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Abstract
Aim of the study was to evaluate the presence of Default Mode Network (DMN) modifications in

Fabry Disease (FD), and their possible correlations with structural alterations and neuropsychologi-

cal scores. Thirty-two FD patients with a genetically confirmed diagnosis of classical FD (12 males,

mean age 43.3612.2) were enrolled, along with 35 healthy controls (HC) of comparable age and

sex (14 males, mean age 42.1614.5). Resting-State fMRI data were analyzed using a seed-based

approach, with six different seeds sampling the main hubs of the DMN. Structural modifications

were assessed by means of Voxel-Based Morphometry (VBM) and Tract-Based Spatial Statistics

analyses. Between-group differences and correlations with neuropsychological variables were

probed voxelwise over the whole brain. Possible correlations between FC modifications and global

measures of microstructural alteration were also tested in FD patients with a partial correlation

analysis. In the FD group, clusters of increased functional connectivity involving both supratento-

rial and infratentorial regions emerged, partially correlated to the widespread white matter (WM)

damage found in these patients. No gray matter volume differences were found at VBM between

the two groups. The connectivity between right inferior frontal gyrus and precuneus was signifi-

cantly correlated with the Corsi block-tapping test results (p5 .0001). Widespread DMN changes

are present in FD patients that correlate with WM alterations and cognitive performance. Our

results confirm the current view of a cerebral involvement in FD patients not simply associated to

major cerebrovascular events, but also related to significant and diffuse microstructural and func-

tional changes.
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1 | INTRODUCTION

Fabry disease (FD) is a rare X-linked metabolic disorder caused by a

deficiency in the lysosomal enzyme a-galactosidase A (Germain, 2010),

which causes an accumulation of the incompletely catabolized sub-

strate, globotriaosylceramide (Gb3), in a variety of cell types and organs

throughout life. This accumulation leads to multiorgan pathology that

most seriously affects the kidneys, heart, and the cerebrovascular

system.

Cerebral involvement is common in FD, mainly caused by endothe-

lial accumulation of Gb3 causing cerebrovascular complications

(Kolodny et al., 2015). The resulting cerebral vasculopathy includes

stroke, which is the most prevalent cerebrovascular event in FD (Sims,

Politei, Banikazemi, & Lee, 2009), with a prevalence of up to 7.0% in

Fabry patient registries, and white matter (WM) lesions, often clinically

asymptomatic in these patients (Fellgiebel et al., 2006a).Sirio Cocozza and Giuseppe Pontillo contributed equally to this study.
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Neuropsychological symptoms are common in FD, in particular

depression, reported to be clinically significant in up to 50% of the

patients (Cole et al., 2007). Furthermore, existing data suggest an

impairment in executive functioning, information processing speed and

attention, although with a preservation of global cognitive functioning

(Bolsover, Murphy, Cipolotti, Werring, & Lachmann, 2014).

Resting-state functional MRI (RS-fMRI) analysis allows to demon-

strate the presence of preferential functional connectivity (FC)

between specific cerebral structures, which are organized in stable and

simultaneously operating networks. Among these networks, a central

role is played by the so-called Default Mode Network (DMN) (Raichle,

2015), which is involved in the coordination of sensorimotor and cogni-

tive goal-directed activities, and in functions related to “mind wander-

ing,” so that it has been proposed to play an adaptive role in internal

mentation (Andrews-Hanna, 2012). Abnormalities of the DMN,

detected by the analysis of RS-fMRI data, have been demonstrated in

several disorders, such as Alzheimer’s disease (Vemuri, Jones, & Jack,

2012), Parkinson’s disease (Prodoehl, Burciu, & Vaillancourt, 2014),

depression (Dutta, McKie, & Deakin, 2014), Huntington’s disease

(Quarantelli et al., 2013), schizophrenia (Argyelan et al., 2014), and epi-

lepsy (Cataldi, Avoli, & de Villers-Sidani, 2013).

To the best of our knowledge, no studies have been performed to

evaluate the integrity of the DMN in FD, a condition in which FC alter-

ations of the motor cortex have been recently reported (Cocozza et al.,

2017). Therefore, we aimed to assess in these patients the DMN sta-

tus, simultaneously investigating the possible association of macro-

structural modifications in the gray matter (GM) by means of Voxel-

Based Morphometry (VBM), and of microstructural modifications of

the WM by means of Tract-Based Spatial Statistics (TBSS), as well as

possible correlations with neuropsychological scores.

