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A B S T R A C T   

Background: Fabry disease (FD) is a rare, genetic disease, that if untreated, progresses to irreversible and life- 
threatening renal, cardiac, and cerebrovascular events. FD symptoms impact daily functioning and quality of 
life, but no disease-specific measure of these symptoms has been psychometrically tested. 
Methods: The Fabry Disease Patient-Reported Outcome (FD-PRO) consists of 19 items that measure neuropathic 
symptoms (pain, tingling, numbness and burning in upper/lower extremities), headache, abdominal pain, heat 
intolerance, swelling, tinnitus, fatigue, hearing/vision impairment, hypohidrosis (diminished sweating) and 
difficulty engaging in regular physical activities in the past 24 h. Measurement properties of the instrument were 
evaluated among 139 adult (≥ 18 years) FD diagnosed patients (enzyme deficiency in males; GLA genotyping in 
females) including enzyme replacement (ERT) treated or treatment-naïve patients, classic or late-onset pheno-
types from ten countries and eighteen sites. Patients completed the FD-PRO daily on a handheld electronic diary 
for 4 weeks; demographic, other patient and clinician reported outcomes were also collected. 
Results: The mean age of patients was 43 years; with even sex distribution (female: 53%) and majority was ERT 
treated (72%). Patient compliance was high; ≥ 87% completed at least 4 FD-PRO entries each week (mean 
completion time: < 3 min in week one). Empirical evaluation of item properties via inter-item correlations, 
exploratory factor analysis and item-response theory models suggested that a total symptom score (TSS) could be 
calculated. Due to redundancy among items, a “neuropathy parcel” and an “audiovisual parcel” were created in 
generating the TSS (items within a parcel averaged and treated as a single item). Two items were excluded from 
TSS: sweating (did not correlate with other items) and difficulty engaging in regular physical activities (measure 
of impact, not symptoms). Internal consistency (Cronbach’s alpha) of the TSS was ≥0.89 across weeks; test-retest 
reliability (intraclass correlation coefficient) was ≥0.91. The TSS was correlated with conceptually similar 
clinical and patient reported assessments as expected (r > |0.4|) and discriminated moderate/severe from least 
severe FD groups in known-groups validity analyses. 
Conclusions: The FD-PRO instrument is a novel disease-specific instrument that assesses classic and non-classic 
symptoms, with strong psychometric properties and appropriate for use in clinical studies.   

1. Background 

Fabry disease (FD) is a rare, X-linked, genetic disorder caused by 
mutations in the galactosidase alpha (GLA) gene encoding for the 

lysosomal enzyme, alpha-galactosidase A (αGAL).1,2 The αGAL defi-
ciency caused by GLA mutations leads to progressive accumulation of 
globotrioasylceramide (GL3) in lysosomes of a variety of cell types.1,2 

Clinically, there are two major subtypes: the early-onset, severe classic 
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phenotype or the late-onset phenotype. Systemic accumulation of GL-3 
in capillary endothelial cells, cardiomyocytes and vascular smooth 
muscle cells podocytes plays a major role in the severe renal, cardiac, 
and cerebrovascular clinical manifestations, and decreased life expec-
tancy in patients with FD.1–3 There is marked heterogeneity in clinical 
presentation and disease progression, with a variety of clinical mani-
festations that range from a multisystemic, severe form to milder phe-
notypes.4 Environmental, epigenetic, or modifier genes have been 
proposed as potential explanations for disease heterogeneity on the basis 
of their ability to modulate the clinical phenotype of individuals.4 Early 
in the course of the disease, symptoms of FD include neuropathic pain in 
the extremities, impaired sweating, heat intolerance, skin lesions, and 
gastrointestinal discomfort.2 Such symptoms negatively impact quality 
of life of patients with FD and are a source of significant morbidity.2 

To date, current treatment options include the reduction of accu-
mulated glycosphingolipids with enzyme replacement therapy (agalsi-
dase beta, agalsidase alfa) and pharmacologic chaperone (migalastat) 
approved for a subset of Fabry patients with amenable mutations. 
Although the ultimate goals of treatment for FD are preventing organ 
failure and death, reducing symptom burden and improving patients’ 
quality of life is also an important clinical objective.1 Symptom experi-
ence is best measured by asking patients to evaluate their own experi-
ences using a disease-specific patient-reported outcome (PRO) 
measure.5 Such a measure provides insights into the clinical course of 
the disease, as well as used in clinical studies as an indicator of treatment 
efficacy and clinical benefit. 

The Fabry Disease Patient-Reported Outcome (FD-PRO) was 
designed to capture symptom severity in patients with FD. The FD-PRO 
was developed based on a 2-step process: (1) qualitative phase that 
included a review of the published literature, and interviews with pa-
tients and clinical experts as the basis for initial item development and 
refinement; (2) quantitative phase to test the measurement properties 
of the items of the FD-PRO in an observational study (PROOF: An 
Observational Study to Assess the Psychometric Properties of a Patient- 
Reported Outcome [PRO] Instrument in Patients with Fabry Disease). 
Results from the qualitative phase of the instrument development are 
presented elsewhere.6 The current manuscript presents the measure-
ment properties of the FD-PRO from analysis of the PROOF study. To our 
knowledge, this is the first disease-specific instrument in FD that has 
been empirically tested for validity, reliability and appropriateness of 
the instrument for clinical use. 

