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Abstract

Purpose To examine dorsal root ganglia and proximal nerve segments in patients carrying the Fabry-related GLA-gene vari-
ant p.D313Y in comparison to patients with classical Fabry mutations and healthy controls by morphometric and functional
magnetic resonance neurography.

Methods This prospective multicenter study examines the lumbosacral dorsal root ganglia and sciatic nerve in 11 female
p.D313Y patients by a standardized magnetic resonance neurography protocol at 3 T. Volumes of dorsal root ganglia L3 to
S2, permeability of dorsal root ganglia L5 and S1, and spinal nerve L5 as well as cross-sectional area of the sciatic nerve
were assessed and compared to 10 females carrying a classical Fabry mutation and 16 healthy female controls.

Results Compared to healthy controls, dorsal root ganglia volumes of p.D313Y females were enlarged by 53% (L3), 48%
(L4), 43% (LS5), 57% (S1) (p < 0.001), and 55% (S2) (p <0.05), but less pronounced compared to females carrying a classical
Fabry mutation. Compared to healthy controls, p.D313Y patients showed no changes of dorsal root ganglia vascular perme-
ability, while patients with a classical Fabry mutation showed a distinct decrease (p <0.05). Sciatic nerve cross-sectional
area was mildly increased by 6% in p.D313Y as well as in classical Fabry patients (p <0.05).

Conclusions Patients carrying the GLA-gene variant p.D313Y show distinctly enlarged dorsal root ganglia, while vascular
permeability remains within normal limits. Overall, these alterations partially share characteristics commonly seen in patients
with a mutation causing classical FD. This suggests that p.D313Y causes a potentially treatable condition resembling an
early stage of Fabry disease.

Keywords Magnetic resonance neurography - Dorsal root ganglia - Neuropathic pain - Peripheral neuropathy - Fabry
disease

Introduction

Fabry disease (FD) is a life-limiting, lysosomal multi-organ
storage disorder with painful small fiber neuropathy as its
earliest clinical presentation. Mutations in the GLA gene
cause a deficiency in the enzyme alpha-galactosidase A and
a subsequent accumulation of glycolipids in a wide range
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of cell types throughout the body. More than 600 differ-
ent, disease causing mutations in the GLA gene have been
described so far, while the pathophysiological significance
of the variant p.D313Y is still under debate [1].

First, this mutation was reported to be disease causing
in a male patient with a classical disease presentation [2].
Subsequent studies, however, described p.D313Y as a non-
pathological polymorphism that is not necessarily associ-
ated with organ manifestations or lifetime limitations which
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are commonly seen in FD [1, 3-5]. Thus, these studies rec-
ommended no additional usage of enzyme replacement or
chaperone therapy as the current therapeutic options in FD
to prevent major organ complications [6].

In a recent study, however, p.D313Y patients were
reported to have clinical symptoms highly reminiscent
to those seen in FD [7, 8]. Moreover, previous studies
described the key pathophysiological role of the dorsal root
ganglion (DRG) in the development of a painful neuropa-
thy as an early and predominant symptom of major organ
involvement in patients with FD [9-11].

To assess the relevance of DRG alterations in Fabry-
related GLA-gene variant p.D313Y in comparison to patients
with classical Fabry mutations and healthy controls, the pre-
sent study applied morphometric and functional Magnetic
Resonance Neurography (MRN) for investigation of DRG
volume, permeability, as well as sciatic nerve cross-sectional
area (CSA).

