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Abstract

Purpose—To identify quantitative MRI parameters associated with diffusion tensor imaging
(DTI) and fast bound-pool fraction imaging (FBFI) that may detect alterations in gray matter
and/or white matter in adults with Fabry disease, a lysosomal storage disorder.

Materials and Methods—Twelve healthy controls (mean age + standard deviation: 48.0+12.4
years) and ten participants with Fabry disease (46.7+£12.9 years) were imaged at 3.0 T. Whole-
brain parametric maps of diffusion tensor metrics (apparent diffusion coefficient (ADC) and
fractional anisotropy (FA)) and the bound-pool fraction (f) were acquired. Mean voxel values of
parametric maps from regions-of-interest within gray and white matter structures were compared
between cases and controls using the independent t-test. Spearman’s rho was used to identify
associations between parametric maps and age.

Results—Compared to controls, the left thalamus of Fabry participants had an increase in FA
(0.29+0.02 vs. 0.33+0.05, respectively; p=0.030) and a trend towards an increase in ADC
(0.73+00.02 vs. 0.76+0.03 um?/s, respectively; p=0.082). The left posterior white matter
demonstrated a reduction in f (10.45+0.37 vs. 9.00£1.84 %, respectively; p=0.035), an increase in
ADC (0.78+0.04 vs. 0.94+0.19 pm?/s, respectively; p=0.024), and a trend towards a reduction in
FA (0.42+0.07 vs. 0.36+0.08, respectively; p=0.052). Amongst all parameters, only f measured in
the left posterior white matter was significantly associated with age in Fabry participants (rho=
-0.71, p=0.022).

Conclusions—Parameters derived from DTI and FBFI detect Fabry-related changes in the adult
human brain, particularly in the posterior white matter where reductions in myelin density as
measured by FBFI appear age related.
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(801) 587-7690, Hunter.Underhill@hsc.utah.edu.
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INTRODUCTION

Fabry disease is an X-linked lysosomal storage disorder caused by mutations in the GLA
gene that result in a deficiency of the enzyme alpha-galactosidase A (1). Qualitative MRI
studies initially identified T2-weighted lesions attributable to small vessel disease occurring
in both gray matter (GM) and white matter (WM) structures in hemizygous males with
Fabry disease (2). Also in hemizygous males, a T1-weighted hyperintensity in the pulvinar
was described as distinctly characteristic to Fabry disease (3). In subsequent studies,
macroscopic WM lesions (WMLs) apparent on qualitative MRI sequences (e.g. T2WI,
FLAIR, magnetization transfer [MT]) were identified in both hemizygous males and
heterozygous carrier females at a similar frequency with reports ranging from 30% to 100%
in both genders (4-7). Microstructural WM changes identified via diffusion-based
quantitative MRI techniques (i.e. diffusion tensor imaging, DTI) have also been identified in
both genders with and without coexisting WMLSs (8). Monitoring structural changes in Fabry
disease is essential since alterations may herald stroke, a life-threatening complication in
Fabry disease (9). In addition, the effects of enzyme replacement therapy on the central
nervous system in Fabry disease remain ambiguous and some studies have suggested that
WMLs may continue to develop regardless of therapy (4, 10). Accordingly, the
identification of parameters that quantify GM and WM structure may prove valuable in
understanding the natural history of the disease and for evaluating the effects of therapy.