2 | MATERIAL AND METHODS

2.1 | Participants

From October 2015 to May 2016, 32 patients with genetically proven FD

and 35 healthy controls (HC) of comparable age and sex were enrolled. To

avoid the confounding effect of cerebrovascular events, participants with

neither stroke nor transient ischemic attacks were not included in this study.

A subgroup of 20 FD patients underwent, within 1 week from the

MR scan, a neuropsychological examination of different cognitive func-

tions, including mini mental state evaluation (MMSE), Rey Auditory

Verbal Learning Test (RAVLT), Corsi block-tapping test (CBTT), and

attentional matrices (AM), as measures of general cognition, immediate

and delayed verbal memory, visual memory, and attention, respectively.

Demographic and clinical information of enrolled subjects are listed

in Table 1.

2.2 | Standard protocol approvals, registrations, and

patient consents

This study was approved by the local Ethics Committee, and all sub-

jects gave informed written consent.

2.3 | MRI data acquisition

MRI studies were performed on a 3 Tesla MRI scanner (Trio, Siemens

Medical Systems, Erlangen, Germany). The following sequences were

acquired in all subjects: a FLAIR sequence used for the assessment of

the WM hyperintensities (WMH) load (TR56,000 ms; TE5396 ms;

TI52,200 ms; Flip Angle51208; voxel size51 3 1 3 1 mm3; 160

sagittal slices); a structural T1w volumes acquired using a three-

dimensional Magnetization-Prepared RApid Gradient-Echo sequence

(MPRAGE; TR51,900 ms; TE53.4 ms; TI5900 ms; Flip Angle598;

voxel size51x1x1 mm3; 160 axial slices) for the assessment of brain

atrophy using a VBM analysis; T2*-weighted volumes acquired using

an echo-planar imaging sequence (TR52,500 ms; TE540 ms; 64 3

64 acquisition matrix; voxel size53 3 3 3 4 mm3; gap 1 mm; 200

time points; 30 axial slices) used for the RS-fMRI analysis.

Furthermore, in all HC and in 20 FD patients DTI data were

acquired using an echo-planar imaging sequence (TR57,400 ms;

TE588 ms, 64 directions uniformly distributed in three dimensional

space; B-factors 0 and 1,000 s/mm2, 9 B0 images equally spaced

throughout the DTI acquisition, voxel size52.2 3 2.2 3 2.2 mm3, 60

axial slices) for the TBSS analysis.

2.4 | MRI data analysis

The load of WMH was rated according to a recent multicenter MR

study on FD (Fazekas et al., 2015), summing two scores, each ranging

from 0 to 3, respectively, for WMH in periventricular and deep hemi-

spheric WM.

TABLE 1 Participants’ demographic and clinical variables

HC FD

Age (mean6 SD) 42.1614.5
(range 19–70)

43.3612.2
(range 20–68)

Sex (M/F) 14/21 12/20

ERT n/a 29/32

ERT duration (mean6 SD) n/a 48.9650.1

Hyposmia n/a 3/32

Hypertension n/a 8/32

Arrhythmia n/a 1/32

Left ventricular hypertrophy n/a 23/32

Renal failure n/a 12/32

Proteinuria n/a 10/32

Nicotine dependence n/a 4/32

Acroparesthesia n/a 22/32

Neuropathy n/a 22/32

Cornea Verticillata n/a 29/32

Angiocheratoma n/a 30/32
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For the VBM analysis, structural data were processed using the

Statistical Parametric Mapping (SPM8) software package (http://www.

fil.ion.ucl.ac.uk/spm).

To assess differences in GM volume between the two groups, nor-

malized GM maps were obtained from the unified segmentation tool

(Ashburner & Friston, 2005) coupled to fast diffeomorphic registration

algorithm (Diffeomorphic Anatomical Registration using Exponentiated

Lie algebra; DARTEL) (Ashburner, 2007), using the default parameters.

