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Chapter 5

abSTRaCT
Introduction

Increased awareness of Fabry disease has led to the identification of individuals with transient 

ischemic attacks, stroke, or white matter lesions more than expected for age, with a genetic 

variant of unknown significance in the α-galactosidase A gene. To prevent potential misdiagnosis 

of these individuals as Fabry disease patients, we developed a diagnostic algorithm. 

Methods

Potential diagnostic criteria were identified through a systematic review. International experts 

assessed these in a modified Delphi procedure. Brain magnetic resonance images from 38 Fabry 

disease (15 males) and 38 age and gender matched non-Fabry disease stroke controls were 

analysed with specific focus on basilar artery diameter and distribution of white matter lesions. 

Results

Eleven potential diagnostic criteria were identified. The experts (n= 11) rejected 9 criteria because 

of limited value and/or data. The pulvinar sign on T1 weighted magnetic resonance imaging was 

selected as a ‘red flag’ for the diagnosis of Fabry disease, but not as definite proof. The additional 

brain magnetic resonance imaging analyses revealed that the basilar artery diameter was 

significantly increased in Fabry disease patients compared to non-Fabry disease stroke controls 

(males: 4.3 vs 2.5 mm, females: 3.3 vs 2.4 mm). Based on these results and data from previous 

studies, the panel agreed that a basilar artery diameter of > 4.2 mm could serve as a ‘red flag’, 

but could not confirm the diagnosis of FD. A white matter lesion pattern characteristic of Cerebral 

Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy was never 

present. 

Conclusion

A pulvinar sign (T1 weighted magnetic resonance imaging and/or a basilar artery diameter of > 

4.2 mm raise suspicion for the diagnosis of FD, but are not confirmative. A white matter lesion 

pattern characteristic of Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and 

Leukoencephalopathy excludes Fabry disease. Follow-up is advised when a definite conclusion 

cannot be drawn. 
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INTRODuCTION
Fabry disease (FD; McKusick 301500) is caused by a deficiency of the lysosomal hydrolase 

α-galactosidase A (αGalA, E.C. 3.2.1.22) due to variants/mutations in the GLA. To date, more 

than 700 variants in the α-galactosidase A (GLA) gene are described 1 of which many occur 

in single families. Accumulation of globotriaosylceramide (Gb3) and other glycosphingolipids 

with terminal α-galactosyl moieties in lysosomes may lead to a characteristic clinical phenotype. 

Male patients often have neuropathic pain with childhood onset, clustered angiokeratomas, 

and cornea verticillata. Later in life, cardiac and renal complications may occur. Moreover, the 

central nervous system is often affected, resulting in white matter lesions (WMLs) with a small-

vessel-disease like appearance, and transient ischemic attacks (TIAs) and stroke at a young age 
2. Cognitive decline may occur, and is assumed to be of a vascular origin. This disease phenotype 

is currently reported as ‘classical FD’. In females, the phenotype is often more attenuated, due 

to the X-linked pattern of inheritance 3. 

Historically, the birth prevalence of FD has been estimated as between 1:40.000-170.000 for 

males 4-6. However, the overall prevalence of GLA variants has been reported to be much higher 

when screening of newborns or high-risk groups is applied 7,8. The high number of these screening 

initiatives in the last decade, together with increased awareness of FD, has led to the frequent 

identification of individuals with a genetic variant of unknown significance (GVUS) 9. These 

individuals frequently have a non-specific clinical feature such as left ventricular hypertrophy (LVH), 

chronic kidney disease (CKD) or stroke, but do not present the characteristic clinical signs and 

symptoms of FD as they occur in the patients with classical FD (for review see 9). Some of the 

individuals with a GLA GVUS may have FD with a non-classical phenotype, while others do not 

have FD at all. Misdiagnosing the latter as having FD may lead to considerable distress for patients 

and their families and inappropriate administration of enzyme replacement therapy (ERT). 

Screening studies among patients with a TIA or cryptogenic stroke revealed that 67 out of 4193 

(1.60%) screened patients had a GLA variant, while only one individual showed characteristic 

features of FD 9. These data indicate that the majority of individuals with a cryptogenic stroke 

and a GLA variant may not have classical FD, and it is unknown if they have (non-classical) FD, 

or no FD at all. 

To address the diagnostic dilemmas in FD, we have initiated ‘The Hamlet study: Fabry or not 

Fabry’ to evaluate clinical and laboratory assessments in order to improve the diagnosis of FD 10. 

For individuals with LVH or CKD, international experts agreed that a biopsy of the affected heart 

or kidney with electron microscopy assessment may be necessary to confirm or exclude FD in 

cases with an uncertain diagnosis 11,12. However, for individuals with an isolated TIA, stroke or 

WMLs, in whom a GVUS in the GLA gene was identified (i.e. they have an uncertain diagnosis 

of FD), histology of the affected tissue is not an option. However, several imaging abnormalities, 

such as an increased basilar artery diameter (BAD) 13,14 or a pulvinar sign 15-17, have been described 

in FD patients, and could possibly aid in the diagnosis of uncertain cases. Here, we present a 

diagnostic algorithm based on the best available evidence in the literature, supplemented with 

additional brain magnetic resonance imaging (MRI) assessments. 
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MaTERIaLS aND METhODS
Throughout the manuscript, WMLs refer to white matter lesions more than expected for age.

Pre-selection of potential diagnostic criteria

The databases PubMed and Embase were searched for studies on brain imaging characteristics 

in adult FD patients. Potential diagnostic criteria to confirm or exclude FD were selected by 

the study team, and sensitivity and specificity rates were calculated and stratified for gender if 

possible.

A very high specificity (> 90%) was deemed necessary to use a criterion in the diagnostic 

algorithm. Ideally, specificity should be calculated using a control group of patients with stroke in 

whom FD has been excluded. However, the number of studies that reported on a stroke control 

group was limited. As second best option, healthy control groups were used for specificity 

calculation. Details of the literature review are available in the supplement. In addition to the 

brain imaging characteristics identified by the literature search, the study team selected storage 

characteristic of FD, assessed with electron microscopy, in a skin or kidney biopsy as potential 

criteria to confirm FD, based on their clinical experience.

Consensus procedure

Recognized experts in FD and/or neuroimaging were invited to participate in this study as a 

panel member. A modified Delphi technique was used to develop group consensus on criteria 

that may confirm or exclude FD in cases with an uncertain diagnosis of FD. For the first round, 

a background document was compiled by the study team (LT, MB, CH) with information on the 

motivation for this study and general criteria for a definite diagnosis of FD (as adopted from a 

previous study, Chapter 3, table 2). Furthermore, the document presented the literature review 

in which potential diagnostic criteria for FD were described (supplement). 

Subsequently, an online questionnaire was sent to the experts. They were asked to assess the 

potential diagnostic criteria using a 5-point Likert scale, and were encouraged to add comments 

and additional items. This was followed by a face-to-face meeting, during which anonymized 

results (absolute scores and comments) of the first round were presented and discussed. 

Criteria were modified if required, and experts voted again. If not accepted as a criterion to 

confirm, but still considered useful in the diagnosis, criteria were re-formulated as a ‘red flag’ 

indicating that the experts find that the likelihood of FD is high in the presence of this feature, but 

additional assessments are still needed to confirm or exclude the diagnosis of FD. Furthermore, 

possibilities for gathering additional data to support the use of potential criteria in the algorithm 

were discussed. 

Statistical analyses

Criteria to confirm or exclude FD were accepted if ≥ 75% of the panellists agreed, and no one 

disagreed 18. Absolute numbers and/or percentages are used to present results. To assess 

consensus among experts, Cronbach’s α was used on a scale of 0-1, with 1 indicating complete 

consensus.
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additional analyses to improve evidence

During the face-to-face meeting, the panel discussed possibilities for additional (collaborative) 

studies, to add to the currently available data. After the meeting, the experts collaborated to 

study the following MRI parameters: increased BAD to confirm FD; the presence of infratentorial 

WMLs to exclude FD; and a characteristic WML pattern as seen in classical Cerebral Autosomal-

Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL) to exclude 

FD. In CADASIL there is a typical pattern of WMLs in the frontal and temporal lobes and the 

external capsule 19, and this feature was suggested by the participating neuroradiologists to 

possibly exclude FD.