Fast bound-pool fraction imaging (FBFI) is a quantitative MRI technique based on the two-
pool model of magnetization transfer (MT) where the bound-pool fraction (f) represents the
quantity of protons bound to macromolecules relative to protons bound to water (i.e. the free
pool, 1-f) (11). The acquisition of whole-brain voxel-based measurements of f was made
time-efficient by identifying constraints for the other parameters in the two-pool model of
MT (k, transfer rate constant; ToF and T8, transverse relaxation time of the free- and bound-
pools, respectively), thus reducing the number of Z-spectra data points necessary for
parameter fitting and substantially reducing overall scan time (12). The rapid acquisition of
the bound-pool fraction was then correlated to histological findings and a strong association
with myelin density was identified (12). Notably, f had been previously compared to
parameters derived from DTI (i.e. apparent diffusion coefficient, ADC; fractional
anisotropy, FA) and found to provide complementary information in WM due to a relative
insensitivity to fiber coherence (13, 14). Subsequently, f and diffusion-based parameters
have been used for detecting changes in myelin associated with multiple sclerosis (15). In
this study, we sought to identify quantitative MRI parameters associated with DTI and FBFI
that may detect alterations in gray matter (GM) and/or WM in adults with Fabry disease.
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Participant Group
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Male and female individuals with Fabry disease were recruited locally through the
Lysosomal Storage Disorders program at the University of Washington. A control group of
healthy volunteers with no history of neurological disease (e.g. stroke, brain tumor,
neurodegenerative diseases such as multiple sclerosis, etc.) was recruited to match age and
gender of the Fabry cohort. Prior to imaging, all participants were provided a standardized
MRI screening questionnaire and participants were excluded if found to be MRI
incompatible (e.g. brain aneurysm clip, claustrophobia). Clinical information on participants
with Fabry disease was obtained through chart review. The study was approved by the
institutional review board prior to study initiation. All participants gave their written
informed consent. From September 4, 2013 to March 1, 2014, 11 participants with Fabry
disease and 12 healthy controls received an MRI.

MR Imaging Protocol

Participants were imaged on a whole-body 3.0 T MRI scanner (Achieva, Philips Medical
Systems, Best, Netherlands) using a quadrature transmit/receive head coil (Philips Medical
Systems).

Bound-pool fraction maps were obtained using a whole-brain 3D spoiled gradient echo
(SPGR) MT sequence (TR/TE = 43/4.6 ms, a = 10°) utilizing a single-lobe saturation pulse
with Gaussian apodization (duration = 19 ms, nominal effective flip angle = 900°) to acquire
three Z-spectroscopic data points with offset frequencies (A) of 4, 8, and 96 kHz. The
variable flip angle (VFA) method to obtain necessary Ry maps for parameter fitting was
implemented with a 3D SPGR sequence (TR/TE = 20/4.6 ms) with a = 4, 10, 20, and 40°.
Both the MT and VFA protocols were acquired with a field-of-view (FOV) = 224x224x120
mm3, matrix = 112x112x60, acquisition resolution = 2.0x2.0x2.0 mms3 (zero interpolated to
1.75x1.75x2.0 mm?3), one signal average, and half Fourier factor = 0.625. To correct for By
and B4 heterogeneity, whole-brain By and B; maps were obtained using the dual-TE phase
difference method (16) and the actual flip-angle imaging method (17), respectively. The By
data was acquired with a 3D SPGR sequence (TR/TE = 20/4.6 ms, delta TE =1 ms, a = 10°)
using a FOV = 224x224x120 mm3, matrix = 76x50x30, acquisition resolution =
2.95x4.48x4.0 mm3 (zero-interpolated to 1.75x1.75%2.0 mm3), and one signal average. The
B, data was acquired with a 3D SPGR sequence (TR{/TRy/TE = 25/125/4.6 ms. a = 60°)
using a FOV = 224x224x120 mm3, matrix = 64x42x15, acquisition resolution =
3.5%5.33%x8.0 mm3 (zero-interpolated to 1.75x1.75%2.0 mm?3), and one signal average.

DTI utilized a single-shot 2D spin-echo echo-planar sequence with TR/TE = 9500/64 ms, a
=90°, EPI factor = 111, 32 gradient directions, half Fourier factor = 0.6, and two b-values of
0 and 1000 s/mm?. Images were acquired with FOV = 224x224 mm?2, matrix = 112x111, in-
plane resolution = 2.0x2.0 mm? (zero-interpolated to 1.75x1.75 mm2), slice thickness = 2.0
mm, 60 slices, and one signal average.
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All sequences were obtained in the transverse plane with the same FOV using zero
angulations in all planes relative to the scanner gantry. The total scan time for the entire
imaging protocol was about 25 minutes.