Table 1 Patient demographics and clinical data

Patients and methods
Clinical and demographic patient data

The study was performed in accordance with the Declara-
tion of Helsinki, approved by the institutional ethics board
(S398-2012) and written informed consent was obtained
from all patients. Overall, we included 11 female patients
(mean age 40.2 years and range 19-75 years) carrying the
Fabry-related GLA-gene variant p.D313Y and no addi-
tional classical Fabry mutation as confirmed by genetic
testing. Moreover, the Mainz severity score index (MSSI)
[12] and lyso-Gb3 level were determined in all patients
(Table 1). Patients were recruited in this prospective, mul-
ticenter study between 2/2018 and 8/2018 at the Interna-
tional Center for Lysosomal Disorders, University Medi-
cal Center Hamburg-Eppendorf, and MRI examinations

Patient Age Age at

GLA mutation Start of ERT Neurological symptoms

Associated clinical features MSSI  Lyso-Gb3

diagno- level (ng/
sis ml)
1 51 48 p-D313Y 02/15 Acroparesthesia, stroke, TIA, Cardiovascular: mild hyper- 9 39
cerebral vasculitis trophy of cardiac septum,
enlarged left atrium, arterial
hypertension
Renal: creatinine elevation
GI: diarrhea/constipation
General: cornea verticillata
(stage 1), conjunctival tortu-
ositas
2 50 48 p-D313Y 11/15 Acroparesthesia, central artery ~ Cardiovascular: cardiac arrhyth- 6 2.6
occlusion, cerebellar vascular mia, PFO
lesion, vertigo General: retinal atrophy, con-
junctival tortuositas
3 45 43 p-D313Y 12/16 Acroparesthesia stroke Cardiovascular: cardiac arrhyth- 7 0.7
mia
53 50 p.D313Y - Acroparesthesia General: pruritus 0 0.7
5 75 T3 p-D313Y - Acroparesthesia (occasionally)  Cardiovascular: hypertension 4 0.7
20 18 p.D313Y - Acroparesthesia (occasionally), ~ GI: abdominal pain, diarrhea/ 11 14
depression, reduced activity constipation
level, mild vertigo General: edema, tinnitus
7 24 23 p.D313Y - Acroparesthesia (occasionally), ~GI: abdominal pain 10 1.2
mild tinnitus, mild vertigo, General: edema
fatigue
8 21 18 p-D313Y - None 0 0.6
44 44 p-D313Y - Mild vertigo, reduced activity Cardiovascular: mild valve 9 0.9
level insufficiency
GI: diarrhea/constipation
General: angiokeratoma, hypo-
hydrosis
10 19 18 p.D313Y - None 0 0.9
11 40 38 p.D313Y - Vertigo Sudden hearing loss (3x), tin- 1 0.7

nitus

ERT enzyme replacement therapy, MSSI Mainz Severity Score Index [12]
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were performed at the center for MR Neurography Nord
as part of the Department of Neuroradiology, Heidelberg
University. Patients 1-3 received bi-weekly infusions of
agalsidase-alfa (0.2 mg/kg body weight). Patients 4—11
were not on enzyme replacement therapy (ERT).

16 age-matched healthy females (mean age 38.9 years;
range 22-73 years) were prospectively enrolled as a control
group for quantitative measurement of DRG volume and
CSA of the proximal sciatic nerve. Moreover, another 16
females are part of a previously published prospective study
(mean age 51.1 years; range 21-86 years) [13] and served
as controls for the assessment of quantitative DRG perme-
ability values. Inclusion criteria for healthy controls were:
> 18 years, no medical history suspicious for FD, absence
of neuropathic pain or other sources of pain, diabetes mel-
litus, alcoholism, and any malignant or infectious illness as
risk factors for polyneuropathy. Exclusion criteria were any
contraindications for MRI. Moreover, ten females carry-
ing a classical Fabry mutation (mean age 45.3 years; range
28-59 years) of a previously published data set [11] served
as comparison group.

Imaging protocol

Examinations were conducted on a 3 T Magnetic Resonance
scanner (Magnetom SKYRA, Magnetom VERIO and Mag-
netom TIM TRIO, Siemens Healthineers, Erlangen, Ger-
many). All patients and healthy controls underwent MRN
including:

1. A three-dimensional (3D) T2-weighted (T2w) sam-
pling perfection with application-optimized contrasts
using different flip-angle evolution (SPACE) short-tau-
inversion-recovery (STIR) sequence of the lumbosacral
plexus: repetition time/echo time 3.000/208 ms, inver-
sion time 210 ms, effective echo time 68 ms, matrix
size 320 % 320 x 104, field of view 305 x 305 mm?, slice
thickness 1.0 mm, no gap, voxel size 1.0x1.0x 1.0
mm?, and acquisition time 8:35 min, imaging the lum-
bosacral spine from the second lumbar vertebra to the
coCCyX.

