shows clusters with lower QSM values in the NPC group compared with healthy
controls. B, A visualization of the thalamus with clusters that show significant between-group QSM difference. Red and blue indicate higher and
lower QSM in the NPC group compared with the control group, respectively. Clusters with increased QSM in NPC, depicted in red, are in the
posterior part of the thalamus, consistent with the anatomic location of the pulvinar nucleus.

Table 2: ROI-based between-group comparison of mean QSM
values with age and ROI volume as covariates

Control NPC FDR- Effect
(Mean) (SD) (Mean) Adjusted Size
ROI (ppb) (SD) (ppb) P Value (nzp)
Putamen
Left 17 (5) 17.01(9) 56 0.03
Right 15.6 (3.5) 15.8 (7.4) 79 0.003
Caudate
Left 22.6 (34) 2(77) 56 0.02
Right 22.2 (43) 204 (5.9) .63 0.01
Globus pallidus
Left 813(20.8)  951(23) 56 0.06
Right 84.9 (16.6) 1027 (19.5) 51 0.2
Thalamus
Left 2.4 (4) 22(6]) 31 01
Right 1.5 (3.5) 1(6.2) 56 0.04
Hippocampus
Left 1622  -82(36) 10 03
Right -19 (2.1) 57 (33) .04 0.2

Note:—ppb indicates parts per billion; FDR, false detection rate

volume of the whole thalamus bilaterally (left: » = —0.8; 95% CI,
—0.95to —0.34; right: r=—0.7;95% CI, -0.92 to —0.13).

Correlations between Neuroimaging and Clinical
Assessments

In the NPC group, QSM in the left hippocampus correlated
with the NUCOG score (r = 0.73; 95% CI, 0.13-0.94). In the
clusters within the left thalamus that showed significantly
higher QSM in NPC, mean QSM values were associated with
the Iturriaga disease severity score (r = 0.69; 95% CI, 0.1-0.92).
Volume in the thalamus and right hippocampus (ROIs with
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significant between-group volume differences) did not corre-
late with any of the clinical measures (Online Supplemental
Data).

DISCUSSION

In the present study, we used QSM MR imaging at ultra-high
field (7T) to examine brain iron in patients with NPC. QSM accu-
rately estimates magnetic susceptibility at a voxel level and pro-
vides an indirect measurement of iron, a strong paramagnetic
element with large positive magnetic susceptibility that increases
the QSM signal.*** In contrast, cholesterol and sphingomyelin,
which pathologically accumulate in the brain in NPC, have weak
negative magnetic susceptibility and reduce QSM.*” In the pres-
ence of abnormal lipid deposition that has an opposing effect on
QSM than iron, a finding of higher QSM in NPC indicates
greater iron content, but lower QSM in NPC can result from the
negative magnetic susceptibility of lipid aggregates along with
decreased, unchanged, or (slightly) increased iron. In the right
hippocampus and scattered areas within the white matter, QSM
was lower in the NPC group, consistent with the effect of lipid
accumulation. In the thalamus, however, QSM differences were
heterogeneous; while there was a widespread cluster of lower
QSM in the thalamus, there were bilateral foci of higher QSM in
the pulvinar nuclei, indicating a regional accumulation of iron.
Furthermore, the volume of the thalamus was markedly lower in
the NPC group.

Our secondary analyses demonstrated that excess iron in the
pulvinar is associated with a reduced volume of the thalamus in
the NPC group (Table 3). In the left pulvinar nucleus, iron con-
tent was also associated with higher disease severity scores. In
fact, disease severity showed greater correlation with QSM in the



control

FIG 3. Representative QSM images from control and NPC groups. Colored lines mark the borders
of segmentations labels: green, putamen; brown, caudate nucleus; red, thalamus; blue, globus

pallidus.
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thalamic iron distribution, suggested by
clusters of higher and lower QSM in
NPC, which might link iron to the neu-
ropathology of NPC. The pulvinar nu-
cleus, through its connectivity to the
visual cortical areas, is believed to play
an important role in the regulation of
visual attention and oculomotor func-
tions.” One of the characteristic neuro-
logic findings in NPC is supranuclear
vertical gaze palsy,”’ which we specu-
late could be associated with our find-
ing of increased iron concentration and
the previously reported atrophy in the
pulvinar nucleus.*®

The link between the NPC genotype
and our observation of a regional
increase in brain iron content can be
found in genetic studies. In NPC, in
addition to the mutation of the NPC
gene, coexisting upregulation of multiple
genes involved in iron homeostasis®
and diminished expression of ferritin'
have been reported. Ferritin is the main
intracellular iron storage, which seques-

ters and prevents iron from participating
group
O control
" A NPC (no miglustat)
/A NPC (treated with miglustat)

in reactions that generate oxidative stress.
These genetic alterations are potentially
associated with the elevated brain iron
and oxidative stress observed in animal
models of NPC.*'® While the abnormal
accumulation of cholesterol and sphingo-
lipids is believed to be the underlying
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FIG 4. ROI-based between-group comparison of mean QSM values. In the Tukey boxplots, the
middle line of each box indicates the median, upper, and lower boundaries of the boxes and
shows the upper and lower quartiles, respectively; the upper and lower whiskers show the maxi-
mum and minimum data points; and the cross signs indicate the mean in each group. Filled trian-
gles represent data points from patients with NPC who were not taking miglustat. Error bars
indicate SDs in the entire control and NPC groups. In the thalamus, patients with NPC who were
not taking miglustat had higher mean QSM values than those who were prescribed miglustat. L

indicates left; R, right.