Image Processing

Bound-pool fraction maps (f maps) were constructed consistent with a previously described
methodology (12) that utilizes the matrix model of magnetization transfer (18) for single
parameter determination of f. Briefly, R; maps were used to define R;F and reconstructed
from the VVFA data after voxel-based B, corrections were applied to a. In the MT data, the A
= 96 kHz Z-spectra images were used to normalize the A = 4 and 8 kHz data points and
voxel-based By and B corrections were applied to A and a, respectively, during voxel-based
fitting for f. Figure 1 outlines the combination of images necessary for production of f maps.
In addition, there were four cross-relaxation parameters (k, ToFR;F, T,B, and R;B) that
required constraints for isolated determination of f. The parameters k, ToFR;F, and T,B were
constrained to 29 x f/(1-f) s71, 0.030, 10.7 ps, respectively, as previously determined (12).
R;B, the longitudinal relaxation of the bound-pool, was set to a fixed value of 1 571 by
convention (13, 18-20). Image processing dedicated to whole-brain voxel-based
determination of f was performed using in-house written Matlab (The Mathworks, Natick,
MA) and C/C++ language software.

Diffusion-weighted images were processed using DTIStudio software (Version 3.0.3, Johns
Hopkins University). Whole-brain ADC and FA maps were calculated using the default
options in DTIStudio. A 3x3 median filter was applied in the axial plane to all parametric
maps (f, ADC, and FA) after reconstruction to minimize noise during parameter fitting
resulting from effects of misregistration and noise present in the original images.

Image Analysis

Supratentorial GM and WM structures were identified based on their anatomical location
using reference atlases (21, 22). Relatively large structures present on two adjacent slices
were selected for analysis to: 1) minimize partial-volume effects related to both in- and
through-plane resolution; and 2) minimize effects associated with misregistration between
DTI and FBFI parametric maps. Using tissue-contrast properties of DTI and FBFI
parametric maps described in the literature (18, 23) coupled with the anatomic locations
identified from the reference atlases, a region-of-interest (ROI) was manually outlined in
two adjacent slices within each structure and the mean value for each parametric map was
recorded as previously described (13). Manual registration was used for each structure to
similarly position ROIs in both f and diffusion-based parametric maps. Data collected from
each ROI and manual registration was done using in-house written Matlab software. Data
collected from a single reviewer was used during statistical analysis of the comparison
between Fabry participants and controls. To establish reliability of measurements, a second
reviewer using the same methodology independently placed ROIs on both f and diffusion-
based parametric maps.
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Statistical Analysis

For Fabry patients, clinical categorical variables are presented as percentages. For clinical
continuous variables and each anatomic structure evaluated, means and standard deviations
(SDs) were calculated for each group. The student’s independent t-test assuming equal or
unequal variance based on Levene’s test was used to compare mean values between cases
and controls. Spearman’s rho was used to identify correlations between continuous
variables. The intraclass correlation coefficient (ICC) was used to evaluate reproducibility.
Statistical analyses were performed with SPSS for Windows (Version 12.0, SPSS, Chicago,
Illinois). Statistical significance was defined as P<0.05.

RESULTS

Participant Characteristics

Of the 23 participants enrolled in the study, one (4.3%) did not have usable images
secondary to severe image distortion most likely attributable to dental work. The results
presented here are from the remaining 22 participants (N = 12 controls, N = 10 cases). The
mean (£SD) age between the control group (48.0+12.4 yrs; range: 30.3 — 66.0 yrs) and
Fabry participants (46.7+£12.9 yrs; range: 25.8 — 65.5 yrs) was similar (p = 0.80). Both
groups were 50% female. All participants were Caucasian.

GLA mutations for the Fabry participants are summarized in Table 1. There were 8 different
mutations in the 9 Fabry participants with an identified GLA mutation. The lone Fabry
participant without a known mutation had not undergone genetic testing but was an obligate
Fabry carrier based on family history and had an enzyme activity from a skin biopsy of 8.9
nmol/hr/mg protein (normal range: 20.5 — 33.8 nmol/hr/mg protein). Clinical characteristics
of the Fabry participants are detailed in Table 2. Seven (70%) of the Fabry participants were
on enzyme replacement therapy.