2. Methods 

2.1. Study design 

Evaluation of the FD-PRO was based on a multicenter, international, 
prospective, longitudinal study (PROOF). This study was conducted in 
accordance with the guidelines for Good Epidemiology Practice7,8. Each 
participating country was responsible for ensuring that all necessary 
regulatory submissions (IRB/IEC) were performed in accordance with 
local regulations, including local data protection regulations. 

2.2. Study population 

Eligible participants were adults aged ≥18 years with a confirmed 
diagnosis of FD (enzyme deficiency in males; GLA genotyping in fe-
males). Both classic or late-onset phenotypes were eligible, and patients 
were either treated by enzyme replacement therapy (ERT) or naïve to 
treatment at the time of enrollment. ERT-treated patients had to be 
stable at the recommended dose for the last 6 months. Patients with a 
history of organic disease other than FD including cardiovascular, he-
patic, pulmonary, neurological, or renal disease were excluded. 

2.3. Procedures 

The FD-PRO instrument was administered daily via an electronic 
diary for 30 consecutive days (approximately 4 weeks). Patient Global 
Impression of Change (PGIC) and Patient Global Impression-Static 
(PGIS) was completed weekly via an electronic diary. Other patient- 
reported outcome (PROs) instruments and clinician-reported outcomes 
(ClinROs) were collected via paper in the clinic on Day 1 and Day 30 
(week 4), while Estimated Meaningful Change in Symptoms Question-
naire and Stool Frequency and Consistency Questionnaire were 
collected via paper in the clinic only on Day 30 (week 4) (Table 1). The 
electronic diary was presented in patients’ local language and ques-
tionnaires were translated and linguistically validated. 

Age, sex, race, ethnicity, site location, medical history and medica-
tion list, and Fabry-specific treatment (ERT) were collected at screening. 
Phenotype was determined by collecting biomarker data at screening. 
For males, enzyme deficiency was determined via basophils/leukocyte 
or plasma a galactosidase A (αGAL) activity assay. For females, GLA 
genotype mutation was confirmed via genotyping. Characterization of 
classic or late-onset phenotype was based on characteristic GLA muta-
tion as defined by the International Fabry Disease Phenotype-Genotype 
Database9 (both sex) or residual enzyme activity (< 1% of normal for 
classic males). 

2.4. Measures 

2.4.1. Patient-reported outcomes 
FD-PRO is a 19-item PRO instrument to assess patient-reported 

symptoms associated with FD. Seventeen items assess presence and 
severity of each symptom using a numerical rating scale (NRS) ranging 
from 0 (none) to 10 (as bad as you can imagine). One item (yes/no/not 
sure) assesses whether the patient was in a situation that would have led 
to sweating. The final item assesses difficulty engaging in regular 
physical activities using a NRS ranging from 0 (no difficulty) to 10 
(difficulty as bad as you can imagine). This latter item (physical activity) 
was not included in the scoring evaluation of the FD-PRO. 

SF-36v2 is a 36-item generic PRO questionnaire used to assess 
patient-reported health related quality of life (HRQoL) outcomes.10 The 
items yield scores for 8 health domains—Physical Functioning (PF), Role 
Physical (RP), Bodily Pain (BP), General Health (GH), Vitality (VT), 
Social Functioning (SF), Role Emotional (RE), and Mental Health (MH) 
(higher scores reflect a better health state). 

BDI-II consists of 21 self-reported items assessing the severity of 
depression symptoms, as described in American Psychiatric Associa-
tion’s Diagnostic and Statistical Manual of Mental Disorders Fourth 
Edition using 5-point Likert-type response scales. 

IBS-QoL is a 34-item PRO measure that assesses the impact of IBS on 
HRQoL using 5-point Likert-type response scales.11 The individual re-
sponses to the 34 items are summed and averaged for a total score, and 
then transformed to a 0 to 100 scale for ease of interpretation, with 
higher scores indicating better IBS-specific HRQoL. There are also eight 
subscale scores for the IBS-QoL: Dysphoria, Interference with Activity, 
Body Image, Health Worry, Food Avoidance, Social Reaction, Sexual, 
Relationships. 

DS3 patient item is a subsection of the DS3 instrument that consists 
of a single PRO item assessing overall patient well-being during the last 
month. It ranges from 0 (best overall well-being) to 4 (worst overall 
well-being). 

PGIS is a single-item scale in which patients indicate a point-in-time, 
overall assessment of their FD symptoms (i.e., no FD symptoms, mild FD 
symptoms, moderate FD symptoms, severe FD symptoms, and very se-
vere FD symptoms). 

PGIC is a 20-item scale in which patients indicate the amount of 
improvement or worsening they have experienced, since the beginning 
of the study, on symptoms that approximately correspond to the 
symptoms evaluated in the FD-PRO. 
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Other PROs: As an additional measure of meaningful change, pa-
tients completed a survey that asked them to evaluate the hypothetical 
important and meaningful change in the FD-PRO score. Two item 
prompts asked the patient to specify meaningful improvement and 
deterioration relative to a rating of 6. Another two item prompts asked 
the patient to specify meaningful improvement and deterioration rela-
tive to a rating of 3. 

Patients completed the Stool Frequency and Consistency Ques-
tionnaire, a single item question completed at the end of the study. The 
patient evaluated which was more bothersome, stool frequency or stool 
consistency. 