Patients

Brain MRI data were retrospectively collected from the Dutch and German FD cohorts 

(investigators LT, MB, CH, GL, NÜ). Only patients with a definite diagnosis of FD (according 

to the previously defined criteria, Chapter 3, table 2) and for whom a matched non-FD stroke 

control was available were selected. These patients will generally have a classical FD phenotype. 

FD patients were matched 1:1 with non-FD stroke controls by age ±1 year and gender. MRI 

data from non-FD stroke controls were obtained from the ‘Follow-Up of TIA and stroke patients 

and Unelucidated Risk factor Evaluation’ (FUTURE) Study (investigator FL) 20. Participants in the 

FUTURE study signed informed consent. Ethics approval was not required for the current study 

because of the retrospective design. 

For FD patients clinical and laboratory data were retrieved at the time of the MRI scan ± 1 

year. Data on stroke or TIA, myocardial infarction, cardiac rhythm abnormalities on ECG, cardiac 

septal wall thickness on cardiac ultrasound, pacemaker or ICD implantation, heart failure, plasma 

creatinine, dialysis and kidney transplantation were collected. ERT status was also acquired. 

An interventricular septum thickness > 12 mm in diastole on cardiac ultrasound defined LVH. 

Glomerular filtration rate was estimated with the CKD-EPI formula 21. αGalA activity was measured 

in leukocytes 22, and in a minority without inhibition of α-N-acetyl-galactosaminidase 23, values 

were presented as the percentage of the mean of the reference value. If no mean value was 

available, the middle of the reference range was used. Globotriaosylsphingosine (lysoGb3) was 

analysed as previously described by Gold et al 24 (Dutch patients) and Tanislav et al. 25 (German 

patients). 

MRI measurements

Brain MRI scans were generated on a 1.5 Tesla MRI system only. Manufacturers of MRI systems 

and protocols differed between Centres and patients, although in the majority of FD patients 

MRI scans were performed on a Siemens Magnetom Avanto system (n= 22). In the remaining 

patients the MRIs were performed on a Siemens Magnetom Symphony (n= 3), a Siemens 

Magnetom Vision (n= 1), a Siemens Magnetom Espree (n= 1) or a GE medical systems Genesis 

Signa (n= 11) system. For all patients at least T1 (repetition time [TR] 400-585 ms; echo time [TE] 

8-20ms; slice thickness 5-6mm; FOV 186-235 mm; matrix 179-512 mm), T2 (TR 2420-5550 ms; 

TE 80-125 ms; slice thickness 3-6mm; FOV 186-240 mm; matrix 179-512 mm), and FLAIR (TR 

8000-13270 ms; TE 86-158 ms; slice thickness 3-6mm; FOV 184-300 mm; matrix 96-320 mm) 
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weighted images were available. Time of flight (TOF) images were not available for all patients, 

therefore, vascular analysis was done on T2 axial images. When multiple scans were available, 

the most recent scan was selected. Data from the 38 age- and gender-matched control patients 

with non-FD stroke were retrieved. For this control group a Siemens Magnetom Avanto 1.5 Tesla 

scanner had been used. Investigators LV (12 years of experience with MRIs of FD patients) and 

RMe (three years of experience with MRIs of FD patients) independently analysed MRI scans. 

When there was disagreement, they discussed and reassessed the data until consensus was 

reached. 

MRI analyses

The pulvinar sign was assessed on T1 as present or absent. On FLAIR, the number, size and 

localization (periventricular, deep, subcortical) of WMLs were recorded per region (frontal, 

temporal, parieto-occipital, infratentorial and basal ganglia). The age-related white matter 

changes (ARWMC) rating scale was used to classify the severity of WMLs 26. A classical brain 

MRI pattern for CADASIL was assessed as present or absent. The BAD was measured on axial 

planes of the T2 modality and defined as the mean of the most rostral, middle and most caudal 

diameter. Furthermore, basilar artery elongation was assessed with the Pico scale 27. For the non-

FD stroke control subjects, only the basilar artery was analysed. To put our data into perspective, 

literature was searched for previous studies in which the BAD was studied in FD and non-FD 

stroke controls.

Statistical analyses MRI data

Data are presented as mean and standard deviation (SD) or median and range where appropriate. 

To compare data between FD patients and non-FD stroke controls, the paired-samples t-test 

was used. The relation between age and BAD was assessed with the use of linear regression 

analysis. Median and range were used to compare data between studies.

RESuLTS
Pre-selected criteria and Delphi procedure

Based on the literature search (supplement) eight brain imaging characteristics were selected as 

potential diagnostic criteria, see table 1. The study team added three general items. 

Consensus panel

Thirteen experts were invited to participate. Two experts supported the initiative, but declined 

due to time constraints. Two general FD specialists (DH, GL), three neuroradiologists (CBM, 

RMa, LV) and six neurologists (AB, PD, LG, FL, IS, NÜ), all experienced in the care for FD 

patients, participated as expert panel members, of whom eight were present during the face-

to-face meeting (AB, PD, LG, FL, GL, RMa, NÜ, LV). The results of the meeting were discussed 

separately with those who could not attend the meeting, and votes were obtained (DH, IS, CM). 

In general, the experts agreed that in an individual who presents with brain disease and a GLA 

variant of unknown significance, and who has concomitant CKD or LVH, the respective kidney 
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12 or heart 11 algorithm should be applied. The recommendations in the current consensus study 

apply to individuals in whom a GLA variant was found, but who do not meet the above criteria for 

a definite diagnosis of FD and present with isolated TIA, stroke or WMLs. Cronbach’s α increased 

from 0.95 in round one to 0.98 in round two, indicating excellent consensus.

accepted statements and criteria

The experts found (nine agreed, two neither agreed nor disagreed) that it is very likely that a TIA, 

stroke, or WMLs is caused by FD if a skin biopsy demonstrates storage characteristic of FD on 

electron microscopy. This statement applies only if the patient does not use certain medications 

that may induce similar storage. However, the prevalence of FD characteristic storage in a skin 

biopsy specimen may be very low among patients with a non-classical phenotype. Therefore, it 

is not recommended to perform skin biopsies in all patients with an uncertain diagnosis of FD to 

confirm the diagnosis.

The pulvinar sign on T1 MRI sequences was discussed as the most specific brain imaging 

characteristic of FD known to date. However, several other causes for the pulvinar sign on T1 

have been reported, such as malnutrition, or human immune deficiency virus infection 15-17. So far, 

no reports have been published on the pulvinar sign in non-FD stroke patients without FD, but 

this has not been sufficiently studied. Consensus was achieved that the presence of a pulvinar 

sign on T1 MRI sequences was not sufficient to confirm FD, but could serve as a ’red flag’. 

Additional assessments are still needed to confirm or exclude the diagnosis of FD in patients 

with TIA, stroke or WMLs and a GLA variant, and in the absence of other causes. 

Table 1. Pre-selected criteria.

Potential diagnostic criteria 

Brain imaging characteristics

Localization of WMLs 

Large number/high load of WMLs

Pulvinar sign on T1 in the absence of other causes

Increased BAD

Arterial tortuosity

Diffusion abnormalities on DWI or DTI

Increased intima-media thickness in the absence of atherosclerotic plaques

Increased cerebral blood flow velocity

General criteria

Storage characteristic of FD on electron microscopy in a skin biopsy

Kidney biopsy in the absence of CKD

(Podocyte) storage characteristic of FD on electron microscopy in a kidney biopsy (in the absence of CKD)

Abbreviations: WMLs: white matter lesions, T1: T1 weighted imaging with magnetic resonance imaging (MRI), BAD: 
basilar artery diameter, DWI: diffusion weighted imaging with MRI, DTI: diffusion tensor imaging with MRI, CKD: 
chronic kidney disease, FD: Fabry disease.
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The panel extensively discussed whether an increased BAD could serve as a confirmative 

criterion or a ‘red flag’ for the diagnosis of FD in patients with an uncertain FD diagnosis. In the 

end, the panel decided that additional MRI analyses were needed to strengthen previous data on 

the applicability of this brain imaging characteristic in establishing the diagnosis of FD 13. 

