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Natural course of Fabry disease: changing pattern of causes of death in FOS -the Fabry Outcome Survey
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Background

Fabry disease is a rare X-linked lysosomal storage disorder characterized by severe multisystemic involvement that leads to major organ failure and premature death in affected men and women. Over the past 7 years, the Fabry Outcome Survey (FOS) has collected data on the natural history of Fabry disease and the long-term efficacy and safety of enzyme replacement therapy. This paper provides an update since the first analysis of FOS data.

Design

Baseline data on clinical manifestations and causes of death in a cohort of 1453 patients (699 males) from 19 countries worldwide were analysed. Causes of death of affected relatives were analysed separately.

Results

The most frequently reported signs and symptoms of Fabry disease were neurological.

Cardiac, ocular, gastrointestinal, dermatological, auditory and renal manifestations were also common. The principal causes of death among 181 affected relatives of patients in FOS (the majority of whom had died before 2001) were renal failure in males (42%) and cerebrovascular disease in females (25%). In contrast, among the 42 patients enrolled in FOS whose deaths were reported between 2001 and 2007, cardiac disease was the main cause of death in both males (34%) and females (57%).

Conclusion

These data suggest that the importance of renal disease as a cause of death in patients with Fabry disease is decreasing, while the importance of cardiac disease is increasing. This pattern likely reflects improvements in the management of renal disease in patients with Fabry disease.

INTRODUCTION

Fabry disease is a rare X-linked lysosomal storage disorder due to deficient activity of the enzyme α-galactosidase A. It is characterized by severe multisystemic involvement that ultimately leads to major organ failure and premature death in affected men and women [START_REF] Desnick | The metabolic and molecular basis of inherited disease[END_REF]. The condition has conventionally been considered to be rare, affecting only 1 in 40,000-117,000 live male births [START_REF] Desnick | The metabolic and molecular basis of inherited disease[END_REF][START_REF] Meikle | Prevalence of lysosomal storage disorders[END_REF]. However, a recent screening study suggested a much higher incidence of 1 in 3100-4600 individuals [START_REF] Spada | High incidence of later-onset fabry disease revealed by newborn screening[END_REF]. α-Galactosidase A deficiency is caused by a number of mutations affecting the GLA gene, many of which are private (i.e. occurring in only single or small numbers of families) [START_REF] Schafer | Thirty-four novel mutations of the GLA gene in 121 patients with Fabry disease[END_REF]. As a result of α-galactosidase A deficiency, there is progressive accumulation of undegraded glycosphingolipids, predominantly globotriaosylceramide (Gb 3 ), within cell lysosomes throughout the body. Common clinical features of Fabry disease include acroparaesthesia and pain crises, gastrointestinal symptoms, angiokeratomas and corneal dystrophy.

Despite the fact that Fabry disease follows an X-linked pattern of inheritance, it is now widely accepted that female heterozygotes can be severely affected, although progression of the disease to organ failure generally occurs later in life and symptom severity tends to be milder and more variable than in males [START_REF] Mehta | Fabry disease defined: baseline clinical manifestations of 366 patients in the Fabry Outcome Survey[END_REF][START_REF] Deegan | Natural history of Fabry disease in females in the Fabry Outcome Survey[END_REF][START_REF] Wilcox | Females with Fabry disease frequently have major organ involvement: lessons from the Fabry Registry[END_REF]. Renal failure has been found to be a frequent cause of death in several studies, particularly in males [START_REF] Mehta | Fabry disease defined: baseline clinical manifestations of 366 patients in the Fabry Outcome Survey[END_REF][START_REF] Branton | Natural history of Fabry renal disease: influence of alpha-galactosidase A activity and genetic mutations on clinical course[END_REF][START_REF] Linhart | Cardiac manifestations of Anderson-Fabry disease: results from the international Fabry outcome survey[END_REF]. In females, data on small patient groups suggest that cardiac disease and cerebrovascular disease are the most frequent causes of death [START_REF] Mehta | Fabry disease defined: baseline clinical manifestations of 366 patients in the Fabry Outcome Survey[END_REF][START_REF] Linhart | Cardiac manifestations of Anderson-Fabry disease: results from the international Fabry outcome survey[END_REF][START_REF] Macdermot | Anderson-Fabry disease: clinical manifestations and impact of disease in a cohort of 60 obligate carrier females[END_REF][START_REF] Whybra | A 4-year study of the efficacy and tolerability of enzyme replacement therapy with agalsidase alfa in 36 women with Fabry disease[END_REF]. Death occurs on average 15 years earlier in females and 20 years earlier in males compared with the general population [START_REF] Deegan | Natural history of Fabry disease in females in the Fabry Outcome Survey[END_REF][START_REF] Macdermot | Anderson-Fabry disease: clinical manifestations and impact of disease in a cohort of 60 obligate carrier females[END_REF][START_REF] Macdermot | Anderson-Fabry disease: clinical manifestations and impact of disease in a cohort of 98 hemizygous males[END_REF].