Additionally, the Bristol Stool Form Scale (BSFS), which asked 
patients to classify their bowel movements, was administered as part of 
the daily diary assessment.12 

The Symptom Screening Questionnaire consisted of 11 items were 
administered at screening to evaluate the severity of burning, tingling, 
numbness of the extremities, diarrhea, abdominal pain, and tiredness 
during the past week. The scale, like the FD-PRO scale, ranged from 0 to 
10, with 0 indicating no symptoms and 10 indicating symptoms as bad 
as can be imagined. The questionnaire was used to stratify patients into 
cohorts. Absent was defined as having a maximum score of 0 across all 
11 items. Mild was defined as having a maximum score of 1-3 across all 
11 items. Moderate was defined as having a maximum score of 4-7 
across all 11 items. Severe was defined as having a maximum score of 
8-11 across all 11 items. 

2.4.2. Clinician-reported outcomes 
Physician Global Assessment (PGA) is a single-item question 

regarding the physician’s global assessment of the patient’s signs and 
symptoms of their FD rated on a 6-point scale (e.g., 1 = no sign/symp-
toms, 2 = very mild signs/symptoms, 3 = mild signs/symptoms, 4 =
moderate signs/symptoms, 5 = severe signs/symptoms, and 6 = very 
severe signs/symptoms). 

DS3 is Fabry Disease Severity Scoring System that includes 

Peripheral Nervous System (PNS) Domain (sweating, gastrointestinal, 
and pain subdomains), Renal Domain (estimated glomerular filtration 
rate [eGFR], proteinuria, and eGFR slope), Cardiac Domain (left ven-
tricular hypertrophy [LVH], arrhythmia, and New York Heart Associa-
tion Class of Heart Failure [NYHA] assessments), and Central Nervous 
System Domain (white matter lesions and transient ischemic attack 
[TIA]/stroke). 

2.5. Statistical analysis 

Sample Characterization: Sample demographics and clinical fea-
tures were characterized by descriptive statistics. In the case of cate-
gorical variables, the sample size and percentage were reported, while 
the mean and standard deviation (SD) were reported for continuous 
variables. 

Data Transformation and Missing Data Handling: The FD-PRO 
items were collected daily via electronic diary. The nature of the de-
vice ensured that patients who responded to the diary completed all 
items. That is, for a given diary, subjects either responded to all items or 
did not respond to any items. For purposes of analyzing the baseline data 
to empirically determine the domain structure, missing values were 
discarded because they contained no responses. Likewise, when scoring, 
there was no need to determine how to score cases with less than 100% 
missing data. Unless otherwise noted, daily data were averaged over 
seven days to create weekly scores for use in analyses of reliability, and 
validity. In order for a patient’s weekly score to be included in these 
analyses, at least four out of seven diaries must have been completed by 
the subject that week. 

Compliance: Compliance rates were calculated to evaluate the 
willingness of patients to complete the daily diary on a weekly basis. 
Compliance for a given week was defined as the patient having 
completed a minimum of four daily diaries out of the seven possible. The 
rate of compliance was computed for weeks one through four. To eval-
uate patient burden, the average time required for patients to complete 

Table 1 
Schedule of assessments from enrollment to Day 30 ± 5 days (Week 4).   

Screening 
Period 

Day 1 Observational 
Period 

Study End 
(30 days ± 5 days) 

Study Week Day-14 to Day 
1  

1 2 3 4 

Visit at clinical site X     X 
Informed consent X      
Review Inclusion/Exclusion criteria including Symptom Screening 

Questionnaire (electronic diary) 
X      

Demographics X      
Medical History and Medications list a X      
PRO Criterion Measures (to be completed by the patient) 

FD PRO Instrument including the BSFS (electronic diary)b  
Daily assessment  

PGIS (electronic diary)  X X X X X 
PGIC (electronic diary)   X X X X 
SF-36v2 (paper)  X    X 
IBS-QOL (paper)  X    X 
BDI-II (paper)  X    X 
DS3 Fabry Disease Severity Scoring System (paper)  X    X 
Estimated Meaningful Change in Symptoms Questionnaire (paper)      X 
Stool Frequency and Consistency Questionnaire (paper)      X 
ClinRO Criterion Measure (to be completed by the investigator) 
DS3 Fabry Disease Severity Scoring System (paper) c  X    X 
Physician Global Assessment (paper)  X    X 

FD: Fabry Disease; PRO: Patient-Reported Outcome, FD-PRO: Fabry Disease Patient-Reported Outcome; BSFS: Bristol Stool Form Scale; PGIC: Patient Global 
Impression of Change; PGIS: Patient Global Impression-Static; SF-36v2: Short Form-36 Health Survey version 2; IBS-QOL: Irritable Bowel Syndrome Quality of Life; 
BDI-II: Beck Depression Inventory Second Edition; DS3: Fabry Disease Severity Scoring System; ClinRO: Clinician-reported outcome. 

a . Medications list is defined as medications taken by the patient at study entry collected by drug classes (according to WHO Anatomical Therapeutic Chemical (ATC) 
drug classification system). 

b . FD-PRO completed daily at bedtime (the last one at the night before the last visit). 
c . The Investigator completed all “clinical” domains of the D–S3 on Day 1 but only the Peripheral Nervous System (PNS) domain on Day 30. 
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the FD-PRO was also computed for each week. 
FD-PRO Item Distributions: The weekly average of each item was 

computed for each patient and subsequently averaged across all patients 
to obtain the distribution of FD-PRO items. Statistics to evaluate the 
distribution were compiled – mean, SD, quartiles, percentage missing, 
percentage with the lowest possible score, and percentage with the best 
possible score. The skewness and kurtosis were computed as well. 