Rejected statements and criteria

While a brain biopsy is not an option for the individuals discussed here, a kidney biopsy may be 

considered to obtain histological evidence for FD. The experts agreed that individual cases need 

to be discussed with a nephrologist.

The criteria ‘increased intima-media thickness in the absence of atherosclerotic plaques’, 

‘increased cerebral blood flow velocity’, and ‘diffusion abnormalities on DWI or DTI’ were 

rejected by the full panel because of the limited, sometimes even contradictory data, and the 

substantial overlap with healthy controls. The items ‘localization of WMLs’ and ‘large number/

high load of WMLs’ were rejected by all experts because data were not compared to relevant 

control groups. Furthermore, the experts emphasized that the distribution of WMLs in FD is 

similar to what is seen in many other cerebrovascular disorders, and therefore considered 

these criteria not useful for diagnosis. Tortuosity of the basilar artery was rejected as a criterion 

to confirm FD, because a standardized method to define tortuosity is lacking and data are 

limited. While most experts also rejected this feature as a ‘red flag’, three experts felt that 

when a neuroradiologist identifies tortuosity of the cerebral arteries, it could serve as a ’red 

flag’.

Results of additional brain MRI analyses

Thirty-eight FD patients (15 males, Dutch n= 35 and German n= 3) and 38 age and gender 

matched non-FD stroke controls were included. In two cases the age difference between the FD 

patient and non-FD stroke patient was 2 years. Clinical characteristics of FD patients and non-FD 

stroke control patients are shown in table 2. 

Table 2 gives an overview of MRI features in FD patients and non-FD stroke controls. Ten 

FD males (67%) and ten FD females (43%) had one or more WMLs. Most FD patients had 

periventricular WMLs (n= 19, 95%), but deep (n= 8, 40%) and subcortical (n= 11, 55%) WMLs 

were also reported. Two males (13%) and one female (4%) had infratentorial WMLs. None of the 

patients showed a WML pattern as seen in CADASIL patients. 

Table 2 and figure 1 present the details on the BAD measurements. The diameter was increased 

by 1.76 mm (95% CI 1.28-2.23) in male FD patients compared to male non-FD stroke controls and 

by 0.91 mm (95% CI 0.61-1.21) in female FD compared to female stoke patients, but there was 

overlap between FD patients and non-FD stroke controls. A 100% specificity, (95 % CI 85-100%) 

was achieved with a BAD of > 3.3 mm, with a corresponding sensitivity of 58% (22 FD patients, 

12 males). 

Age was not associated with the BAD when all data from FD patients and non-FD stroke controls 

were combined (B= 0.010, 95% CI -0.010-0.030), while an association was found when FD males 
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Table 2. Baseline characteristics and magnetic resonance imaging data.  

FD males FD females
Non-FD s
troke males

Non-FD  
stroke females

n 15 23 15 23

Age, mean (SD) 40 (10) 48 (9) 40 (10) 48 (9)

Treated with ERT % (n) 100 (15) 46 (13) na na

αGalA % median (range) 1.1 (0-4.3) 34.4 (7.5-119.3) na na

≥ 1 Clinical event % (n) 40 (6) 17 (4) na na

Stroke % (n) 20 (3) 4 (1) na na

TIA % (n) 7 (1) 4 (1) na na

LVH % (n) 73 (11) 45 (10/22) na na

Dialysis/kidney transplant % (n) 7 (1) 0 na na

eGFR median (range) 105 (33-132) 96 (94-113) na na

Plasma lysoGb3* median (range) 113.4 (50.5-224.3) 7.0 (2.7-23.5) na na

Pulvinar sign n (%) 5 (33) 0 na na

WMLs, ARWMC scale, median (range):

Frontal 0 (0-3) 0 (0-1) na na

Parieto-occipital 2 (0-3) 0 (0-2) na na

Temporal 0 (0-2) 0 na na

Infratentorial 0 (0-1) 0 (0-1) na na

Basal ganglia 0 (0-2) 0 (0-1) na na

Number of WMLs,  
median (range)

4 (0-30) 0 (0-7) na na

CADASIL pattern % (n) 0 0 na na

Pico scale** median (range) 1 (0-2) 1 (0-2) 0 (0-2) 0 (0-2)

Pico scale** ≥ 1 n (%) 11 (73) 12 (52) 7 (47) 4 (17)

BAD in mm, mean (SD) 
range

4.3 (0.8) 
3.0-5.6

3.3 (0.6) 
2.4-4.5

2.5 (0.4) 
1.8-3.2

2.4 (0.4) 
1.4-3.3

* LysGb3: normal reference ≤ 0.6 nmol/L. 
** Pico scale defined as: 0: midline, 1: medial to lateral margin of the clivus or dorsum sellae, 2: lateral to lateral 
margin of the clivus or dorsum sellae, 3: in the cerebellopontine angle cistern.
Clinical events are defined as cardiac events (arrhythmias, pacemaker or intra cardiac device implantation, myocar-
dial infarction, percutaneous transluminal coronary angioplasty, coronary artery bypass graft or hospitalization for 
heart failure, transient ischemic attack, stroke, dialysis or kidney transplantation. 
Abbreviations: na: not analyzed in the current study, WMLs: white matter lesions, ARWMC: age-related white 
matter changes 26, CADASIL: Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and Leukoen-
cephalopathy, BAD: basilar artery diameter. LVH: left ventricular hypertrophy (missing data for 1 FD patient). GFR: 
glomerular filtration rate, in mL/min/1.73m2 (missing data for 2 FD patients) 21. αGalA: α-Galactosidase A activity, in 
nmol/mg/h. LysoGb3: globotriaosylsphingosine, in nmol/L (missing data for 1 FD patient). 
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were considered separately (B= 0.043, 95% CI 0.006-0.081). Such a correlation could not be 

found in FD females or non-FD stroke controls, see figure 2. 

We compared our data with those from the only two previously published studies by Fellgiebel 

et al. 13 and Üçeyler et al. 14 in which the BAD in FD patients was compared to a stroke control 

group and healthy controls, see figure 3. Interestingly, the upper limit of the range of the BAD 

in non-FD stroke controls was the same (3.3 mm) in both our study and that of Fellgiebel et al.. 

The non-FD stroke controls who were included in the study by Üçeyler et al. showed an upper 

limit of the range of 4.2 mm, where a higher age of non-FD stroke controls compared to the FD 

patients should be taken into consideration. Furthermore, the study by Üçeyler et al. found a 

higher upper limit of the range in the healthy control group (5.5 mm). Of note, the data from that 

study by Üçeyler et al. became available only after the face to face meeting and was therefore 

not included in the literature study. 

Based on the results of the current study and data from the two previously published studies, 

the panel agreed that a BAD of > 4.2 mm could serve as a ‘red flag’, but could not confirm a 

diagnosis of FD. 

Diagnostic algorithm

Taking the results of the first two rounds and the additional brain MRI analyses into account, the 

panel came to the diagnostic algorithm for patients with TIA, stroke or WMLs and a GLA GVUS 

(thus having an uncertain diagnosis of FD) presented in figure 4.

Figure 1. Basilar artery diameter in FD patients and non-FD stroke controls. Horizontal lines represent the median. 
Abbreviations: FD: Fabry disease.
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Figure 2. Relation between age and basilar artery diameter. A: males, B: females. Black circles and triangles repre-
sent males, open squares and triangles represent females. Abbreviations: FD: Fabry disease.

Figure 3. Basilar artery diameter in different studies. Horizontal lines represent the median, range is represented by 
the bars. Fellgiebel 13, Üçeyler 14. Abbreviations: FD: Fabry disease.

DISCuSSION
International experts evaluated the available data in the literature to improve the diagnostic 

approach for individuals with TIA, stroke or WMLs, a GLA variant, and an uncertain diagnosis of 

FD. Additional MRI brain analyses in FD patients and age and gender matched non-FD stroke 

controls were subsequently performed to add to the currently available literature. We aimed 
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to improve the diagnosis for patients in whom a GLA variant was already found. The indication 

whom to test for FD is beyond the scope of this study.