GM maps were then modulated by the Jacobian determinants, which

were derived from the spatial normalization procedure, in order to pre-

serve the local GM volumes. Images were then smoothed using a

6 mm FWHM isotropic Gaussian kernel, to reduce confounding effects

derived by individual variations in gyral anatomy, and also to render the

data more normally distributed as per the Gaussian random field model

underlying the statistical process used for adjusting p-values. Finally,

for each study total intracranial volume was calculated on the non-

normalized segmented volumes as the number of voxels where the

sum of the three segmented tissues probabilities (GM, WM, and CSF)

exceeded 50%.

TBSS analysis was performed using FSL v. 5.0.9 (FMRIB’s Software

Library, www.fmrib.ox.ac.uk/fsl). DTI datasets were preliminarily

corrected for head movements and eddy current distortions using

eddy_correct (Smith et al., 2004), and diffusion sensitizing gradient

directions were corrected according to the corresponding deformation

vectors (Leemans & Jones, 2009). Subsequently, for each study a brain

mask was obtained from the B0 images using the Brain Extraction Tool

routine (Smith, 2002), and a diffusion-tensor model was fitted at each

brain voxel to generate fractional anisotropy (FA) maps. FA volumes of

all subjects were then aligned to a common target in the MNI 152

standard space (FMRIB58_FA) using a nonlinear registration procedure

(FSL FNIRT), and interpolated to a voxel size of 1 3 1 3 1 mm3. Nor-

malized FA maps were then visually assessed to ensure good quality of

the normalization, and a WM “skeleton,” representing alignment-

invariant tracts in common to all subjects, was generated for the study

data set applying a thinning algorithm to the average FA map, thresh-

olded at 0.2 (Smith et al., 2006). Finally, FA maps of each subject were

projected onto this skeleton for the statistical analysis.

RS-fMRI data were processed using the FC toolbox (CONN, v. 16.

a, McGovern Institute for Brain Research, Massachusetts Institute of

Technology, http://www.nitrc.org/projects/conn), which contains libra-

ries for fMRI analysis based on SPM8.

Preprocessing steps included the removal of the first five time

points (to allow for instability of the initial MRI signal), leaving 195 time

points, motion correction, slice timing correction, and temporal despik-

ing with a hyperbolic tangent squashing function to limit outlier values,

followed by band-pass filtering (0.008 Hz< f<0.09 Hz) and spatial

smoothing (using a 6-mm Gaussian kernel). The motion correction pro-

cedure realigns the volumes of each study to the first one, iteratively

finding the translation and rotation parameters that minimize a least-

squares cost function derived from the voxel-by-voxel intensity differ-

ences from the reference image. This approach proved to be accurate

in realigning fMRI volumes for motion correction purposes (Ardekani,

Bachman, & Helpern, 2001).

From the motion correction procedure, the mean displacement of

the brain voxels was computed as root-mean-square (RMS) (Van Dijk,

Sabuncu, & Buckner, 2012) of the translations along the three axes.

Studies with a mean relative RMS of 0.15 mm or higher, or with more

than 1.5 mm displacement along or 1.58 rotation around any axis were

discarded. Furthermore, a “scrubbing” procedure was applied (Power,

Barnes, Snyder, Schlaggar, & Petersen,, 2012) to the time points, along

with the preceding and the two following ones, that showed a framew-

ise differential of signal intensity >9 z-values, to further suppress the

effect of patient movements.

Resulting data sets were then normalized to the standard Montreal

Neurological Institute (MNI) EPI template and resampled to a voxel size

of 2 3 2 3 2 mm3. All images were visually assessed by an experienced

operator (MQ), to evaluate the overall accuracy of the processing.

For each subject, BOLD signal time course was calculated sepa-

rately for each of the main hubs of the DMN, namely the posterior cin-

gulate and the ventral portion of the precuneus (PCC), the medial

prefrontal cortex (MPFC), the right (RPL) and left (LPL) inferior parietal

lobules, and the right and left medial temporal lobes (MTL). Therefore,

these 6 structures were sampled using four spherical ROIs [spheres

with 6 mm radius centered on PCC, MPFC, RPL, and LPL (Fox et al.,

2005)], and the hyppocampal ROIs from the Harvard-Oxford Atlas

(Desikan et al., 2006), all available in CONN.

For each ROI, corresponding correlation map of the BOLD signal

across the brain was generated, including in a General Linear Model

(GLM) the time courses of WM and CSF signals, and the six parameters

(translations and rotations along the X, Y, and Z axes) of spatial trans-

formation, as derived from the coregistration step.