Empirical Domain Specification and Scoring: Exploratory factor 
analysis (EFA) is a method for identifying the latent variables that give 
rise to the manifest variables (i.e., item responses). Factors can be 
interpreted as latent variables that account for common variance among 
items. Therefore, EFA was used to empirically determine the domain 
structure of the FD-PRO. The purpose of assessing domains was to 
evaluate the way that PRO items aggregated together to define relevant 
concepts. Inter-item correlations as well as modern psychometric 
methods (item response theory), were used to help determine the 
appropriate domain structure and scoring algorithm.13 

Reliability: The reliability of FD-PRO scores was evaluated via in-
ternal consistency and test-retest reliability (TRTR). 

Internal Consistency: Cronbach’s alpha was employed to evaluate 
internal consistency. Values of 0.70 and above indicated satisfactory 
internal consistency.13 

Test-Retest Reliability: Test-retest reliability for FD-PRO scores 
was based on the two-way random intraclass correlation coefficient (ICC 
(2,1)) described by Shrout & Fleiss (1979).14 ICC(2,1) estimates of 0.70 
and above indicated satisfactory retest reliability.14,15 Test-retest reli-
ability was assessed in a group of patients who did not change signifi-
cantly (stable retest sample). The absence of change in health status was 
operationalized by identifying patients for whom the anchor score did 
not change between week 1 and week 4. Both the PGA and the PGIS were 
used as anchors. 

Validity: The validity of the instrument was assessed in terms of 
both concurrent validity and known-groups validity. 

Concurrent validity: Criterion variables that were correlated with 
the FD-PRO are shown in Fig. 1. Correlations between the FD-PRO scores 
and continuous criterion variables were computed via Spearman cor-
relations, whereas correlations with categorical criterion variables were 
computed via polyserial correlations. Concurrent validity was estimated 

Fig. 1. Correlations between FD-PRO TSS and criterion variables. 
BDI-II: Beck Depression Inventory Second Edition; CNS: central nervous system; DS3: Fabry Disease Scoring System; FD-PRO TSS: Fabry disease patient-reported 
outcome total symptom score; IBS-QoL: Irritable Bowel Syndrome-Quality of Life; PGA: Physician Global Assessment; PGIS: Patient Global Impression-Static; 
PNS: peripheral nervous system; SF-36: Medical Outcomes Study 36-Item Short Form Survey. 
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using Week 1 FD-PRO scores and variables collected at baseline. Esti-
mated correlations greater than or equal to approximately |0.4| were 
considered indicative of satisfactory concurrent validity. 

Known-Groups Validity: The PGIS, PGA, DS3 patient assessment, 
and the symptom cohort were used in the known-groups validity anal-
ysis. Symptom cohort was determined at screening based on the re-
sponses to the screening questionnaire. Additionally, each clinical 
assessment in the DS3 was used to evaluate known-groups validity. 
Many of these assessments were based on biomarker and/or physio-
logical data and thus were not expected to be as strongly related to the 
FD-PRO score as the other known-groups validators. The known-groups 
validity analysis entailed fitting a linear model (i.e., a regression model) 
with the FD-PRO scores as the dependent variable and the known-groups 
validator as the independent variable. A separate model was fit for each 
known-groups validator. In each analysis, the asymptomatic level of the 
known-groups validator was employed as the reference group. All other 
known health states assessed in the known-groups validator were con-
trasted against this reference group. The differences in known-groups 
was used to establish that the FD-PRO scores differed appropriately 
across known health groups, with statistical significance of differences 
and corresponding effect sizes (i.e., R2) reported. A p-value of less than 
0.05 was interpreted as evidence that the known-health group was 
associated with different FD-PRO scores than the reference group. The 
R2 was evaluated as an overall measure of the degree of association 
between the known-groups validator and the FD-PRO score. 

All subsequent analyses described were performed using R statistical 
software (R, Version 3.4.4, R Development Core Team). 

3. Results 

Patients: A total of 138 FD patients met eligibility criteria. Mean age 
was 43 years (range 18 to 72 years). There were slightly more males 
(52.9%) than females (47.1%), and the majority were White (84.1%). 
Classic phenotype represented most study participants (59.4%), fol-
lowed by late-onset (25.4%) and unknown (15.2%) phenotypes. Almost 
three quarters (71.7%) of the patients were ERT-treated while the 
remaining (28.3%) were treatment naïve. About a third (31.9%) of pa-
tients had documented analgesic use. Regarding disease severity, the 
screening questionnaire revealed that patients with moderate disease 
comprised the largest group (Table 2). 

Compliance and time to completion: Weekly compliance rates 
were high and consistent from Week 1 to Week 4, with approximately 
87% of patients completing a minimum of 4 diaries each week (Table 3). 
Average time to completion of the electronic diary FD-PRO ranged from 
2 min and 51 s for Week 1, to 1 min and 57 s for Week 4. 

Item-response distributions: Weekly averages of item-responses 
from Weeks 1 to 4, shown in Table 4, revealed that item responses 
were skewed toward zero, indicating relatively modest symptom 
severity. 