Imaging Findings
Figure 2 identifies the anatomic locations with sample ROIs on f maps utilized for
comparison between cases and controls along with corresponding images from the diffusion-
based parametric maps. The comparison between cases and controls for each anatomic
structure is detailed in Table 3.

In GM structures, the head of the caudate bilaterally demonstrated significant increases in
FA (right, p = 0.035; left, p = 0.013) in Fabry disease participants compared to controls. In
the thalamus, there was a significant increase in ADC on the right (p = 0.013) and a trend
towards an increase on the left (p = 0.082). The left thalamus also demonstrated a significant
increase in FA (p = 0.030). Boxplots for the head of the caudate and thalamus are presented
in Figure 3. While the differences in the head of the caudate were not visually apparent on
diffusion-based images (Figure 2), alterations in the thalamus, particularly in FA, were
identifiable (Figure 2).

In WM structures, the posterior WM demonstrated significant reductions in the bound-pool
fraction (right, p = 0.017; left, p = 0.035; Table 3). In the posterior white matter, there was
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also a significant increase in ADC on the left (p = 0.024) and a trend towards an increase on
the right (p = 0.054). FA demonstrated a trend (p = 0.052) towards an increase in Fabry
participants on the left (Table 3). Boxplots for each parameter in the posterior WM are
presented in Figure 4.

Age Related Changes

In a post-hoc analysis, associations between parametric values and age were explored for the
structures demonstrating a substantial difference between cases and controls detailed in the
preceding section. In the WM of Fabry participants there was a significant inverse
correlation between f in the left posterior WM and age in Fabry participants (rho = -0.71, p
=0.022; Figure 5). Figure 6 depicts the gradual decrease in f with age in the left posterior
WM in Fabry disease. No additional associations were statistically significant although there
was a strong trend towards an increase in FA in the right thalamus (rho = 0.62, p = 0.054;
Table 4).

Reproducibility

Comparison of GM and WM mean ROI f map values identified a strong agreement between
reviewers in both Fabry participants (ICC > 0.99; p < 0.001) and controls (ICC > 0.99; p <
0.001). Similarly, there was strong agreement between reviewers comparing ADC ROI data
from Fabry participants (ICC = 0.95; p <0.001) and controls (ICC = 0.99; p < 0.001). There
was also strong agreement in mean ROI values from FA maps between reviewers from
Fabry participants (ICC > 0.99; p < 0.001) and controls (ICC > 0.99; p < 0.001).

DISCUSSION

In this case-control study, differences in GM and WM structures in Fabry participants were
identified using quantitative MRI techniques. DTI identified changes in the thalamus
consistent with an increase in restricted diffusion associated with Fabry disease. Both DTI
and FBFI detected changes in WM, particularly the posterior WM, indicative of loss of fiber
coherence and demyelination, respectively. Notably, the reduction in the bound-pool
fraction (i.e. myelin density) in the posterior WM was strongly associated with age in Fabry
disease. Although promising, these observations should be considered with caution. This is a
pilot study and the small sample size may not fully encompass the range of disease effects
and the predominant anatomic locations of change described in this study may be sample
specific. Nevertheless, the findings described herein provide compelling evidence that
quantitative imaging techniques such as DTI and FBFI may yield meaningful structural
information to study the natural history of Fabry disease in the brain and to also determine
the neurological efficacy of therapeutic interventions.

Previous DTI-based imaging studies of Fabry disease have reported variable results
regarding differences between Fabry patients and healthy controls. Initially, studies largely
found either a global increase or elevation in ADC, but not FA, located in the frontal,
parietal and temporal WM (24-26). More recently, Paavilainen et al. reported alterations in
ADC in the WM of Fabry patients with only a mild WML load (8). They also noted an
increase in FA in the thalamus (8). Consistent with Paavilainen et al., we found changes in
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WM in diffusion-based parameters. We similarly identified diffusion-based changes in the
thalamus consistent with an increase in restricted diffusion. The location of these changes
did not necessarily include the pulvinar, which studies originally associated with an
increased T1-weighted signal in Fabry patients (27). Notably, a more recent investigation by
Burlina et al. found the pulvinar sign in <14% of Fabry patients all of which were male with
severe kidney involvement (28). Nevertheless, based on a growing collection of DTI
findings, the thalamus may be a location of interest to monitor in future imaging
investigations of Fabry disease.