2.5 | Statistical analysis: Group differences

Differences between FD and HC groups in terms of age and sex were

probed by Student t-test and Chi-squared test, respectively.

For the VBM analysis, the normalized GM maps were statistically

analyzed to assess local differences between the two groups in GM

volume using the GLM, including age and sex and total intracranial vol-

ume as confounding variable (the latter entered in the model to nor-

malize for head size). Differences were considered significant for

p< .05, corrected for family wise error at cluster level.

For the TBSS, skeletonized FA maps were fed into a voxel-wise

cross-subject nonparametric analysis based on permutations applied to

the GLM (Bullmore et al., 1999), including age and sex as nuisance

covariate (number of permutations55,000). Results were considered

significant at p< .05, corrected for multiple comparisons at a cluster

level using the threshold-free cluster enhancement approach (Smith

et al., 2006).

For the RS-fMRI analysis, FC maps of the two groups were statisti-

cally analyzed to test for possible differences in the FC of the six seeds,

including age and sex and the average RMS of the translation parame-

ters as confounding variable in a GLM (the latter entered in the model

to remove potential residual movement effects). Differences were con-

sidered significant for p< .008 (0.05 Bonferroni corrected, considering
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that 6 ROIs were tested separately), corrected for the family wise error

at cluster level.

For all analyses, both contrasts (i.e., HC>FD and HC>FD) were

tested when probing between-group differences.

2.6 | Statistical analysis: Correlations between MR

and clinical data

When significant differences between groups emerged at imaging, pos-

sible correlations between clinical scores and MRI data were tested

voxel-wise.

For VBM and TBSS, both direct and inverse correlations with clini-

cal scores (MMSE, RAVLT, CBTT, and AM) were tested voxel-wise

using the same GLM approach (parametric for VBM, and non-

parametric for TBSS) as for between-group differences. Results were

considered significant at p< .01 (0.05 Bonferroni-corrected for five

tested clinical scores).

Similarly, possible correlations between the FC of the six hubs of

the DMN with the clinical scores were also tested voxel-wise using the

same approach as for between-group differences, with a significance

level for p< .0016 (0.05 Bonferroni-corrected for 30 test, as FC with

six seeds was probed for correlation with five clinical scores).

2.7 | Statistical analysis: Correlations between

imaging techniques

When significant differences between groups emerged at imaging, pos-

sible correlations between different techniques were tested cluster-

wise. To this end, for each significant cluster the corresponding first

eigenvariate (for VBM and RS-fMRI) or mean value (for TBSS) was

extracted, and their relationships were assessed pairwise by partial cor-

relation analysis, including as nuisance age, sex, and mean motion.

Significance level was set to 0.05, Bonferroni-corrected for multi-

ple comparisons.

3 | RESULTS

The FD and HC groups were not significantly different for age and sex.

Mean6 standard deviation scores of the neuropsychological tests

in the FD group were: 28.562.0 for the MMSE, 42.169.8 for the

RAVLT immediate, 8.463.4 for the RAVLT delayed, 5.060.9 for the

CBTT, and 50.567.6 for the AM.

The analysis of the WMH load showed that 56.2% of FD patients

(18/32 subjects) scored a Fazekas’ score of 0, with no significant WMH

both in periventricular and deep hemispheric regions. Among the

remaining 14 patients, 11 subjects scored 1 in the evaluation of the

deep WMH, 2 patients scored 1 for both deep and periventricular

WMH, and only one subject (3.1% of the total FD patients) showed a

high WMH load, scoring 3 for both WM locations.

The VBM analysis did not show any significant cluster of

decreased or increased GM density in FD patients.

At TBSS analysis, a single extensive cluster of reduced FA across

the WM skeleton was present, mainly involving major commissural

tracts, with relative sparing of temporal and occipital lobes bilaterally,

genu and splenium of corpus callosum, and cerebellar fibers on the left

hemisphere (Figure 1).

Five FD patients and two HC were excluded from the RS-fMRI

analysis because of excessive movements during the fMRI scan. In the

remaining 60 studies, the difference in the RMS (0.03160.017 in HC

and 0.04460.034 in FD), as well as in age (mean age 41.4614.5 in

HC and 43.3612.0 in FD) and sex (13 M and 20 F in HC; 11 M and

16 F in FD) were not significant between the two groups.

The results of the between-group RS-fMRI analysis are shown in

Figure 2 and listed in Table 2.