2. An axial high-resolution T2-weighted turbo-spin-echo
(TSE) sequence with spectral fat saturation, covering the
thigh: repetition time/echo time 8470/59 ms, matrix size
512 %512, field of view 160X 160 mmz, slice thickness
3.5 mm, voxel size 0.3 x0.3x 3.5 mm®, interslice gap
0.35 mm, 45 slices, and acquisition time 7:56 min.

3. A TI1-weighted, dynamic contrast-enhanced (DCE) vol-
umetric-interpolated breath-hold examination (VIBE)
sequence (repetition time/echo time 3.3/1.11 ms, flip
angle 158, 24 slices, and resolution 1.3x1.3%x3.0 mm3)
covering the pelvis from the upper plate of the fifth lum-
bar vertebra to the second sacral vertebra. Contrast agent
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(Dotarem, Guerbert, France) was administered intrave-
nously at a concentration of 0.1 mmol/kg with a flow
rate of 3.5 mL/s by automated injection. A total of 24
frames were recorded with a rate of 7.46 s per frame.

A 15-channel receive/transmit spine coil, an 8-channel
receive body flex coil (Siemens), and a 15-channel receive/
transmit extremity coil (Invivo, Gainesville, FL) were used.

Imaging analysis

Morphometric and functional imaging analyses were per-
formed in analogy to the previous studies [9, 11, 13]. DRG
volumes were assessed in the T2 weighted, 3D image of the
lumbosacral plexus by measuring the largest diameter of the
L3 to S2 DRG in coronal, sagittal, and axial reformations
with Osirix (Pixmeo, Bernex, Switzerland). Volumes were
calculated by the following formula: volume in mm? = (hori-
zontal X sagittal X coronal diameter)/2, in analogy to the
mathematical equation for the volume of an ellipsoid. Sciatic
nerve CSA was averaged out of ten slices at the proximal
thigh level by manual segmentation of the nerve circumfer-
ence. Quantitative permeability characteristics (K"") of the
DRGs L5, S1, and the right spinal nerve LS were analyzed
and calculated using the commercially available software
plug-in IB DCE 1.2 (Imaging Biometrics, Elm Grove, USA)
to Osirix.

Statistical analysis

Statistical analyses and data visualization were performed
with GraphPad Prism 7.0 (GraphPad Software, La Jolla,
USA). Mean values for DRG volumes L3 to S2, vascular
permeability of DRGs L5 to S1, spinal nerve L5, as well
as sciatic nerve CSA were calculated and tested for statis-
tical significance using the one-way Analysis of Variance
(ANOVA) with Bonferroni correction. P values of <0.05
were considered significant. All results are documented as
mean values + Standard Error of the Mean.

Results

Quantitative analyses of DRG morphology and perfusion
as well as sciatic nerve CSA were assessed for a total of
11 females carrying the Fabry-related GLA-gene variant
p.D313Y and compared to 10 females carrying a classical
Fabry mutation and 16 healthy female controls (Fig. 1).
Compared to healthy controls, DRG volumes of
patients carrying p.D313Y were symmetrically increased
by 53% for the DRG level L3 (151.5+40.8 mm? vs.
98.9 +41.5 mm?, Bonferroni-adjusted p <0.001),
48% for L4 (192.4 +49.1 mm> vs. 131.1 +40.8 mm°,
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Fig. 1 Measurement of dorsal root ganglia (DRG) volume and perme-
ability representative illustrations of DRG L3 through L5 (a—c¢) and
permeability characteristics of the right DRG L5 (d—f). Compared
to healthy controls (a, d), patients with the Fabry-related p.D313Y