The etiology of changes in the brain associated with Fabry disease remains unclear.
Common hypotheses include endothelial dysfunction driven by glycosphingolipid
deposition that leads to vascular dysregulation, occlusion, or both (29, 30). Autopsy results
with associated imaging findings from a single patient with Fabry disease described changes
beyond ischemia that included axonopathic leukoencephalopthy due to multisegmental
hydropic swelling of axons in the bilateral deep cerebral WM (31). Importantly, it was noted
that the swollen axons remained coated with myelin sheaths (31). Axonal swelling alters
myelin density, which would decrease the bound-pool fraction since f strongly corresponds
to myelin density (12). In addition, the glycolipid deposition in the cerebral
microvasculature associated with Fabry disease would also decrease the measured bound-
pool fraction as lipids do not contribute to the MT effect (32). The accumulation of edema
would also alter both DT1 and FBFI due to loss of fiber coherence and an influx of free
protons (i.e. protons bound to water), respectively. Although some of these observations
may support the signal changes observed in Fabry disease, particularly in WM, additional
autopsy-based studies coupled to imaging would enable a more comprehensive
understanding of the effects of Fabry disease on both GM and WM.

The extent of WM disease appeared to increase in severity with age and was extensive in a
number of participants with Fabry disease. Associations with age, particularly in regards to
increasing quantity and volume of WMLSs, have been well described in Fabry disease (2, 6,
33, 34). In addition, Moore et al. has previously described Fabry patients with
leukoencephalopathy equivalent in severity as that depicted in our study (35). Although the
Fabry participants in the present study displayed many clinical symptoms associated with
Fabry disease, none of the participants without a history of stroke exhibited gross
neurological deficits, which is consistent with the patient characterization provided by
Moore et al. In a case-control study that included 25 Fabry patients, Schermuly et al. sought
associations between brain MRI and neuropsychological, psychiatric, pain, and quality of
life assessments (34). In a subgroup of seven patients with WML volumes two standard
deviations above the mean, only phasic alertness amongst 17 parameters measured was
significantly different compared to controls after correcting for depression severity (34), a
well-documented psychiatric complication of Fabry disease (36). We can only speculate as
to why the vast changes in WM identified in Fabry disease cause minimal clinical impact.
The absence of an observed neuropsychological effect beyond depression may be in part
related to previous studies (34) analyzing overall disease burden rather than subcategorizing
lesions based on anatomic location. Alternatively, neuroplasticity may have a role as the
age-related changes identified in the present study suggest an insidious process rather than a
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single acute event may be a principle driver of Fabry-related changes in WM. Future Fabry
studies would benefit from serial quantitative imaging to monitor temporal changes in the
microstructure (e.g. axial diffusivity and radial diffusivity) and myelin density in specific
WM structures in coordination with serial neuropsychological testing targeted to the lesion
site to more fully characterize associations between Fabry disease and functional and
cognitive sequelae.

A limitation of this study is the sample size. A larger sample population would enable more
complex statistical analyses to evaluate for effects of enzyme replacement therapy, gender,
and other demographic data on the imaging findings. In addition, the small sample size
coupled with the number of statistical tests performed raises the possibility of a Type | error
in the presented data given the observed p-values. However, the broad age range and
observed age-related changes led to a distribution of data from Fabry disease participants
that spanned normal values to highly abnormal values. This spread in the data weakened the
statistical analysis due to relatively large standard deviations in the Fabry disease group.
Differences between Fabry participants and healthy controls may have been greater if only
an older population was sampled. Future studies that seek to increase the sample size or
target a specific demographic in Fabry disease may require a multi-center design as the
prevalence of the disease in the general male population with a mixed ethnic background is
approximately 1 in 7,800 (37). As such, the accessibility of FBFI merits consideration.
Aspects of the FBFI acquisition, specifically variable offsets and power associated with the
Z-spectroscopy acquisition, may not be available at all sites. However, the standard 3D
magnetization transfer GRE sequence currently utilized on clinical scanners can be readily
adapted for this purpose with only minor technical support. An additional limitation of this
study is that qualitative images (e.g. T2-weighted, FLAIR) were not acquired for
comparison to the quantitative images to determine if changes in GM and WM were
occurring beyond regions of abnormal signal intensity on conventional clinical images.
Future studies should integrate both qualitative and quantitative imaging to determine if
quantitative imaging improves detection of alterations to GM and WM.