When evaluating the MPFC seed, clusters of significantly increased

FC in FD emerged in the medial orbitofrontal cortex, in superior frontal

and middle temporal gyri bilaterally, in the left angular gyrus, and in the

right superior parietal lobule, as well as in the right cerebellar hemi-

sphere, mainly involving Crus 2.

When evaluating the PCC seed, a single cluster of increased FC

emerged in the right angular gyrus.

When evaluating the RPL seed, clusters of significant FC increase

were observed in the left paracingulate gyrus extending into the MPFC

and in the left superior frontal gyrus, as well as in the right cerebellar

hemisphere (Crus 1 and Crus 2).

No significant differences between the two groups emerged for

the remaining seeds (namely LPL, right and left MTL), or when probing

the HC>FD contrast for any of the tested seeds.

When testing the relationships of TBSS and RS-fMRI data with

clinical scores (VBM analysis did not result in any significant cluster of

GM volume differences between groups), no correlation emerged with

FA as assessed by TBSS, while a direct correlation between the right

inferior frontal gyrus and the CBTT emerged at RS-fMRI when testing

the PCC seed (p5 .0001; Figure 3). No other significant correlation

was found for any of the remaining seeds with the other clinical scores.

Finally, when testing the relationship between TBSS results and

FC modifications in the group of 16 FD patients included in both the

RS-fMRI and DTI analyses, a significant inverse correlation between

mean FA and regions of altered FC with RPL emerged (p5 .003;

R520.759), while the clusters of increased connectivity with MPFC

and PCC did not show significant associations with TBSS.

4 | DISCUSSION

In FD patients, we found clusters of increased FC with DMN hubs,

involving both cerebral and cerebellar cortical regions, and partially cor-

related to the extensive WM microstructural alterations demonstrated

in these subjects at TBSS. Furthermore, the FC between the precuneus

and the right inferior frontal gyrus showed a significant correlation with

the scores obtained at the CBTT.

While CNS pathology in FD mainly consists of cerebral vasculop-

athy, that ranges from stroke to clinically asymptomatic WMH

(Kolodny et al., 2015), mild neuropsychological symptoms are relatively

common in these patients (Bolsover et al., 2014; Fellgiebel, Muller, &

Ginsberg, 2006b). Indeed, depression has been reported in up to 50%
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of FD patients (Cole et al., 2007), and impairment in other domains (i.e.,

executive functioning, information processing speed and attention) has

been described, with a preservation of global cognitive functioning

(Bolsover et al., 2014).

In our study, FD patients showed normal results at the MMSE,

AM, CBTT, and RAVLT immediate score. In contrast, RAVLT delayed

results were below the mean values reported in the Italian population

(Carlesimo et al., 2012), indicating an isolated impairment of long-term

verbal memory. This is in contrast with previous reports where normal

memory and impaired attention was observed in FD (Schermuly et al.,

2011). However, that group of patients differed from the present pop-

ulation, as patients with previous cerebrovascular events were also

included (Schermuly et al., 2011). Future studies with more extensive

neuropsychological batteries are needed to better depict the cognitive

impairment of FD patients.

According to previous volumetric studies (Cocozza et al., 2017;

Paavilainen et al., 2013), no major regional GM alterations are present

in FD, with our VBM analysis substantially replicating these results.