The pulvinar sign, on a T1 sequence and in the absence of other causes 15-17 is considered a ’red 

flag’ for FD, indicating that FD is likely, but that there is insufficient information to make a definite 

diagnosis. Confirming the experts’ expectations, the additional MRI analyses revealed that a 

pattern of WMLs as seen in CADASIL is not found in FD patients, and its presence therefore 

excludes FD. Conversely, infratentorial WMLs were sometimes seen in FD patients, dismissing 

the use of this feature to exclude FD. Tortuosity of the basilar artery could not clearly distinguish 

FD patients from no-FD stroke controls. We confirmed previous data that WMLs in FD patients 

may be present in all areas of the brain, and may be located in the periventricular, deep or 

subcortical white matter. 

We specifically studied the BAD as a potential criterion to confirm FD. Based on our data and data 

from two other groups, we concluded that the presence of a BAD > 4.2 mm, is suggestive of FD, 

but cannot confirm the diagnosis of FD in patients with TIA, stroke or WMLs, a GLA GVUS and 

an uncertain diagnosis of FD. However, it is important to note several differences between the 

studies. Fellgiebel et al. concluded that the BAD is a potential screening tool to assess FD in a 

young stroke cohort, and found that 25 FD patients had a significantly increased BAD compared 

to non-FD stroke controls and healthy controls 13. A cut-off of 2.98 mm was identified, with a 

sensitivity of 84% and a specificity of 88.5%. However, the objective of this study differed from 

ours. Fellgiebel et al. were interested in the potential of the BAD for screening for FD among 

stroke patients. In those with an increased BAD measurement of enzyme activity or GLA gene 

Figure 4. Diagnostic algorithm. * Organ specific algorithms for heart and kidney are published in separate articles 
11,12. ** BAD measured on T2 or Time of Flight MRI sequence. *** Follow up in an expert Centre for FD could be 
considered, ERT is not indicated. 
Abbreviations: TIA: transient ischemic attack, WMLs: white matter lesions, GLA gene: α-Galactosidase A gene, CKD: 
chronic kidney disease, LVH: left ventricular hypertrophy, CADASIL: Cerebral Autosomal-Dominant Arteriopathy with 
Subcortical Infarcts and Leukoencephalopathy, FD: Fabry disease.
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sequencing would follow as a second step in the diagnostic work-up of FD. Conversely, patients 

in whom a GLA variant was already found are the subject of this study, making a very high 

specificity (no false positives) of utmost importance. In the study by Fellgiebel et al., no false 

positives were found when a cut-off of  > 3.3 mm was applied to the BAD (FD patients compared 

to non-FD stroke controls, calculated based on original data provided by prof. Fellgiebel, personal 

communication). 

Üçeyler et al. published their data on the BAD in a larger group of 87 FD patients, compared to 

non-FD stroke controls and healthy controls 14. In contrast to our findings, they did not find a 

difference between FD patients and non-FD stroke controls, while FD males had an increased 

BAD compared to healthy male controls. It should be noted, however, that the non-FD stroke 

controls were older than the FD patients. The authors argued that stroke is a disease of older 

age, and that in the absence of a correlation with age, this did not influence the data. While 

Fellgiebel et al. were also not able to identify a correlation between the BAD and age, we did 

find such a correlation, but only for male FD patients. Others have found a correlation between 

age and the BAD in a large group of 466 stroke patients 27, and in a group of 171 patients with 

mixed indications for brain imaging. They reported a 95th percentile of 4.4 mm for the BAD 28. 

While the influence of age remains inconclusive, we believe that this dilemma is overcome for 

the data presented here, by the case-control design of our study. And, although the BAD may 

increase with age (possibly affected by the increased occurrence of vascular diseases 29), this is 

less relevant for the purpose of a correct diagnosis in a patient with an uncertain diagnosis of FD, 

as FD will mostly be considered in patients with young, cryptogenic stroke.

Another issue that needs to be considered is that different methods were used. While the 

above studies used MRI TOF to measure the BAD, this was not available for the current study. 

The measurement on T2-weighted MR images may in theory lead to an overestimation of the 

diameter because measurements include the vessel wall, while TOF measurements represent 

only the lumen. However, TOF measurements are influenced by the blood flow velocity, in that 

they underestimate the diameter if blood flow velocity is low, and overestimate the diameter if 

blood flow velocity is high. A higher blood flow velocity has been reported in FD patients by some 

groups (for overview of studies see the supplement). Therefore, in FD T2-weighted images and 

TOF measurements may both overestimate the BAD.

Furthermore, we used the mean of the BAD at three locations, measured on a 1.5 Tesla system, 

as was also used by Fellgiebel et al., while Üçeyler et al. measured the mid-artery diameter on a 3 

Tesla system. In addition, it is important to realize that the age of the FD patients differs between 

studies, and different criteria for the diagnosis of FD were used.

In our study, only patients with a definite diagnosis of FD were included. In general, these 

patients have a classical FD phenotype, while the patients for whom the algorithm is built have a 

non-classical phenotype or no FD. The BAD of patients with non-classical FD might be normal or 

less clearly increased, making the clinical applicability of this criterion questionable. For validation 

of the criterion, ideally a (prospective) diagnostic accuracy study is performed. For this purpose, a 
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group of individuals presenting with TIA, stroke or WMLs, and a GVUS in the GLA gene in whom 

the diagnosis of FD has been confirmed or excluded is needed. This is, however, hampered 

by the diagnostic dilemmas in these patients, which was the objective for this study in the 

first place. Future studies in patients presenting with LVH or CKD in whom FD is confirmed or 

excluded with the use of the respective algorithms 11,12 might shed a light on this issue.

However, with these limitations in mind, we still believe that a cut-off of > 4.2 mm for the BAD, 

measured on MRI TOF or T2 sequences, is suggestive of FD and can serve as a ’red flag‘ for 

patients with TIA, stroke or WMLs, a GLA variant and an uncertain diagnosis of FD. 

With the current algorithm, it is very likely that a definite diagnosis cannot be established in all 

patients. For individuals in whom the diagnosis remains uncertain, adequate follow-up, including 

extensive and repeated evaluation of all organ systems that are potentially at risk in FD, at a 

centre with expertise on FD is advised. If other complications, such as heart or kidney disease, 

develop, further assessments according to the respective algorithms are indicated 11,12. In patients 

without a definite diagnosis, no specific treatment such as enzyme replacement therapy should 

be started.

In conclusion, there is a need for tools to confirm or reject the diagnosis of FD in patients with 

TIA, stroke or WMLs, a GLA GVUS and an uncertain diagnosis of FD. We are confident that, with 

the current available data, a BAD - measured on MRI TOF or T2, of > 4.2 mm- and a pulvinar sign 

on T1 weighted MRI are suggestive of FD and as such should be considered a ’red flag‘ for FD in 

these patients. While these criteria make the diagnosis of FD likely, they are not confirmative. If 

a WML pattern as seen in CADASIL is present, FD is excluded. Follow- up is advised for those in 

whom a definite diagnosis cannot be established. 
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SuPPLEMENT
Literature search

For the first round, we prepared a systematic review of the relevant literature. PubMed and Embase (1980 – 

current) were searched in July 2013 with the search terms Fabry disease (FD), brain, stroke, and dolichoectasia. 

Synonyms and mesh terms or headings were incorporated in the search. We selected articles based on title 

and abstract. References were cross checked. Only reports in English, French or German, concerning adult 

populations and published in peer reviewed journals were included. In addition, brain specific features in 

adult FD patients and/or healthy or diseased controls had to be reported. Reviews, case reports or series, 

editorials and letters without original data were excluded. Enzyme replacement therapy (ERT) trials were 

included if brain involvement was a main focus of the study and baseline data were available. Only baseline 

data of FD specific features were used (i.e. no ERT given) except when indicated otherwise. If feasible, the 

sensitivity and specificity were calculated and specified for gender. Gender specific calculations were not 

reported if the data were insufficient. Specificity was calculated if a control group with similar presentation 

(e.g. young stroke, small vessel disease) was used to compare data. Specificity was not applicable (n/a) if a 

healthy control group was used to compare data. If the author reported details on the non-classical nature of 

FD patients in the cohort, this data was also captured. Corresponding authors were contacted if additional 

clarification was required. 