In conclusion, DTI and FBFI are complementary quantitative MRI techniques that are based
on the mechanical and chemical properties of tissue, respectively. This study demonstrates
the feasibility of using these techniques for detecting changes in GM and WM associated
with Fabry disease. Both the thalamus and the posterior WM may be anatomic locations that
merit monitoring for disease progression and response to therapy during future prospective
investigations. Prospective investigations are also necessary to determine the clinical utility
of using DTI and FBFI to predict disease progression and risk of stroke based on
quantitative imaging results.
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Requisite images from a control participant (male, 29 years) for voxel-based production of f
maps. VFA and Z-spectra acquisition flip angles (a) are corrected with B; maps during
calculation of Ry maps and f maps, respectively. The production of f maps also requires
correction of Z-spectra offset frequencies (A) with By maps and utilization of R; maps.
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Control

Figure 2.
Axial images from two participants with Fabry disease (Fabryq, female, 53 years; Fabrys,

male, 49 years) and a control participant (female, 59 years). Anatomic structures are
identified in f maps for the control participant with representative ROIs (A). In the
participants with Fabry disease, there is a substantial reduction in the bound pool fraction
(A, white arrow heads). An increase in ADC (B) is present in corresponding anatomic
locations. White matter changes in the Fabry participant may be less apparent in the
fractional anisotropy (FA) images (C) due to heterogenous fiber direction in some structures
such as the posterior white matter (PWM) and corona radiata (CR). In gray matter,
particularly the left thalamus, there is evidence of increased restricted anisotropy on FA (C,
white arrows) in the Fabry participant. CCG = corpus callosum, genu; CCS = corpus
callosum, splenium; FWM = frontal white matter; HC = head of caudate; TH = thalamus
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Boxplots for the head of caudate (A, B) and thalamus (C, D). All boxplots are of FA except
for C, which is of ADC. To compare the spread of data, scaling for each parameter is
identical to the scaling in Figure 4.
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Boxplots for the posterior white matter, right (top row) and left (bottom row). Note the large
spread of bound pool fraction data in the left posterior WM in participants with Fabry

disease (D).
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Scatter plots of age vs. bound pool fraction in the left posterior white matter. Solid black/
gray lines represent a regression line through corresponding black/gray data points. In (A),
there is a reduction of myelin density with age in Fabry participants (black circles)
compared to controls (gray squares) that is also present regardless of gender (B). The black
arrows (B) identify Fabry participants with a history of stroke.
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Figure 6.
Axial bound-pool fraction maps (f maps) from participants with Fabry disease. There is

evidence in the left posterior white matter for a gradual decrease in myelin density (white
arrows) with age that may be more apparent on corresponding color maps (a-c, black
arrows). Specifically, there is a trend from yellow/red towards light and dark blue with
increasing age.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Underhill et al.

Table 1
Summary of known GLA mutations in Fabry participants

DNA Protein N
c.816C>A p.N272K 2
€.809T>C p.V269A 1

C.7365A>G p.A156T 1
€.1042dupG  p.A348GfsX27 1
€.334C>T p.R112C 1
c.26delA - 1
c.125A>G p.M42v 1
c.751G>T p.E251X 1
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Table 2
Clinical characteristics of Fabry participants
Presentin  Presentin
(NP_relsg)n t[y Males Females Range of Symptoms
=7 (N=5),% (N=5),%
Bradycardia, LVH,
Cardiac 80 100 60 Artiythmia asng andor
ECG, RBB
Gastrointestinal 80 60 100 Nagz%as,ﬁDp;ir(r)r:]ea,
Acroparesthesias 70 100 40
Tinnitus 70 60 80
Kidney transplant
Renal 50 60 40 (N =1, male),
Proteinuria
Angiokeratomas 40 60 20
Stroke 30 60 0
Hypohydrosis 30 60 0