On the contrary, WM damage has been previously detected in this

condition, and has been largely attributed to microvascular pathology

due to Gb-3 accumulation in vascular cells (endothelial and smooth

muscle cells). This accumulation causes tissue injuries that are likely to

correspond to the hyperintensities seen in the WM of these patients

on T2w images (Kolodny et al., 2015). Beside these discrete WM

lesions, several DTI studies have demonstrated that in FD a more

extensive pattern of microstructural damage is present, somewhat

FIGURE 1 Results of the TBSS analysis superimposed to the FA template in the standard MNI space for anatomic reference. In the upper
row, from left to right, selected coronal slices at the level of the genu of the corpus callosum, body of the corpus callosum and internal
capsule, splenium of the corpus callosum and brainstem, and of the occipital lobe and cerebellar hemispheres, respectively. In the lower
row, from left to right, axial slices are shown at the level of the centrum semiovale, corpus callosum, internal capsule, and cerebellum,
respectively [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Clusters resulting from the FD>HC between-group contrast for the seed placed at level of the MPFC (a), of the ventral portion
of the precuneus (b), and of the right parietal lobule (c). Results are superimposed for anatomic reference to a single individual’s T1-
weighted volume in the standard MNI space, with subject’s right at the observer’s right. Significance for all clusters is p< .008, family wise
error corrected at cluster level [Color figure can be viewed at wileyonlinelibrary.com]
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independent from conventional MRI-detectable WMH, and predomi-

nantly distributed to deep and periventricular WM, probably due to

microangiopathic alterations mainly affecting the long perforating

arteries (Albrecht et al., 2007; Fellgiebel et al., 2006a; Paavilainen et al.,

2013). In line with these results, in our TBSS analysis FD patients

showed, despite a low incidence and load of WMH, a relatively wide-

spread alteration of WM integrity, compared to HC, confirming the

sensitivity of DTI measures in detecting and quantifying microstructural

brain tissue alterations, even in normal-appearing WM on conventional

MR images. The exact pathogenesis of WM damage in FD is, however,

not completely known. Indeed, the subtle and pervasive pattern of

WM involvement demonstrated in our study slightly differs from what

has been observed in other forms of cerebral small vessel disease

(CSVD; Pasi, van Uden, Tuladhar, de Leeuw, & Pantoni, 2016; Ward-

law, Smith, & Dichgans, 2013), thus highlighting the differences

between Fabry’s microangiopathy and common sporadic CSVD, or

even suggesting that additional, not purely vascular, mechanisms could

play a role in determining WM injury in this condition.

The DMN is a set of functionally interconnected brain areas, char-

acterized by greater activation during rest, with intrinsic functions

related to internal mentation (Andrews-Hanna, 2012). In recent years,

it has gained particular attention, emerging as the most studied and

well-described resting-state network, mainly due to its apparently cen-

tral role in the coordination of sensori-motor and cognitive goal-

directed activities, with specific alterations of the DMN reported as a

hallmark of numerous neurological and psychiatric diseases (Buckner,

Andrews-Hanna, & Schacter, 2008).

The variable association of executive dysfunction and depression

with the relatively widespread involvement of deep and periventricular

WM is present also in other chronic, although etiopathogenetically dif-

ferent, conditions, such as sporadic CSVD, multiple sclerosis (MS), late-

life depression (LLD), and mild cognitive impairment (MCI). However,

the exact nature and the causal chain of this relationship have not

been fully understood yet (Delano-Wood et al., 2008; Schermuly et al.,

2011; Sexton et al., 2012).

Different DMN changes have been described in the above men-

tioned conditions. In MCI patients with CSVD, a task-induced deactiva-

tion study demonstrated impaired deactivation of the precuneus/PCC

hub of the DMN during the execution of a cognitive task (Papma et al.,

2014). Furthermore, DTI showed CSVD-related microstructural damage

in fiber tracts subserving the DMN in these subjects, supporting the

hypothesis that alterations of WM integrity affect cognition through

TABLE 2 Results of the second-level analysis of RS-fMRI data

Seed Cluster volume (mL) p-value

MNI Coordinates (mm)

T X Y Z

MPFC 4.3 <.0001 5.24 26 290 236 Right Cerebellum (Lobule VIIa Crus II)

3.71 20 280 230 Right Cerebellum (Lobule VIIa Crus I)

4.0 <.0001 6.11 0 62 220 Left Rectal Gyrus

4.74 4 62 26 Right Mid Orbital Gyrus

3.90 210 58 24 Left Mid Orbital Gyrus

3.64 214 64 214 Left Superior Orbital Gyrus

3.1 .0001 5.26 256 4 230 Left Middle Temporal Gyrus

4.86 250 8 234 Left Medial Temporal Pole

4.56 248 210 228 Left Inferior Temporal Gyrus

2.7 .0003 5.24 28 58 36 Left Superior Frontal Gyrus

2.6 .0004 4.59 248 264 24 Left Angular Gyrus

3.83 248 256 20 Left Middle Temporal Gyrus

1.8 .004 5.31 64 22 228 Right Middle Temporal Gyrus

1.7 .006 4.41 46 276 40 Right Angular Gyrus

3.38 42 268 32 Right Middle Occipital Gyrus

PCC 2.1 .001 4.93 44 274 42 Right Angular Gyrus

RPL 9.8 <.0001 5.32 212 58 4 Left Superior Frontal Gyrus

4.26 24 54 24 Left Mid Orbital Gyrus

3.56 2 50 220 Right Rectal Gyrus

9.6 <.0001 5.63 36 276 236 Right Cerebellum (Lobule VIIa Crus I)