Criteria that could be used either to exclude FD or to confirm FD were selected. We aimed to select criteria 

that were compared to other brain/neurological diseases. It should be noted here that a specificity calculation 

based on data in healthy controls, often reaching 90-100%, cannot be applied to the target group with 

neurological disease and a  genetic variant of unknown significance in the GLA gene, because the aim of the 

algorithm is to differentiate between FD and other diseases that may cause similar cerebral manifestations. 

However, the number of papers that fit this criterion was limited (n= 1). Therefore, we selected all papers that 

assessed a brain specific feature in a group of FD patients with or without comparison to patients suffering 

from other brain/neurological diseases. Specificity was therefore mostly not available. 

Statistical considerations

The aim of the literature review was to find criteria that could possibly serve as an entry or exit criterion. We 

searched for criteria with a specificity of at least 90% since the presence of an entry criterion with a high 

specificity confirms a diagnosis of FD; there are no or only very few false positives. Likewise, the presence 

of an exit criterion with a high specificity confirms the presence of another disease than Fabry disease; again, 

there are no or only few false positives. However, because of limited data on comparison of such criteria in 

other brain diseases, we will not exclude criteria with a slightly lower or unknown specificity. Additionally, a 

low sensitivity was accepted in order to include all papers that give information about the brain features of 

Fabry disease. 

The tables below summarize the results of the systematic literature search. The selected articles are 

categorized by the criterion that was studied. A study may appear twice or more if two or more criteria were 

studied by the authors. 

As indicated above, specificity is unknown in most studies, since most features were not studied in non-Fabry 

neurological diseases. Also, sensitivity may be low, and was mostly studied in a combined population of FD 

patients with or without cerebral manifestations and with classical and non-classical phenotypes. Hence, the 

sensitivity may be different in a cohort of non-classical FD only. 
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Literature study results

See Figure 1 and Tables a-j.

a) White matter lesion (WML) load (Fazekas, Visual rating scale [VRS]), White matter (WM) and WML 

volume)

b) WML localization

c) Pulvinar sign

d) Basilar artery diameter

e) Arterial tortuosity

f) DTI/DWI

g) Intima-media thickness (IMT) common carotid artery

h) Blood flow velocity (BFV)

i) Spectroscopy

j) Other

 

Database search 
N=1092 

Selected n=50 

 Conference abstract/paper n=113 
 Screening studies n=25 
 No brain investigations n=114 
 Case study/series n=227 
 Review n=384 
 Epidemiological n=6 
 Clinical trial n=52 
 Comment/editorial n=39 
 Not about FD or lysosomal 

disease n=28 
 Basic science/animal studies 

n=54 

Included n=42 

Exluded full text: 
 Same cohort as other 

study n=1 
 No original data n=3 
 No brain investigations 

n=2 
 Article in Hungarian n=1 
 No full text n=1 

Figure 1. Literature search flow chart.
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a. wML load (Fazekas, Visual rating scale [VRS]), wM and wML volume

Study Patients (controls) Method
(technique and 
quantification 
method)

Fazekas/ Visual 
rating scale (VRS)

Results
(sensitivity and specificity 
of presence of wML)

Comments/ limitations

Albrecht 
20071

FD adults n=25 (15 males)
Controls: Healthy n=20 (12 
males)

•	 MRI 1.5 T
•	 VRS

0 N=11
1 N=7
2 N=7 
No controls with 
VRS2

•	 WML in patients 
exceeded controls 

•	 Age correlated with 
WML load in FD

Sensitivity 56% Specificity n/a

20 Patients on ERT; 22 patients 
and 18 controls part of Fellgiebel 
et al 2006

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: -

•	 MRI 1.5T
•	 Fazekas 

Only for subgroup 
aged >45yrs, n=12. 
I N=1
II N=1
III N=2
 
No data on other 
patients <45 yrs

Sensitivity 33% 
Specificity n/a

Normal values from the literature 
were reported for WM and GM 
volume, but no statistical test 
performed

Buechner 
2008 3

FD adults n=41 (25 males)
Controls: -

•	 MRI (Tesla 
unknown)

•	 Fazekas

0 36%
I unknown
II/III 81% of 
males and 77% of 
females with an 
abnormal MRI 

Abnormal MRI (all features) 
in 64% in males, and 81% 
in females 

Sensitivity of WML unknown
Specificity n/a 

No clear data on Fazekas I; no 
detailed information on WML 
sensitivity

Burlina 
2008 4

FD adults n=36 (16 males)
Controls: -

•	 MRI 1.5T - Sensitivity 25%
Specificity n/a 

9 patients were reported to have 
WMLs, but WMLs were not 
quantified or localized

Crutchfield 
1998 5

FD adults n=50 (50 males)
Controls: -

•	 MRI 1.5T - Sensitivity WML/GML 82% 
Specificity n/a

WML/GML were found in 41/50 
patients of whom 13 patients had 
periventricular WML and 35% 
had lesions in brain stem; lesions 
(in mm, total diameter of WMLs 
combined) showed a positive 
correlation with age 

Duning 
2013 6

FD adults n=23 (12 males)
Controls: Healthy age 
matched n=44 (23 males)

•	 MRI 3T
•	 Fazekas

Mean Fazekas 
score: 1.9, mean 
WML volume: 
2.97 mL

Sensitivity unknown
Specificity n/a

No data on score/volume per 
patient

Takanashi 
2003 7

FD adults  n=10 (9 males)
Controls: -

•	 MRI 1.5 T - Sensitivity 70%
Specificity n/a 

No  quantitative values of WML

Fellgiebel 
2009 8

FD adults  n=25 (10 males)
Controls: Healthy age 
matched n=20 (9 males)

•	 MRI 1.5T
•	 Manually 

traced WML 
(>2mm)

- No significant difference 
between FD and controls

Sensitivity unknown
Specificity n/a

WML volume with a wide spread

Fellgiebel 
2005 9

FD adults n=27 (13 males)
Controls: -

•	 MRI 1.5T
•	 VRS

0 N=12
1 N=6
2 N= 9

Sensitivity 56% 
Specificity n/a

WML = lesion ≥5mm; correlation 
between age and WML scores;
no difference in WML scores 
between males and females

Gavazzi 
2006 10

FD adults n=16 (8 males)
Controls: Healthy age and 
dexterity matched n=16 
(8 males)

•	 MRI 1.5T
•	 Fazekas

Fazekas details 
unknown

Sensitivity 94% 
Specificity n/a

No data on score per patient

Gupta 
2005 11

FD adults n=54 (0 males)
Controls: -

•	 MRI, Tesla 
unknown

- Sensitivity 20%  
Specificity n/a

Lacunar infarction (n=4.7%) 
included in sensitivity

Jardim 
2004 12

FD adults n=8 (7 males)
Controls: -

•	 MRI 1.5T - Sensitivity 50%
Specificity n/a

Low 
2007 13

FD adults n=14 (13 males)
Controls: -

•	 MRI 1.5T - Sensitivity 43%
Specificity n/a

3 patients with discrete infarctions 
in the internal capsule; in 2 
patients these lesions extended 
to the centrum semiovale and 
thalamus
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Study Patients (controls) Method
(technique and 
quantification 
method)

Fazekas/ Visual 
rating scale (VRS)

Results
(sensitivity and specificity 
of presence of wML)

Comments/ limitations

Marino 
2006 14

FD adults n=8 (4 males)
Controls: Healthy age/
gender matched n=8 (4 
males)

•	 MRI 1.5T
•	 Manually 

traced for 
WM volume

- Sensitivity 38%
Specificity n/a

WM volume normalized for head 
size was similar in FD and controls

Moore 
2001 
(July) 15

FD adults n=26 (26 males)
Controls: Healthy n=10 
(number of males 
unknown)

•	 MRI, Tesla 
unknown

- Sensitivity 23% 
Specificity n/a

In 3 patients a mild amount of 
white matter, high-signal
abnormality was found on FLAIR 
imaging; in another 3 patients,
1 - 3 discrete lesions were noted

Moore 
2003 16

FD adults n=26 (26 males)
Controls: Healthy age/
gender matched n=8 (8 
males)