Bonferroni-adjusted p <0.001), 43% for L5 (288.0 £ 87.5
mm? vs. 201.5 +47.9 mm°, Bonferroni-adjusted p <0.001),
57% for S1 (304.2 +93.2 mm? vs. 193.4 +49.7 mm?, Bon-
ferroni-adjusted p < 0.001), and 55% for S2 (163.5+75.0

Fabry*mutation

mutation show a symmetric increase in DRG volumes (b) but no
changes in DRG permeability (e). Patients with a classical Fabry
mutation show not only even more increased DRG volumes (c) but
also a concomitant decrease in DRG permeability (f)

mm? vs. 105.8 +37.9 mm°, Bonferroni-adjusted p < 0.05)
(Fig. 2).

Compared to patients with a classical Fabry mutation,
DRG volumes of p.D313Y carriers were non or weak

Fig. 2 Quantitative assessment 450 -
of dorsal root ganglia (DRG)
volumes L3 trough S2. Mean 400+ % Healthy control w0
values of DRG volumes L3 Bl p.D313y variant
through S2 were calculated 3501 B Fabry mutation ”'
level-wise for patients carrying R
the GLA-gene variant p.D313Y, % 3007
patients carrying a classical £
Fabry mutation and healthy g 2501
controls. Compared to healthy %
controls, p.D313Y patients > 2001
showed increased DRG volumes 3
for all levels, but less increased Q 150
compared to patients carry-
ing a classical Fabry mutation 1001
("™ non-significant, *p <0.053,
w5p <0.001) 501
DRG DRG DRG DRG DRG
L3 L4 LS S1 S2
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decreased by 0.05% for the DRG level L3 (151.5+40.8
mm? vs. 152.3 +43.2 mm?, Bonferroni-adjusted p > 0.99),
18% for L4 (192.4+49.1 mm? vs. 234.2+65.7 mm?>, Bon-
ferroni-adjusted p <0.05), 11% for L5 (288.0+87.5 mm° vs.
322.2+103.8 mm’, Bonferroni-adjusted p =0.48), 19% for
S1 (304.2493.2 mm? vs. 374.4 + 124.9 mm?>, Bonferroni-
adjusted p <0.05), and 25% for S2 (163.5+75.0 mm? vs.
217.5+115.0 mm>, Bonferroni-adjusted p =0.07) (Fig. 2).

K™ as a marker of vascular permeability of the DRG
blood-neural interface showed no differences between
p-D313Y patients and healthy controls for the right DRG
L5 (4.76 +1.80 10*/min vs. 4.72 +1.21 10~/min, Bonfer-
roni-adjusted p > 0.99), left L5 (4.33 +1.40 1073/min vs.
5.15+0.96 10~*/min, Bonferroni-adjusted p=0.17), right
S1 (4.53+1.79 10~*/min vs. 4.79 + 1.12 10~*/min, Bonfer-
roni-adjusted p>0.99), and left S1 (4.50+1.70 10~3/min
vs. 5.06+ 1.38 10™3/min, Bonferroni-adjusted p =0.87).
Permeability of the spinal nerve L5 showed also no change
between p.D313Y patients and healthy controls (K"™" SN:
2.05+0.76 10~*/min vs. 1.92+0.79 10~*/min, Bonferroni-
adjusted p>0.99) (Fig. 3).