5.04 18 294 232 Right Cerebellum (Lobule VIIa Crus II)

1.6 .007 4.20 226 30 48 Left Middle Frontal Gyrus
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interference with network functioning (Papma et al., 2014; Teipel et al.,

2010). Furthermore, in LLD, an RS-fMRI study demonstrated decreased

FC between the subgenual ACC (sACC) and the PCC, as well as an

increased FC between the PCC and both the dorso-MPFC and the

orbito-frontal cortex, with a significant inverse correlation between

WMH volume and RS-fMRI connectivity in the MPFC hub of the DMN

(Wu et al., 2011). These results, coupled to the reported inverse corre-

lation between the anisotropy of frontal fiber tracts, subserving the

anterior hub of the DMN, and the impairment in the executive func-

tioning and processing speed domains, support the role of WM micro-

structural damage in hampering frontal-striatal-limbic networks in LLD

(Alexopoulos, Kiosses, Choi, Murphy, & Lim, 2002; Sexton et al., 2012).

Finally, a dysfunction of the anterior components of the DMN has

been demonstrated in patients with primary progressive MS, with FC

in the left medial PFC (mPFC), the left precentral gyrus (PcG) and the

ACC, correlating with cognitive impairment and integrity of the corpus

callosum and cingulum, again supporting the hypothesis of a disruption

of fiber bundles interconnecting different DMN hubs as the predispos-

ing condition for FC alterations and cognitive impairment (Rocca et al.,

2010).

Contrary to the pattern of reduced DMN FC observed in these

other pathologies, in our patients we found clusters of increased con-

nectivity to three hubs of the DMN, located both in cortical regions

known to be part of the DMN itself (e.g., medial frontal cortex, precu-

neus and parietal cortices bilaterally) or clearly outside of it (e.g., cere-

bellar Crus I and Crus II). Moreover, no clusters of reduced FC were

found in FD patients compared with HC.

Increased FC in cortical areas implicated in the DMN has been pre-

viously reported in other conditions such as early stages of MS, Clini-

cally Isolated Syndrome and mild traumatic brain injury, which share

with FD a diffuse, although mild, involvement of WM (Hawellek, Hipp,

Lewis, Corbetta, & Engel, 2011; Newsome et al., 2016; Roosendaal

et al., 2010; Sharp et al., 2011).

Two different mechanisms could generate this increased connec-

tivity in conditions where a diffuse reduction of structural connectivity,

more than the complete disruption of specific connections, represents

the prevalent feature: a maladaptive mechanism or a compensatory

one. The first mechanism ensues from the loss of diversity and flexibil-

ity in large scale cortical interactions derived from widespread reduc-

tion in WM integrity, which may result in a preferential participation in

more global patterns of activity, such as the DMN (Hawellek et al.,

2011). Alternatively, increased FC could reflect a functional reorganiza-

tion of the cortex due to neural plasticity with the aim of functionally

compensating the underlying WM damage (Hawellek et al., 2011;

Sharp et al., 2011).

Therefore, it is reasonable to hypothesize that only in more

advanced phases of the disease, with WM alterations becoming more

extensive, a further disruption of WM circuits could lead to an exhaus-

tion of the cortical functional reserve capacity and a reduction of FC

within the DMN also in FD, as it happens in other conditions (Rocca

et al., 2010; Teipel et al., 2010). Indeed, subjects with major cerebro-

vascular events were not included in our study and FD patients

showed a low incidence and load of WMH.