•	 MRI, Tesla 
unknown

- Sensitivity 39%
Specificity n/a

Study patients are a selection of a 
larger cohort of 79 patients

Mortilla 
2007 17

FD adults n=10 (number of 
males unknown)
Controls: -

•	 MRI, Tesla 
unknown

•	 Other rating 
scale

- Sensitivity 100%
Specificity n/a

Non-standardized rating scale  
0: no lesions  
1: mild  
2: moderate  
3: severe involvement 

5 different regions were scored in 
32 sequential scans in 10 patients

Paavilainen 
2013 18

FD patients above 16 years 
of age n=12 (4 males)
Controls: Healthy adults 
n=13 (2 males)

•	 MRI 1.5T
•	 Fazekas

0 n=5
 I n=3
II n= 3
III N=1

Sensitivity 58%
Specificity n/a

Politei 
2006 19

FD patients above 17 years 
of age n=5 (4 males)
Controls: Healthy age 
matched n=5 (number of 
males unknown)

•	 MRI 1.5T - Sensitivity 0%
Specificity n/a

All patients were on ERT

Reisin 
2011 20

Adult FD patients n=36 
(15 males)
Controls: -

•	 MRI, Tesla 
unknown

•	 Simplified 
rating scale 

Sensitivity 44%
Specificity n/a

WML = lesion >5mm, 
hyperintense on FLAIR
Scale: 
mild: focal WML severe: confluent/ 
deep grey matter or multiple 
lesions

1 patient described with normal 
MRI at age 12, and first WML 
at age 13 

Ries et al 
2007 21

FD patients n=109 (85 
males) Males: age 6-58 
years, mean 31, SD 13; 
Females age: 22-72, mean 
42, SD 12
Controls: -

•	 MRI, Tesla 
unknown

- Sensitivity unknown
Specificity n/a

Median WML 0, inter quartile 
range 0-14 in a subset of 49 
patients

Schermuly 
et al 2011 22

FD adults n=25 (10 males)
Controls n=20 (9 males).

•	 MRI 1.5T - Sensitivity unknown
Specificity n/a

WML = lesion >2mm;
manually traced WML: WML 
volume not significantly different 
from controls, but 7 FD patients 
showed marked elevated WML 
volumes

Tedeschi 
1999 23

FD adults n=9 (9 males)
Controls: Healthy age 
and gender matched 
n=20 (number of males 
unknown)

•	 MRI 1.5T - Sensitivity 44%
Specificity n/a

Vedder 
2007 24

FD adults n=66 (25 males) 
including 7 individuals with 
a GLA variant associated 
with an uncertain diagnosis 
or non-classical phenotype 
(p.P60L n=1 and p.R112H 
n=6)

•	 MRI, Tesla 
unknown

- Sensitivity unknown
Specificity n/a

Lacunar infarctions in 38%, WML 
not reported
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Study Patients (controls) Method
(technique and 
quantification 
method)

Fazekas/ Visual 
rating scale (VRS)

Results
(sensitivity and specificity 
of presence of wML)

Comments/ limitations

Whybra  
2001 25

FD patients n=4 (0 males)
Age 12-65 years, mean 38

•	 MRI, Tesla 
unknown

- Sensitivity unknown
Specificity n/a

Multiple lesions in a 58-year-old 
woman and lesions to a minor 
extend in 2 others; details on 
type of lesions only specified in 
1 patient

Comments

•	 Sensitivity ranged between 0 and 100%, i.e. not all FD patients have WMLs, especially the younger FD 

patients

•	 The results may not apply to individuals with a GVUS and stroke/WML, because they often present with 

changes of the white matter with an uncertain etiology

•	 Specificity of WML load could not be calculated since no comparison was made to other diseases that 

may cause WMLs

•	 WMLs have been described in pediatric FD patients but increase with age 
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b. wML- localization

Study Patients (controls) Method Results Comments/ limitations

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: Healthy age matched (doppler only)  
n=20 (number of males unknown)

•	 MRA 1.5 T WML mainly located in the 
periventricular and fronto-
temporal regions

No individual data, no 
standardized method

Buechner 
2008 3

FD adults n=41 (25 males)
Controls: -

•	 MRI, Tesla 
unknown

If MRI abnormality in males: 
vertebrobasilar area and 
carotid area (n=6/6)
Females: carotid area 
(n=5/5), and vertebrobasilar 
area (n=2/5)

No data on individual patients 
or spread 

Crutchfield 
1998 5

FD adults n=50 (50 males)
Controls: -

•	 MRI 1.5T 13 patients had 
periventricular WML 

No data on individual patients 
or spread 

Duning 
2013 6

FD adults n=23 (12 males)
Controls: Healthy age matched n=44 (23 
males)

•	 MRI 3T The symmetrical WM 
changes were most 
prominent in the frontal 
lobes, the midbrain, and in 
the brainstem

No data on individual patients 
or spread 

Jardim 
2004 12

FD adults n=8 (7 males)
Controls: -

•	 MRI 1.5T Predominantly in the carotid 
distribution

No data on individual patients 
or spread 

Moore 
2003 16

FD adults n=16 (16 males)
Controls: Healthy age and gender matched 
n=8 (8 males)

•	 MRI, Tesla 
unknown

Predominantly posterior and 
periventricular

No data on individual patients 
or spread 

Mortilla  
2007 17

FD adults n=10 (number of males unknown)
Controls: -

•	 MRI, Tesla 
unknown

Preferential localizations: 
periventricular white matter 
and centrum semiovalis 
which
were involved earlier than 
the brainstem and basal 
ganglia

No data on individual patients 
or spread 

32 sequential scans in 10 
patients

Reisin 
2011 20

FD patients n=36 (15 males)
Controls: -

•	 MRI, Tesla 
unknown

Lesions predominated in 
the anterior circulation in 7 
and posterior circulation in 3 
patients; Equal distribution 
between posterior and 
anterior circulation in 6 
patients

No data on individual patients 
or spread 

Whybra 
2001 25

FD patients n=4 (0 males)
Age 12-65 years, mean 38

•	 MRI, Tesla 
unknown

Frontoparietal region and 
thalamus, in central and 
subcortical white matter

Localization based on multiple 
lesions in a 58-year-old 
woman, not described for 
2 other patients with MRI 
abnormalities 

Comments: 

•	 WMLs are described in both the anterior and posterior circulation. Periventricular white matter was most 

often described as localization in terms of sub-cortical or deep white matter involvement

•	 WML localization was not studied in a standardized way

•	 No comparison was made to other diseases that may cause WMLs

•	 Sensitivity and specificity could not be calculated
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c. Pulvinar Sign

Study Patients (controls) Method Results Comments/ limitations

Albrecht 
2007 1

FD adults n=25 (15 males)
Controls: Healthy n=20 (12 males)

•	 MRI 1.5 T Sensitivity 8% (males 20%, 
females 0%) 
Specificity n/a

20 Patients on ERT; 22 patients and 18 
controls part of Fellgiebel et al 2006

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: -

•	 MRI 1.5 T Sensitivity 0%
Specificity n/a

Buechner 
2008 3

FD adults n=41 (25 males)
Controls: -

•	 MRI, Tesla 
unknown

Sensitivity 5% (males 8%, females 
0%)
Specificity n/a

Burlina 
2008 4

FD adults n=36 (16 males) 
Controls: -

•	 MRI 1.5T Sensitivity 14% (males 31%, 
females 0%)
Specificity n/a

All patients with the pulvinar sing were 
ERT treated. 

Moore 2003 
(Jun) 26

FD patients (including 13 children) 
n=94 (94 males)
Controls: -

•	 MRI Sensitivity 23% 
Specificity n/a

Prevalence increased with age. 