Empirical Domain Specification: Application of modern psycho-
metric methods (IRT)16 yielded several important results: First, explor-
atory factor analysis (EFA)17,18 model fit statistics indicated that a two- 
factor solution was appropriate, accounting for 97% of the variance, 
with items 1 through 8 loading on the first factor, items 9 through 16 
loading on the second factor, and item 17 (sweating) did not load on 
either factor. Because the EFA indicated that the sweating item was not 
related to the other FD-PRO items, it was dropped from scoring. Second, 
the local dependence statistics (G2 developed by Chen and Thissen)19–21 

generated via IRT models, indicated that items 1-8 did not form a second 
distinct factor, but rather were essentially the same item repeated.22 

That is, the local dependence statistics indicated that items 1-8 evalu-
ating neuropathy all performed identically and thus would be most 
appropriately scored as a single item. This IRT evidence was supported 
by the high inter-item correlations (as high as 0.89 among the 8 items). 
This combination of evidence suggested that a one-factor model was 
more appropriate than a 2-factor model. To address the local 

dependence, a neuropathy parcel was created by computing the average 
of items 1-8 and rounding to the nearest integer. This parcel was treated 
as a single item that replaced items 1-8. Furthermore, the local depen-
dence statistics also indicated that items 13, 15, and 16 evaluating au-
diovisual impairments all performed identically as well and would be 
appropriately scored as a single item. Therefore, an audiovisual parcel 
was created with items 13, 15, and 16. Finally, model fit statistics 

Table 2 
Participant demographics and baseline clinical information.  

Parameter FD patient data (N = 138) 

Age, years; Mean (SD) 43 (13.7) 
Sex, n (%)  

Male 73 (52.9) 
Female 65 (47.1) 

Race, n (%)  
White 116 (84.1) 
Asian 20 (14.5) 
Multiracial 1 (0.7) 
American Indian or Alaska native 1 (0.7) 

Ethnicity, n (%)  
Hispanic or Latino 68 (49.3) 
Not Hispanic or Latino 68 (49.3) 
Not reported 2 (1.4) 

Phenotypea, n (%)  
Classic 82 (59.4) 
Late-Onset 35 (25.4) 
Missing 21 (15.2) 

Country, n (%)  
Argentina 20 (14.5) 
Australia 18 (13) 
Brazil 18 (13) 
Canada 8 (5.8) 
Czech Republic 18 (13) 
Germany 1 (0.7) 
Japan 8 (5.8) 
Korea 2 (1.4) 
Portugal 20 (14.5) 
Taiwan 10 (7.2) 
USA 15 (10.9) 

Previous treatment, n (%)  
ERT-treated 99 (71.7) 
Treatment naïve 39 (28.3) 

Analgesic use, n (%) 44 (31.9) 
Symptom severity at screeningb, n (%)  

Absent 16 (11.6) 
Mild 34 (24.6) 
Moderate 55 (39.9) 
Severe 3 (23.9) 

ERT: enzyme replacement therapy; FD: Fabry Disease; SD: standard deviation. 
a Phenotype based on characteristic GLA mutation (both sex) or residual 

enzyme activity (males only). 
b Based on responses of 0 (absent), 1 to 3 (mild), 4 to 7 (moderate) and 8 to 10 

(severe) on items in the screening questionnaire. 

Table 3 
Compliance and time to completion of FD-PRO instrument.  

Week Compliance, N (%)a Completion, N (%)b Time to completion (min: 
s) 

Median Mean SD 

Week 1 121 (87.7%) 115 (83.3%) 2:33 2:51 1:27 
Week 2 121 (87.7%) 111 (80.4%) 1:52 2:13 1:26 
Week 3 120 (87.0%) 106 (76.8%) 1:49 2:01 1:06 
Week 4 120 (87.0%) 106 (76.8%) 1:40 1:57 1:13 

FD-PRO: Fabry disease patient-reported outcome; SD: standard deviation. 
a Number of patients that reported a minimum of 4 daily diaries each week; b 

Number of patients in compliance and with valid timestamps for that week; 
these patients were used to compute the time to completion values. Valid 
timestamps were defined as diary entries where the time to completion was 
within the 0 to 30-min range, as pre-programmed in the device. Weeks 1- 4 had 
6, 10, 14, and 14 patients with not-valid timestamps, respectively. 

A. Hamed et al.                                                                                                                                                                                                                                 



Molecular Genetics and Metabolism Reports 29 (2021) 100824

6

(RMSEA, TLI, CFI)23 derived from a (one-factor) confirmatory factor 
analysis (CFA)24 showed that the final 7 item scale comprising of the 
neuropathy parcel, the audiovisual parcel, and 5 additional items 
(headache, abdominal pain, heat intolerance, swelling in lower ex-
tremities, tiredness/fatigue) was unidimensional and thus a single total 
symptom score (TSS) was a suitable representation of the scale. 

3.1. Scoring 

The final scoring method was determined to be the following: the 
mean of the two item parcels and five individual items, averaged to week 
level. The algorithm can be written as: 

Integer

(∑8
i=1

itemi

8

)

+
∑12

i=9itemi + item14 + Integer
(
∑ item13 item15 item16

3

)

7  

where “Integer” indicates a function for rounding a number to the nearest 
integer. 

The in weekly distribution of the FD-PRO TSS ranged from an 
average of 1.80 at Week 1 (median = 1.37, SD = 1.63) to 1.90 at Week 4 
(median = 1.45, SD = 1.75). 