Compared to patients carrying the GLA-gen variant
p.D313Y, patients with a classical Fabry mutation showed
a decreased vascular permeability by 49% for the right DRG
L5 (4.76 +1.80 10=/min vs. 2.47 +0.90 10~*/min, Bonfer-
roni-adjusted p <0.01), by 39% for the left L5 (4.33 +1.40
1073/min vs. 2.66 +0.73 10~>/min, Bonferroni-adjusted
p<0.01), by 43% for the right S1 (4.53 +1.79 10~3/min vs.
2.60+0.46 10™3/min, Bonferroni-adjusted p <0.01), and by
40% for the left S1 (4.50+1.70 10™/min vs. 2.70 +0.46
1073/min, Bonferroni-adjusted p < 0.05). Spinal nerve
permeability, however, showed no differences between

Fig.3 Permeability (K"™) of 61
the dorsal root ganglia (DRG)
L5, S1, and spinal nerve (SN)
L5. K™ as a marker of the
permeability of the blood—neu-
ronal interface was assessed
p.D313Y patients in com-
parison to patients carrying a
classical Fabry mutation and
healthy controls. Compared to
healthy controls, no perme-
ability changes were found in
p.D313Y patients for the DRGs
L5, S1, and the spinal nerve
L5. Compared to p.D313Y
patients, classical Fabry patients
showed a decreased vascular
permeability for all DRGs, but
none for the spinal nerve L5

(™ non-significant, *p <0.05,
**p <0.01)
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p-D313Y patients and patients carrying a classical Fabry
mutation (K™ SN: 2.05+0.76 10~3/min vs. 1.81+0.71
10~3/min, Bonferroni-adjusted p > 0.99) (Fig. 3).
Compared to healthy controls, sciatic nerve CSA at
the proximal thigh level was similarly increased by 6% in
patients carrying the p.D313Y variant (24.98 +5.03 mm? vs.
23.47 +4.06 mm?, Bonferroni-adjusted p < 0.05) as well as
in patients carrying a classical Fabry mutation (24.98 +4.32
mm? vs. 23.47 +4.06 mm?, Bonferroni-adjusted p < 0.05).

Discussion

By applying morphological and functional MRN, this study
examined DRG volume and permeability in patients carry-
ing the GLA-gene variant p.D313Y to assess the extent of
measurable morphological and functional disease correlates.
As a principal finding, we here report a distinct increase of
DRG volumes in patients carrying p.D313Y, while vascular
permeability of the DRG blood—neuronal interface remains
within normal limits. Overall, these morphological and func-
tional alterations are less pronounced compared to patients
carrying a classical Fabry mutation.

The DRG is known to be a unique segment of the PNS
with a high vascular supply as well as an increased endothe-
lial permeability of the blood—neuronal interface due to large
fenestrations and a relative lack of tight junction proteins
[13—15]. This exception to the otherwise restricted perme-
ability of the PNS seems to be of high clinical relevance,
because endogenous and exogenous neurotoxic molecules
circulating in the blood may penetrate the leaky endothe-
lial blood—neuronal barrier and accumulate within the cell
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bodies of the primary sensory neurons. A previous histo-
pathologic ex-vivo study in a male patient with classical
FD described a distinct swelling of primary sensory neurons
due to massive glycolipid accumulation within the DRG for
the first time [10]. By applying high-resolution MRN, we
confirmed this finding in male patients with FD in vivo [9].
Moreover, we found a concomitant decrease in vascular per-
meability within the DRG, most likely due to the previous
massive glycolipid storage. In a subsequent study, investi-
gating heterozygous female patients with FD, we also found
severe DRG hypertrophy with a concomitant dysfunctional
perfusion [11]. However, these morphological and func-
tional alterations were less pronounced compared to Fabry
males, most likely due to the X-linked inheritance result-
ing in partial residual enzyme activity. While the peripheral
nerve segments in these patients showed only mild altera-
tions in both genders, the cumulative effect of neurotoxic
glycolipids within the DRG and a subsequent dysfunctional
perfusion seem to play the key pathophysiological role in the
development of neuropathy and pain in FD.

The pathophysiological significance of the Fabry-related
GLA-gene variant p.D313Y has been controversially dis-
cussed during the last years and still remains to be solved
[1]. The present study found a distinct increase in DRG vol-
umes of p.D313Y patients. Thus, the morphological findings
in this study share characteristics commonly seen in muta-
tions causing classical FD [9, 11]. Overall, these hypertro-
phy rates are less pronounced compared to female patients
carrying a classical Fabry mutation, most likely due to an
increased residual enzyme activity as p.D313Y-mutated
proteins are still transported to the lysosome and generate
two-thirds of wild-type enzyme activity [1].