LVH = left ventricu

lar hypertrophy, RBB = right bundle-branch block
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Page 21

Mean£SD (inter-subject) values for bound-pool fraction and diffusion parameters for
both gray and white matter structures

Fabry Control p-value
Gray Matter
Head of Caudate, Right
f,% 5.33+0.24  5.44+0.49 0.513
ADC, um%s  0.79+0.08  0.77+0.04 0.365
FA  0.23+0.06  0.18+0.04 0.035
Head of Caudate, Left
f,% 5.50+0.56  5.51+0.37 0.963
ADC, um%s  0.79+0.11 0.76+0.05 0.526
FA  0.22+0.06  0.18+0.03 0.013
Thalamus, Right
f,%  7.02+0.34 7.23+0.45 0.247
ADC, um%s  0.77+0.03  0.74+0.02 0.013
FA  0.32+0.06  0.30+0.03 0.224
Thalamus, Left
f,%  7.18+0.45 7.3240.35 0.408
ADC, um%s  0.76+0.04  0.73+0.02 0.082
FA  0.33+0.05  0.29+0.02 0.030
White Matter
Corpus Callosum, Genu
f,% 11.73+0.43 11.86+0.67  0.622
ADC, um%s  0.79+0.05  0.80+0.04 0.603
FA  0.77+0.04  0.76+0.05 0.376
Corpus Callosum, Splenium
f,% 12.87+0.95 12.65+0.65 0534
ADC, um%s  0.86+0.04  0.87+0.05 0.893
FA  0.71+0.04  0.72+0.07 0.628
Posterior WM, Right
f,% 9.46+0.92 10.26+0.47  0.017
ADC, um%s  0.86+0.11 0.78+0.04 0.054
FA  0.41+0.07 0.44+0.06 0.194
Posterior WM, Left
f,% 9.00+1.84 10.45+0.37  0.035
ADC, um%s  0.94+0.19  0.78+0.04 0.024
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Fabry Control p-value
FA  0.36+0.08 0.42+0.07 0.052
Frontal WM, Right
f,% 10.82£0.52 11.34+0.95 0.141
ADC, um%s  0.80+0.05 0.78+0.04 0.230
FA  0.37+0.02 0.37+0.04 0.643
Frontal WM, Left
f,% 11.61+1.32 11.9740.80 0.444
ADC,um%s  0.81+0.07  0.78+0.03  0.305
FA  0.35+0.03 0.35+0.03  0.585
Corona Radiata, Right
f,% 9.92+0.62 10.36+0.61  0.110
ADC,um%s  0.81+0.09  0.75+0.03  0.064
FA  0.38+0.05 0.39+0.04  0.468
Corona Radiata, Left
f,% 9.85+1.43 10.69+0.44  0.106
ADC,ym?%s 0.83+0.15  0.74+0.02  0.103
FA  0.37+0.05 0.39+0.05 0.384

FA = fractional anisotropy; WM = white matter

Bold values indicate statistical significance (p < 0.05)
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Table 4
Spearman’s rho (p-value) between age and parametric maps

f ADC FA
Fabry Control Fabry Control Fabry Control

Head of

030  -029 014 0.19

Caudat - -
Rf‘g“hta €, (0.405)  (0.354) (0.701)  (0.557)
Head of B 002 -032 024 027

: (0.960) (0.308) (0.511)  (0.404)
Left
Thalamus, _ _ 0.06 -0.15 0.62 -0.29
Right (0.881)  (0.633)  (0.054)  (0.366)
Thalamus, _ _ 0.26 0.02 0.48 -0.47
Left (0.467)  (0.948) (0.162)  (0.124)
Posterior -0.41 -0.14

WM, Right  (0.244)  (0.665)

Posterior ~ -071 0175 053  -0.05  -044  0.05
WM, Left  (0.022) (0.587) (0.117) (0.863) (0.200)  (0.880)

ADC = apparent diffusion coefficient; FA = fractional anisotropy; WM = white matter

Bold values indicate statistical significance (p < 0.05)
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