3.2. Reliability 

Internal consistency: The FD-PRO TSS had a very high degree of in-
ternal consistency, with Cronbach’s alpha ranging from 0.89 to 0.91 
over the course of the 4 weeks. 

Test-retest reliability: The ICC value for patients with the same PGIS 
anchor score at Week 1 and Week 4 was 0.96 (n = 57). Similarly, the ICC 
value for patients with the same PGA anchor score at Week 1 and Week 4 
was 0.91 (n = 83). These values indicated a high degree of score 
reproducibility in the FD-PRO TSS. 

Concurrent validity: Correlations between the FD-PRO TSS and the 
criterion variables were high, suggesting that the FD-PRO TSS captured 
diverse relevant symptoms experienced by FD patients (Fig. 1). The 
correlation between the SF-36 score and the FD-PRO TSS exceeded the 
≥0.40 threshold for all SF-36 domains excepted for the Role – Emotional 
domain. Similarly, all IBS-QOL subdomains except two (sexual concerns, 
relationships) had correlations ≥0.40. Strong correlations were also 
observed between the FD-PRO TSS and the DS3 patient anchor, the 

PGIS, and the BDI-II scale. Correlation between the FD-PRO TSS and the 
clinician PGA was weaker, perhaps reflecting the discrepancy between 
PROs and ClinROs. DS3 domains that included biomarker/physiological 
data had low correlations with the FD-PRO TSS (e.g., Renal domain 
score correlation = 0.10). 

Known-groups validity: The results of the known-groups validity 
analysis are presented in Table 5. The PGA was used to establish known 
health groups and a model was fit with those groups as the independent 
variables (predictor) with the FD-PRO TSS at week 1 as a dependent 
variable (outcome). The FD-PRO TSS associated with the PGA groups of 
“very mild symptoms” and “mild symptoms” was not different from that 
associated with the reference group of “no symptoms” (P = 0.050050 
and P = 0.075075, respectively). However, the “moderate symptoms” 
and “severe symptoms” groups had significantly different FD-PRO TSS 
compared with the reference group (P < 0.001001 and P < 0.001, 
respectively). Similarly, the PGIS was used to establish known health 
groups and a model was fit with those groups as the independent vari-
able with the FD-PRO TSS at week 1 as a dependent variable. The PGIS 
“mild symptoms” group did not have a different FD-PRO TSS compared 
to the “no symptoms” reference group (P = 0.081081) while “moderate 
symptoms” and “severe symptoms” groups were associated with 
significantly different TSS compared with the reference group (P <
0.001001 and P < 0.001001, respectively). The R2 values of both the 
model using the PGA known-groups validator and the model using the 
PGIS known-groups validator were relatively high (0.20 and 0.33, 
respectively). Note that this difference in R2 may be explained by the 
recall period: the PGA recall period was for the day the anchor was 
collected, rather than the week recall period employed in both the PGIS 
and FD-PRO TSS. 

Similar to the PGA and PGIS, the symptom cohort at screening was 
used to establish known health groups and a model was fit with those 
groups as the dependent variable with the FD-PRO TSS at week 1 as a 
dependent variable. Using the symptom cohort at screening, the FD-PRO 
TSS in the group with mild symptoms was not significantly different 
than FD-PRO TSS in the reference group (i.e., patients with no symp-
toms) (P = 0.542542). In both moderate and severe cohorts, FD-PRO 
TSS was significantly higher compared to the reference group (P =
0.042042 and P < 0.001, respectively). The R2 = 0.38 suggested a strong 
relationship between the FD-PRO TSS and the symptom cohorts. Finally, 
using the DS3 patient anchor, the FD-PRO TSS was statistically signifi-
cantly higher in groups 2, 3, and 4 than the reference group 0 (P ≤

Table 4 
Weekly item response distribution  

Item Week 1 (N = 121) Week 2 (N = 121) Week 3 (N = 120) Week 4 (N = 120) 

Median Mean SD Median Mean SD Median Mean SD Median Mean SD 

Pain in hands or arms 0.86 1.70 1.99 0.86 1.76 2.09 1.00 1.84 1.97 1.00 1.83 2.14 
Burning feeling in hands or arms 0.57 1.27 1.74 0.43 1.31 1.89 0.71 1.41 1.74 0.57 1.41 1.88 
Numbness in hands or arms 0.57 1.48 1.89 0.43 1.59 2.04 0.43 1.61 1.99 0.50 1.64 2.11 
Tingling in hands or arms 0.50 1.28 1.72 0.43 1.36 1.85 0.40 1.45 1.87 0.29 1.41 1.96 
Pain in feet or legs 1.00 2.01 2.32 1.14 2.14 2.43 1.43 2.18 2.34 1.33 2.24 2.45 
Burning feeling in feet or legs 0.43 1.34 1.84 0.43 1.40 2.04 0.67 1.56 1.99 0.50 1.61 2.12 
Numbness in feet or legs 0.20 1.33 1.86 0.43 1.50 2.07 0.33 1.61 2.14 0.29 1.67 2.19 
Tingling in feet or legs 0.33 1.23 1.73 0.43 1.40 1.99 0.43 1.48 1.99 0.29 1.48 2.03 
Headache 0.71 1.66 2.10 1.14 1.80 2.21 1.17 1.74 2.03 0.67 1.74 2.18 
Abdominal pain 0.67 1.65 2.09 0.86 1.69 2.11 0.83 1.60 1.98 1.00 1.69 2.12 
Heat intolerance 1.20 1.94 2.23 1.00 1.96 2.40 1.00 1.97 2.27 1.14 1.99 2.32 
Swelling in lower extremities 0.43 1.30 1.80 0.40 1.51 2.09 0.71 1.60 2.06 0.40 1.55 2.12 
Tinnitus 0.43 1.54 2.25 0.20 1.73 2.50 0.67 1.74 2.37 0.50 1.71 2.39 
Tiredness/fatigue 3.00 3.33 2.65 2.86 3.34 2.79 3.14 3.36 2.71 2.86 3.27 2.67 
Hearing impairment 0.14 1.19 2.00 0.00 1.31 2.24 0.00 1.25 2.11 0.00 1.29 2.22 
Vision impairment 0.00 1.14 1.96 0.00 1.19 2.04 0.00 1.21 2.10 0.00 1.28 2.20 
Sweatinga 3.00 3.22 2.17 3.40 3.46 2.32 3.00 3.17 2.08 3.25 3.21 2.22 
Sweatingb 0.71 1.38 1.72 0.60 1.43 1.83 0.71 1.26 1.64 0.50 1.24 1.61 