Gavazzi 
2006 10

FD adults n=16 (8 males)
Controls: Healthy age and 
dexterity matched n=16 (8 males)

•	 MRI 1.5T Sensitivity 6% (males 13%, 
females 0%)
Specificity n/a

Reisin 
2011 20

FD patients n=36 (15 males) 
Controls: -

•	 MRI, Tesla 
unknown

Sensitivity 0%
Specificity n/a

Pulvinar sign was seen in one patient 
on dialysis, this patient was excluded 
from the study (unknown reasons)

Takanashi 
2003 7

FD adults n=10 (9 males) 
Controls: -

•	 MRI 1.5 T Sensitivity 70% (89% males, 0% 
females)
Specificity n/a

Comments

•	 Sensitivity is low with a range of 0-70%, in male patients only; a case report by Burlina et al reported the 

pulvinar sign in two young females with FD, in the absence of WMLs and considerable cardiac or renal 

involvement (1 had microalbuminuria) 27

•	 The pulvinar sign has been described in total parenteral nutrition with hyperintensities mainly in the globus 

pallidus 28, liver failure 4, HIV infection4, von Hippel Lindau disease 4, CNS infection 29 and whole brain 

radiation/chemo-radiation 4  

•	 Specificity could not be calculated from the available data. However, in the literature, the pulvinar sign has 

only been associated with a few other conditions that are easily distinguished from FD on clinical grounds
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d. basilar artery diameter (baD)

Study Patients (controls) Method Results Comments/ limitations

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: -

•	 MRI/MRA 
1.5 T

Mean BAD FD 3.66 mm (SD 
0.72)
Sensitivity unknown
Specificity n/a

Cut off values were not reported, therefore 
sensitivity and specificity could not be 
calculated

Fellgiebel 
2011 30

FD adults n=53 (24 males)
Controls: Healthy age matched n=20 (9 
males) AND young stroke patients n=26 
(9 males)

•	 MRI/MRA 
1.5T

Compared to young stroke 
patients: Sensitivity 84% 
Specificity 88.5% 
(males/females unknown)

Both men and women with FD had increased 
BADs compared to the age-matched stroke 
patient group (p<0.0005). Also the MCA 
and the carotid artery were significantly 
increased in diameter compared to stroke 
controls. For predictive properties AUC of 
the ROC curve was used. a baD cut off 
of 2.98mm was used for sensitivity and 
specificity calculation. The measurement 
was reliable and reproducible.

Fellgiebel 
2009 8

FD adults n=25 (10 males)
Controls: Healthy age matched n=20 
(9 males)

•	 MRI 1.5T All large vessels except the 
anterior cerebral artery were 
significantly dilated in FD for 
total group and sub analysis for 
men and women

With BAD cut-off of 2.67mm: 
Sensitivity 95%  (males/
females unknown)
Specificity n/a

Larger BAD in men than women with FD 
(p 0.006).
With cut off value for BAD of 2.67mm: 
accuracy 87 % (correctly classified in FD or 
control group). 
Specificity based on healthy controls was 
83%

Gavazzi 
2006 10

FD adults n=16 (8 males)
Controls: Healthy age and dexterity 
matched n=16 (8 males)

•	 MRI/MRA 
1.5T

Sensitivity 13% (males 20%, 
females 13%)
Specificity n/a

Vertebrobasilar dolichoectasia was present in 
2 males with FD, no detailed data available 
(not the main subject of the study)

Gupta 
2005 11

FD adults n=50 (0 males)
Controls: -

•	 MRI/MRA, 
Tesla 
unknown 

Sensitivity 20% 
Specificity n/a

No details on cut off and type of arteries; 
sensitivity includes dolichoectasia and 
stenosis/occlusion, not further specified

Jardim 
2004 12

FD adults n=8 (7 males)
Controls: -

•	 MRI/MRA 
1.5T

Sensitivity 13% (males/females 
unknown)
Specificity n/a

Dolichoectasia, no details on cut off and type 
of arteries

Low 
2007 13

FD adults n=14 (13 males)
Controls: -

•	 MRI/MRA 
1.5T

Sensitivity 7% (males/females 
unknown)
Specificity n/a

Sensitivity was based on 1 patient that had 
a basilar artery aneurysm, no details on cut 
off value

Schermuly 
2011 22

FD adults n=25 (10 males)
Controls n=20 (9 males)

•	 MRI 1.5T Sensitivity unknown
Specificity n/a

BAD significantly increased in FD patients 

Comments

•	 Sensitivity was variable (range 7 – 95%). The FD patients studied were mainly patients with a classical 

phenotype. 

•	 Specificity was investigated in one study (Fellgiebel 2011), comparing young stroke patients with and 

without FD  .

•	 Technical differences between MRI scanners may influence the results; possibly local reference values 

should be obtained before this feature may be used as a diagnostic tool
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e. arterial tortuosity

Study Patients (controls) Method Results Comments/ limitations

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: Healthy age matched (Doppler only) 
n=20 (number of males unknown)

•	 MRI/MRA 
1.5 T

Sensitivity 67% (males 60%, 
females 71%)
Specificity n/a

Predominantly internal carotid, 
MCA, BA tortuosity 

Low 
2007 13

FD adults n=14 (13 males)
Controls: -

•	 MRI/MRA 
1.5T

Sensitivity 21%
Specificity n/a

3 patients with basilar artery 
tortuosity

Comments

•	 Sensitivity ranged between 21 and 71%. Tortuosity was not studied in a standardized way. 

•	 Tortuosity was not compared to a control group with small vessel disease/young stroke to calculate 

specificity.

f. DTI/DwI

Abbreviations: MD: mean diffusivity and Fa: Functional Anisotropy

Study Patients (controls) Method Results Comments/ limitations

Albrecht 
2007 1

FD adults n=25 (15 males)
Controls: Healthy n=20 (12 males)

•	 MRI 1.5 T MD: increased in FD
FA: no significant difference

Statistical differences and correlations 
reported.
20 Patients on ERT; 22 patients and 
18 controls part of Fellgiebel et al 
2006

Duning 
2013 6

FD adults n=23 (12 males)
Controls: Healthy age matched n=44 
(23 males)

•	 MRI 3T MD: not reported
FA: Widespread decline in FD 
vs controls

In general, the clusters of FA 
reductions significantly exceeded the 
WM hyper intensities that were seen 
on conventional MRI

Fellgiebel 
2009 8

FD adults n=25 (10 males)
Controls: Healthy age matched n=20 
(9 males)

•	 MRI 1.5T MD: significantly elevated in FD 
(p 0.041)
FA: not reported

No FA because in previous study no 
difference between FD and healthy 
controls was found (Albrecht 2007/
Fellgiebel 2006)

Fellgiebel 
2006 31

FD adults n=27 (13 males)
Controls: Healthy age matched n=21 
(12 males)

•	 MRI 1.5T MD: increased in FD, maximum 
MD elevations in frontal parietal 
and temporal white matter
FA: no significant difference

Clear overlap in values of controls and 
FD patients 

Moore 
2002 32

FD adults n=17 (17males)
Controls: Healthy n=8 (8 males)

•	 MRI 1.5T MD: Significant increase of 
average brain diffusion in  FD 
patients

Clear overlap in values of FD patients 
and controls

Paavilainen 
2013 18

FD patients above 16 years of age 
n=12 (4 males)
Controls: Healthy adults n=13 (2 males)

•	 MRI 1.5T MD: elevated in FD patients
FA: decreased FA in FD patients 

58% (n=7) of FD patients ERT treated
FA: only slight overlap with controls, 
no cut off defined for sensitivity/
specificity calculation

Politei 
2006 19

FD patients above 17 years of age n=5 
(4 males)
Controls: Healthy age matched n=5 
(number of males unknown)

•	 MRI 1.5T DWI mean apparent diffusion 
coefficient increased compared 
to controls

All patients were ERT treated

Schermuly 
2011  22

FD adults n=25 (10 males)
Controls n=20 (9 males)

•	 MRI 1.5T MD: significant increase in FD FA not reported

Comments

•	 Sensitivity could not be calculated, as in most studies only p-values were available to show significant 

difference between patients and healthy controls. However, the sensitivity is unlikely to be very high, since 

there was considerable overlap between FD and healthy cohorts

•	 Specificity could not be calculated as no comparison with a young stroke cohort or other CNS disorders 

was made, but is unlikely to be very high, as diffusion changes have been described in other neurological 

diseases in which brain tissue alterations occur, such as stroke and multiple sclerosis.
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g. Intima-media thickness (IMT) common carotid artery

Study Patients (controls) Method Results Comments/ limitations

Boutouyrie 
2002 33

FD adults n=21 (21 males)
Controls: Healthy age and gender 
matched n=24 (24 males)

•	 High definition 
ultrasonography

•	 Aplanation tonometry 
(measurement of 
arterial pressure.)