Furthermore, we found increased connectivity between different

nodes of the DMN and cortical regions not typically involved in the

DMN, or even implicated in other resting-state networks whose func-

tion is known to be functionally anticorrelated to the DMN itself, such

as Crus I and Crus II (Fox et al., 2005; Uddin, Kelly, Biswal, Castellanos,

& Milham, 2009). Again, this finding could reflect a maladaptive condi-

tion of weakening, or even of loss, of the physiological anticorrelation

between the DMN and other resting-state networks or, most likely, it

could be the expression of a recruiting mechanism, as a part of the

FIGURE 3 Direct correlations between the FC of the precuneus and the scores at the CBTT. A cluster of significantly correlated FC
(p5 .0001) is evident at the level of right inferior frontal gyrus, superimposed on the 3-dimensional rendering of a healthy brain in the MNI
space. ERT: enzyme replacement therapy; FD: Fabry disease; HC: healthy control; n/a: not applicable. Ages are expressed in years, while ERT
duration is expressed in months. Renal failure considered present when the estimated glomerular filtration rate of the patient was<90 mL/min
(no patient had end-stage renal disease requiring dialysis), while proteinuria was considered present when the patient scored a value>150 mg/
24 hr. MPFC: medial prefrontal cortex; PCC: ventral portion of the precuneus; RPL: right parietal lobule; MNI: Montreal Neurological Institute.
Anatomic labeling is according to Tzourio-Mazoyer et al. (2002) [Color figure can be viewed at wileyonlinelibrary.com]
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cortical functional compensation effort. Finally, it should be noted that

in FD patients an higher incidence of microbleeds has been reported

(Kono et al., 2016; Reisin et al., 2011), with a known influence on both

functional and structural connectivity (Akoudad et al., 2013; Sharp

et al., 2011). However, in our population T2*-GrE images were avail-

able, and no microbleeds were found, thus allowing us to discard the

hypothesis of connectivity changes due to the presence of this altera-

tion (data not shown).

When analyzing the relationship between MR and clinical data, we

found no significant correlation between measures of WM integrity all

over the brain and neuropsychological scores. This lack of correspon-

dence between WM alterations and clinical performance could, once

more, be explained by the reserve capacity of cortical function, which

is able to compensate for initial and relatively mild WM damage. How-

ever, when investigating the relationship between neuropsychological

tests and resting-state connectivity, we found that FC between right

inferior frontal gyrus and precuneus significantly correlated with the

results obtained at the CBTT. Although this finding is in line with some

previous lesion-mapping and task-related fMRI studies, which highlight

the importance of the right prefrontal cortex as a neural substratum of

spatial working memory (Nemmi, Boccia, Piccardi, Galati, & Guariglia,

2013; Toepper et al., 2014; van Asselen et al., 2006), further studies

are needed to elucidate the mechanisms underlying this correlation,

which does not specifically involve the dorso-lateral prefrontal cortex,

known to play a central role in spatial working memory (Nemmi et al.,

2013; Toepper et al., 2014; van Asselen et al., 2006).

Finally, we explored possible correlations in FD patients between

FC of the regions of significantly altered connectivity and global meas-

ures of microstructural damage, showing a significant inverse correla-

tion between WM integrity and alterations of FC with RPL. Of note,

this finding further supports the previously generated hypotheses

according to which a mild, although diffuse, WM damage is balanced

by a proportional increase in FC either by maladaptive or compensatory

mechanisms. Interestingly, we did not find correlations between TBSS

alterations and FC alterations of the midline hubs of the DMN,

although it should be considered that the limited number of subjects

for whom both DTI and RS-fMRI data were available may have limited

our sensitivity to this correlation.

Further limitations of this study are the low incidence and load of

WMH in our patients, and the ongoing enzyme replacement therapy in

most patients, that both could lead to an underestimation of the real

impact of FD on brain structure and function, thus again limiting the

sensitivity of our analysis.

5 | CONCLUSION

In FD increased FC with several DMN hubs is present, involving both

supratentorial and infratentorial structures, correlated to the wide-

spread WM microstructural alterations present in this condition. Fur-

thermore, these FC increases appear to partially correlate with the

patients’ cognitive status. Taken together, these results confirm and

expand the current knowledge about the cerebral involvement in these

patients, supporting the hypothesis that FD should not be considered

only as a disease in which major cerebrovascular events develop, but

also as a condition in which significant and diffuse microstructural and

functional changes occur, at least partially independently from cerebral

vasculopathy.
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