A cumulative effect of glycolipid storage within the
DRG is in accordance with a previous study that reported
p.D313Y patients to have clinical symptoms highly remi-
niscent to those seen in classical FD [7]. In two out of 14
patients, elevated lyso-Gb3 levels were found, a marker that
has been considered to be specific for FD and suitable to
identify clinically relevant mutations [16—18]. Moreover,
one patient of this study group significantly improved after
receiving ERT, a commonly used therapeutic option in clas-
sical FD. In addition, urinal maltese cross particles were
identified in one of these patients carrying p.D313Y, a find-
ing that is considered to be 100% specific and sensitive for
FD. This patient is also part of the present study (Table 1,
patient 1), showing a concomitantly elevated lyso-Gb 3 level
as well as cornea verticillata as a common finding in clas-
sical FD.

A second major finding of this study is that vascular per-
meability within the DRG is not altered in p.D313Y patients
compared to healthy controls. This finding might be a hint
that glycolipid accumulation represents a pre-stage in the
course of FD and occurs prior to measurable changes in

vascular permeability. This is in accordance with the patho-
physiological process causing renal insufficiency in classical
FD, with an accumulation of glycolipids in different renal
cell types in early stages, followed by changes in perme-
ability and glomerular filtration rate later in the course of
the disease [19].

Moreover, some p.D313Y patients presented in this
study showed a particular cardiovascular risk profile that
is comparable to patients with classical FD [20]. A recent
study reported a p.D313Y family with cerebral white mat-
ter lesions as a common finding, concluding p.D313Y as a
potentially risk factor for the development of cerebral small
artery disease at younger age. In this respect, a prospec-
tive study investigating patients with cerebral ischemia at
younger age found an association of the p.D313Y vari-
ant and the occurrence of cryptogenic strokes [21]. Taken
together, these findings raise the question whether p.D313Y
patients might be at a higher risk for cardiovascular events
compared to the general population. This is of particular
interest as a prevalence of 0.45% for the underlying p.D313Y
variant has been reported in the general population [1] and
FD is commonly associated with an increased risk for the
development of cardiovascular events at young age [22, 23].
Thus, new diagnostic biomarkers of disease activity, as the
one presented here, have to be evaluated in the prospective
longitudinal studies, not only to correlate morphological and
functional DRG alterations with the occurrence of neuro-
pathic pain as one of the earliest symptoms in FD, but also
to identify patients that might be at high risk for cardiovas-
cular events to promote the early diagnosis and therapeutic
intervention.

This is of high interest, especially since causative enzyme
replacement therapy (agalsidase-alpha, Replagal, Shire
Human Genetic Therapies, Boston, MA; and agalsidase-
beta, Fabrazyme, Genzyme Corp, Cambridge, MA) and
chaperone therapy (Migalastat, Galafold, Amicus Therapeu-
tics, Cranbury, NJ) have been introduced as safe and effec-
tive therapies in FD [24, 25]. Considering, that p.D313Y
patients share partial characteristics of PNS alterations
commonly seen in classical FD, the findings of this study
raise the question whether patients with the Fabry-related
GLA-gene p.D313Y variant should be monitored closely for
cardiovascular complications and Fabry-specific treatment
should be considered in at least those p.D313Y patients that
show Fabry-related symptoms.

Conclusion
Patients with the Fabry-related GLA-gene variant p.D313Y
show distinct enlarged DRG, while vascular permeability

remains within normal limits. Overall, these alterations par-
tially share characteristics commonly seen in patients with
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mutations causing classical FD. This suggests that the GLA-
gene variant p.D313Y causes a potentially treatable condi-
tion resembling an early stage of Fabry disease.
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