Carotid IMT mildly but 
significantly increased in 
FD patients

Groups overlap, no cut off defined

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: Healthy age matched 
n=20 (number of males unknown)

•	 Trans cranial vascular 
ultrasound/doppler

FD: No atherosclerotic 
plaques, no stenosis

Barbey et 
al 2006 34

FD adults n=53 (24 males)
Controls: Healthy age matched 
n=120 (83 males)

•	 High definition 
ultrasonography

IMT increased in FD

Atherosclerotic plaques:
FD 0%
Controls 34%

Kalliokoski 
2006 35

FD adults n=17 (7 males)
Controls: Healthy age, gender and 
smoking matched n=34 (16 males)

•	 Ultrasound Significant increase in 
IMT of carotid, no cut off 
defined; groups overlap

9 patients ERT treated 15-20 months, 
no difference between treated and 
untreated FD patients, no difference in 
arterial compliance

Comments

•	 Sensitivity could not be determined as only statistical comparisons with healthy individuals were made. 

However, the sensitivity is unlikely to be very high, since there was considerable overlap between FD and 

healthy cohorts 

•	 Atherosclerotic plaques were not present in FD patients in these studies. However, atherosclerotic lesions 

have been described in FD patients 36
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h. blood flow velocity (bFV)

Study Patients (controls) Method Results Comments/ 
limitations

Azevedo 
2012 2

FD adults n=12 (5 males)
Controls: Healthy age matched (Doppler 
only) n=20 (number of males unknown)

•	 Trans cranial 
vascular ultrasound/
doppler

Significantly reduced PCA BVF, lower 
gain and lower rate time in FD patients

Hilz 
2004 37

FD adults n=22 (22males)
Controls: healthy age and sex matched 
n=24 (24 males)

•	 Trans cranial doppler BFV of the MCA was measured; BFV 
significantly decreased in FD patients 

Moore 
2001 15

FD adults n=26 (26 males)
Controls: Healthy n=10 (10 males)

•	 Resting BFV using 
PET procedure with 
[15O] H2O

Hyperperfusion mainly in posterior 
circulation, but also to a lesser extend 
in the anterior circulation

Moore 
2001 38

FD adults n=26 (26 males)
Controls: Healthy n=10 (10 males)

•	 Resting BFV using 
PET procedure with 
[15O] H2O

No difference in resting global cerebral 
blood flow (CBF) velocity, but regional 
increase of CBF velocity in FD (in 
brain stem, cerebellum, and bilateral 
temporal, posterior occipital, and 
inferior frontal regions)

Moore 
2002 39

FD adults n=26 (26 males)
Controls: Healthy n=10 (10 males)

•	 Functional cerebral 
BFV with visual 
stimulation and 
acetozolamide 
challenge with PET 
procedure with 
[15O] H2O

Significant increase in resting CBF 
velocity in FD patients after visual 
stimulation and acetozolamide 
challenge

Moore 
2002 40 

(Feb)

FD adults n=63 (63 males)
Controls: Healthy n=31 (31 males)

•	 Trans cranial doppler Significant increase in BFV in MCA and 
PCA in FD

No cut off, large 
overlap in data

Moore 
2003 16

FD adults n=26 (26 males)
Controls: Healthy age and gender 
matched n=8 (8 males)

•	 MRI Tesla unknown Resting CBF was significantly 
increased in both WML group and no 
WML group compared to controls 
p<0.01

Data not shown

Uçeyler 
2012 41

FD patient age 17-72 years
N=68 (33 males) 
Controls: healthy n=77 (36 males)

•	 Extra- and 
transcranial Doppler

Increase in BFV on extra cranial 
Doppler in FD patients for internal 
carotid artery (mean flow and end-
diastolic flow velocity) but within 
normal range

N=23 on ERT; 
conclusion that 
the statistical 
differences are 
not biologically 
meaningful 

Comments

•	 Sensitivity could not be determined as only statistical comparisons with healthy individuals were made. 

However, the sensitivity is unlikely to be very high, since there was considerable overlap between FD and 

healthy cohorts 

•	 Specificity could not be calculated as no comparison with a young stroke cohort or other CNS disorders 

was made
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i. Spectroscopy

Study Patients (controls) Method Results Comments/ 
limitations

Gavazzi 
2006 10

FD adults n=16 (8 males)
Controls: Healthy age and dexterity 
matched n=16 (8 males)

•	 MRI 1.5T No difference between patients and controls for 
concentration of N-acetyl aspartate, creatine and 
choline; during motor tasks FD patients show 
recruitment of additional cortical areas

Sensitivity unknown
Specificity n/a

Gruber 
2010 42

FD adults n=7 (4 males)
Controls: healthy age and gender 
matched n=8 (4 males)

•	 MRI 3T No difference of metabolites between patients and 
controls

Sensitivity unknown
Specificity n/a

Jardim 
2004 12

FD adults n=5 (number of males 
unknown)
Controls: -

•	 MRI 1.5T 3 patients with abnormal MRS metabolites had no 
lesions on MRI

Sensitivity 83%
Specificity n/a

Sensitivity based 
on predefined 
normal values

Marino 
2006 14

FD adults n=8 (4 males)
Controls: Healthy age and gender 
matched n=8 (4 males)

•	 MRI 1.5T Values of central brain of N-acetyl aspartate/creatine 
were different between FD patients and controls 
p<0.02

Sensitivity unknown
Specificity n/a

Politei 
2006 19

FD patients above 17 years of age n=5 
(4 males)
Controls: Healthy age matched n=5 
(number of males unknown)

•	 MRI 1.5T N-acetyl aspartate/creatine  ratio and choline/creatine 
ration were not different compared to controls

Sensitivity unknown
Specificity n/a

All patients were 
ERT treated

Tedeschi 
1999 23

FD adults n=9 (9 males)
Controls: Healthy age and gender 
matched n=20 (number of males 
unknown) 

•	 MRI 1.5T N-acetyl aspartate/creatine ratio and N-acetyl 
aspartate/choline ratio were reduced in FD patients 
in the temporal region of interest; no difference in 
choline/creatine ratio was found
Sensitivity unknown
Specificity n/a

Comments

•	 Sensitivity could not be determined as only statistical comparisons with healthy individuals were made. 

However, the sensitivity is unlikely to be very high, since there was considerable overlap between FD and 

healthy cohorts

•	 Specificity could not be calculated as no comparison with a young stroke cohort or other CNS disorders 

was made
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j. Other

Study Patients (controls) Method Results Comments/ limitations

Fellgiebel 2012 43

hippocampal 
volume

FD adults n=25 (10 males) 
Controls Healthy age/education 
matched n=20 (number of 
males unknown)

•	 MRI 1.5 T 
hippocampus

Smaller hippocampal 
volumes (normalized for GM 
and WM volumes) in FD

Sensitivity unknown
Specificity n/a

No difference in depression rate between 
FD and controls, depression severity did 
not correlate with hippocampal volume; 
no difference between FD women and 
female controls

Germain 2006 44

Chiari 
malformations

FD adults n=51 (44 males)
Controls: -

•	 MRI 1.5T Sensitivity 4% 
Specificity n/a

Study was initiated based on case report 
of FD male with a chiari malformation

Moore 2003 16

PET
FD adults n=16 (16 males)
Controls: Healthy age and 
gender matched n=8 (8 males)

•	 PET scanner Sensitivity unknown
Specificity n/a

No significant difference in the mean 
regional cerebral glucose utilization, but 
decreased in some regions, also in FD 
patients without WML

Ortu 2013 45

Motor cortex 
excitability 

FD adults n=11 (4 males)
Controls: Healthy age and 
gender matched

•	 EMG and 
transcranial 
magnetic 
stimulation

Increased activity of motor 
glutamergic excitatory 
circuits in FD patients
Sensitivity unknown
Specificity n/a

No cut off value defined 

Reisin 2011 20

Microbleeds
FD patients n=36 (15 males) 
Controls: -

•	 MRI, Tesla 
unknown

•	 Gradient Echo 
sequence

Sensitivity 11%
Specificity n/a
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