a This item included a gatekeeper: patients were asked “in the past 24 hours, were you in a situation that should have led to sweating?” Only patients who responded 
“yes” were invited to respond to the Sweating item; b Item response distribution using a scoring approach attributing a score of ‘0’ if the response to the gatekeeper item 
was ‘No/Not sure’. 
SD: standard deviation. 
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0.001001, P ≤ 0.001001, and P = 0.033033, respectively). The value R2 

= 0.44 was the highest among all the anchors, reflecting a robust rela-
tionship between the FD-PRO TSS and the DS3 patient anchor. 

A regression model was fit for each DS3 clinical assessment sepa-
rately. Overall, the known-groups from the clinical assessments were not 
strongly associated with different week 1 FD-PRO TSS (results not pre-
sented). This was likely due to the fact that many of the clinical as-
sessments were based on biomarker/physiological data. This created 
known-groups that were only modestly associated with the patient- 
reported FD-TSS. 

4. Discussion 

FD presents with a constellation of clinical signs and symptoms due 
to progressive accumulation of GL3 in organ systems and the hetero-
geneity of clinical manifestation across sex and mutation type. The early 

symptoms, including chronic neuropathic pain and episodic severe pain 
crises, typically emerge during childhood, especially in classic disease. 
Symptoms such as hypohidrosis, gastrointestinal (GI) disturbances 
(bloating, diarrhea, abdominal pain), and signs of characteristic skin 
abnormalities (angiokeratomas) and asymptomatic corneal opacity 
(cornea verticillata) are additional common early manifestations. Other 
symptoms include auditory loss, tinnitus, and visual impairment due to 
involvement of the peripheral nervous system and fatigue.25 Organ 
damage is typically due to renal (albuminuria, glomerulosclerosis and 
chronic kidney disease that progress to renal failure), cardiac (left 
ventricular hypertrophy [LVH] associated with myocardial fibrosis and 
arrhythmias), and cerebrovascular (transient ischemic attacks and 
strokes) involvement, leading to premature death. The late-onset 
phenotype presents with typical cardiac symptoms (e.g., LVH, 
arrhythmia) and, in some cases, decreased glomerular filtration rate 
(GFR) present in the fourth to seventh decades of life, reflecting delayed 
onset and slower disease progression. 

While assessment of organ involvement based on laboratory, histo-
logical and imaging methods provide definitive evidence of the severity 
and progression of disease, PROs are useful tools to understand the 
disease burden, improvement, prevention of disease progression, and 
symptom burden. These are important objectives in FD treatment and 
management, particularly given the high variability in disease mani-
festation across patient populations. A recent European expert 
consensus statement on therapeutic goals in FD highlighted the impor-
tance of quality of life and long-term prognosis in the management of 
FD.26 In a systematic review of literature conducted by Arends et al.27, 
the authors highlighted that the PRO instruments used in clinical studies 
in FD are generic and do not reflect the full spectrum and accurate 
evaluation of disease burden. Despite the significant symptomatic 
symptom burden in Fabry patients, the effect of ERTs on patients’ ex-
periences is inconclusive which may be attributed to the small size of the 
studies and the lack of a disease-specific PRO instrument. 

To address this gap, the FD-PRO was developed in accordance with 
robust qualitative research guidelines4,28,29 to systematically measure 
symptom severity with items that assess neuropathic symptoms (pain, 
tingling, numbness and burning in upper/lower extremities), headache, 
abdominal pain, heat intolerance, swelling, tinnitus, fatigue, hearing/ 
vision impairment, and hypohidrosis (diminished sweating) in the past 
24 h. A final item that assesses difficulty engaging in regular physical 
activities in the past 24 h is a measure of exercise intolerance, a notable 
impact of FD on patients. The 24-h recall period was selected as symp-
toms may wax and wane over time; hence it is expected that the daily 
administration of the PRO over a week will be a better reflection of how 
a patient feels. The current study expands upon the qualitative research 
by testing the FD-PRO quantitatively to evaluate the measurement 
properties of the instrument.6 