left pulvinar cluster than with the volume of the thalamus
(Online Supplemental Data). Taken together, these findings point
to a preferential deposition of iron in the pulvinar nucleus in
association with disease severity and atrophy of the thalamus.
The thalamus is centrally involved by the pathology of NPC.
Previous structural studies have demonstrated the second highest
levels of neuronal loss in the thalamus in NPC, after the cerebel-
lum.">**** In the present study, in addition to the marked atro-
phy in the thalamus, we identified a marked heterogeneity in

pathologic mechanism for neurodegener-
ation in NPC, oxidative stress associated
with iron burden can be a mediating fac-
tor for neurotoxicity in this disorder.
QSM, in its current state, is unable to dif-
ferentiate various biologic forms of iron
such as ferritin-bound, neuromelanin, or
free labile iron (which contributes to oxi-
dative stress and cytotoxicity). Protein-
bound forms of iron (ferritin and neuro-
melanin) have stronger paramagnetic
properties and make the greatest contri-
bution to QSM signal. It is possible that
the higher QSM in the pulvinar nucleus
observed in this study partly or wholly originates from an elevation
in these stable forms of iron. However, an increase in protein-bound
iron would also be associated with or reflect an increase in labile
iron because the labile and protein-bound forms of iron exist in an
equilibrium in which an increase on either side elevates (or is causes
by the elevation of) the other side. By demonstrating regional accu-
mulation of iron in NPC using advanced in vivo neuroimaging, this
pilot study provides a promising approach for understanding the
neurobiologic changes in NPC that warrant further investigations.
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FIG 5. Pearson correlation between volume and QSM in the brain
regions that showed a difference in volume or QSM values between
groups. Cells containing correlation coefficients are color-coded
according to the value of the correlation coefficient. Blue indicates
negative correlation, and red indicates positive correlation. Color
intensities correspond to the value of the coefficient.

This knowledge has implications in the development of new thera-
peutic modalities for patients with NPC.

Miglustat is a glucosylceramide synthase inhibitor that is an
approved treatment for NPCI, for which it shows modest effi-
cacy. Seven of the 10 participants in the NPC group were on
active treatment with miglustat. Whereas this small number
precludes a subset analysis, we show these instances in the data
(Fig 3), in which patients who were not receiving miglustat
showed higher QSM values in the thalamus. It is unclear
whether miglustat would have an impact on the homeostasis of
iron in the brain. Considering its mechanism of action, treat-
ment with miglustat would be expected to increase QSM sec-
ondary to lower lipid accumulation, while in the thalamus,
patients who were not treated with miglustat had the highest
QSM values. Iron chelation has recently gained attention as a
potential medical treatment of neurodegenerative disorders
such as Alzheimer disease and Parkinson disease.”® In a previ-
ous animal study however, iron chelation with deferiprone did
not rescue a mouse model of NPC,>* so pharmacologic strat-
egies to correct the abnormal distribution of iron may need to
target iron trafficking indirectly.

This study has potential limitations. One limitation is the
small sample size, which restricted the power to observe statistical
significance in small-to-medium effect sizes. Considering the rar-
ity of the disorder, the small study population was expected, and
we tailored the statistical methods to limit the number of primary
comparisons to our central hypothesis, supported by previous
reports and our probing voxelwise analysis. However, we tested
the associations among regional iron, brain volume, and clinical
measures as secondary tests to inform future hypotheses and
investigations. Furthermore, we used an ultra-high-field MR
imaging scanner (7T), which enhances the magnetization of para-
magnetic particles, increasing the tissue-phase perturbation and
amplifying the detection power for smaller effect sizes of differ-
ence among groups compared with 3T or 1.5T scanners.

A second limitation is the inability of our QSM method to
estimate paramagnetic and diamagnetic contributions of iron
and lipid moieties to the QSM signal. Such a distinction would
allow us to detect potential alterations in iron distribution that
could be masked by the abnormal lipid accumulation in NPC.
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Recently, new methods have been proposed to enable the decom-
position of positive and negative magnetic susceptibility sour-
ces.””> However, in our experience, we found the biexponential
model that aims to disentangle positive and negative susceptibilities
to be mathematically unstable, and we were not able to incorporate
it into our QSM pipeline.

CONCLUSIONS

The present study provides in vivo evidence consistent with pre-
vious human and animal reports suggesting the disturbance of
brain iron in NPC, in association with clinical features and struc-
tural brain changes. Further studies are required to investigate a
potential link between iron dysregulation and neurodegeneration
of NPC, ideally using a longitudinal design. Uncovering a possi-
ble role for iron in the neurotoxicity of NPC can be an avenue for
treatment of individuals with NPC.
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