Our results show that an empirically derived total symptom score 
(TSS) can be calculated from the FD-PRO to represent the composite 
symptom severity as a weekly average. The TSS exhibits acceptable 
measurement properties as demonstrated by: (1) the reliability of the 
TSS measure exceeded well-established criteria for both internal con-
sistency and repeatable reliability (test-retest), (2) evidence of concur-
rent validity as the TSS was highly correlated (r ≥ |0.4|) with well- 
established and conceptually similar PROs and ClinROs (e.g., physical 
symptoms evaluated by the generic SF-36 instrument, the IBS-QOL, and 
the BDI-II), (3) evidence of discriminant validity as the TSS was not 
highly correlated (r < |0.4|) to constructs that are theoretically different 
(e.g., DS renal, cardiac, CNS scores), and (4) evidence of known-groups 
validity as the TSS discriminated moderate/severe from least severe FD 
groups (based on PGIS, PGA, baseline symptom severity, and DS3 pa-
tient anchors) in known-groups validity analyses. Furthermore, high 
compliance rates were observed for the FD-PRO instrument and the time 
required for patients to complete the daily electronic diary was minimal, 
taking less than 3 min on average in Week 1 and less than 2 min in Week 
4. Both the electronic nature of the instrument and the short time to 

Table 5 
Known Groups Validity Regression of FD-PRO TSS using PGA anchor, PGIS 
anchor, symptom severity at screening or DS3 patient anchor.  

Instrument, Levels 
of severity 

N Group 
Average 

Estimated 
Difference from 
Reference Group 

95% 
CI 

p-value 

PGA anchor 
None - Reference 
Group  0.18 – – – 

Very Mild 27 1.43 1.25 
0.01- 
2.50 0.050050 

Mild 36 1.28 1.10 
-0.11- 
2.31 0.075075 

Moderate 41 2.48 2.30 
1.10- 
3.50 <0.001 

Severe 9 3.06 2.88 
1.40- 
4.36 <0.001 

Very Severe 1 1.93 1.75 
-1.39- 
4.89 0.272272 

Model - R2   0.20 – – 
PGIS anchor 

None - Reference 
Group 22 0.69 – – – 

Mild 42 1.34 0.66 
-0.08- 
1.39 0.081081 

Moderate 34 2.85 2.17 
1.40- 
2.93 <0.001 

Severe 8 3.58 2.89 
1.74- 
4.05 <0.001 

Very Severe 0 – – – – 
Model - R2   0.33 – – 

Symptom Severity at Screening 
Absent – 
Reference Group 11 0.68 – – – 

Mild 32 0.96 0.28 
-0.62- 
1.18 0.542542 

Moderate 48 1.58 0.89 0.03- 
1.76 

0.042042 

Severe 30 3.44 2.76 1.85- 
3.67 

<0.001 

Model - R2   0.38 – – 
DS3 Patient anchor 

0 (best overall 
well-being) –  
Reference Group 

24 0.53 – – – 

1 40 1.07 0.55 -0.09- 
1.18 

0.090090 

2 29 2.64 2.12 
1.44- 
2.80 <0.001 

3 21 3.40 2.88 
2.14- 
3.61 <0.001 

4 (worst overall 
well-being) 

2 2.50 1.97 0.16- 
3.78 

0.033033 

Model - R2   0.44 – – 

CI: confidence interval; DS3: Fabry Disease Scoring System; FD-PRO TSS: Fabry 
Disease Patient-Reported Outcome total symptom score; PGA: Physician Global 
Assessment; PGIS: Patient Global Impression-Static. 
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complete makes the FD-PRO a user-friendly tool to assess symptoms of 
patients with FD. 

Evaluating meaningful change and sensitivity to change was not 
feasible in this study. The number of patients reporting change in 
symptom severity was low, which was consistent with 72% of the pa-
tients having stable symptoms at screening (Table 2). A forthcoming 
study is being conducted over a longer follow up period and results from 
this study will be used to demonstrate sensitivity to change and mean-
ingful change for the FD-PRO. The forthcoming study will provide an 
evaluation of the therapeutic effects of currently available therapies 
over a longer period of time. As some domains may be more sensitive to 
detect clinically meaningful change, identification of domains that are 
responsive to change will be further evaluated in the forthcoming study. 

This study has important implications in FD for the following rea-
sons. The validation of the FD-PRO in this study addresses an unmet 
need as this is the first disease-specific PRO in FD that has been tested 
psychometrically. The large number of participants in this study enabled 
robust psychometric testing, a noteworthy highlight in such a rare dis-
ease. One key limitation is that the design of the study, which included 
mostly stable patients with limited changes in symptoms during the one- 
month interval, precluded the determination of a threshold for mean-
ingful within-patient change on the FD-PRO TSS. Patients reported only 
modest symptoms at baseline which explained the skewness of responses 
toward 0 in the item response analysis. Future studies of FD patient 
populations who are actively symptomatic and followed up for a longer 
duration will be required for testing the FD-PRO on its ability to capture 
the natural history of the disease and the effect of treatment. Moreover, 
further evidence is needed to evaluate if the sensitivity to change and 
response to treatment is captured by the TSS alone or if addition item/ 
domain level analyses is warranted. For example, neuropathy and 
abdominal symptoms have been postulated to have significant impact 
on the quality of life of Fabry patients and may be more likely to respond 
to treatment. Nonetheless, our study is an important step in advancing 
the development of the novel FD-PRO. 

Psychometric and statistical evidence indicate that the FD-PRO is a 
reliable, valid, user-friendly and robust measure of FD symptom 
severity, with minimal burden of administration. The instrument is 
appropriate to measure the overall symptom severity and applicable for 
use in clinical studies. 
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