Enzyme replacement therapy (ERT) has become an established treatment for Fabry disease following demonstrations of both efficacy and safety in adults and children [START_REF] Schiffmann | Enzyme replacement therapy in Fabry disease: a randomized controlled trial[END_REF][START_REF] Eng | Safety and efficacy of recombinant human alpha-galactosidase A replacement therapy in Fabry's disease[END_REF][START_REF] Ramaswami | Enzyme replacement therapy with agalsidase alfa in children with Fabry disease[END_REF][START_REF] Wraith | Safety and efficacy of enzyme replacement therapy with agalsidase beta: an international, open-label study in pediatric patients with Fabry disease[END_REF]. Treatment guidelines concerning ERT have now been published [START_REF] Eng | Fabry disease: guidelines for the evaluation and management of multi-organ system involvement[END_REF]. Early diagnosis of Fabry disease is therefore important, and clinicians in a range of specialties, as well as general practitioners, should be aware of the signs, symptoms and natural history of the disease.

This paper provides an update of the demographic and baseline clinical characteristics of a large cohort of patients with Fabry disease enrolled in FOS -the Fabry Outcome Survey -and examines the causes of death among patients and their affected relatives [START_REF] Mehta | Fabry disease defined: baseline clinical manifestations of 366 patients in the Fabry Outcome Survey[END_REF]. using an adapted version of the Mainz Severity Scoring Index (FOS-MSSI) [START_REF] Whybra | Measurement of disease severity and progression in Fabry disease[END_REF].

METHODS

Patients and data collection

Data analysis

Student's two-sample and one-sample t-tests and Fisher's exact/Chi-square tests were used for statistical analyses, using SAS version 9.1 (Cary, NC). Values are presented as mean (SD) unless otherwise stated; p<0.05 was considered significant.

RESULTS

Patient demographics

Table 1 shows the baseline characteristics of the 1453 patients (699 males) enrolled in FOS at the time of this analysis (December 2007). The majority were Caucasian (95.7%).

Disease severity

The severity of Fabry disease was greater in males than in females in FOS, as indicated by the FOS-MSSI total score [16.9 (10.8) The 42 patients in FOS who died were severely affected by Fabry disease. From the available absolute data shown in Table 4, both men and women who died had higher MSSI scores than patients who were alive. Data were also available on whether patients had specific manifestations either before or at/after the start of ERT (information recorded as yes/no only). Among the 42 deceased patients, LVH was reported in 29 cases (25 male, 4 female). LVH was present before the start of treatment in all 22 of the patients who went on to receive ERT and in 7 of the 9 patients who never received ERT. Absolute data on left ventricular mass (LVM) were available for 19 of the 42 patients and show that mean LVM at FOS entry was higher in patients who died relative to patients who were still alive (Table 4). Conduction abnormalities were evident in 19 patients (15 male, 4 female), 15 of whom received ERT, and were present prior to the commencement of ERT in 11 (9 male) of these 15 patients. Valvular disease was recorded in 16 patients (13 male): in three males this was recorded after the start of treatment only.

Proteinuria was recorded as present at some point in time (yes/no) in 27 of the 42 patients (21 male, 6 female). Among the 22 patients in this group who received ERT, proteinuria was present prior to the commencement of ERT in 17 patients (13 males).

Absolute data were available for 23 patients showing higher proteinuria levels in patients who died than in those who were alive (Table 4). Mean proteinuria levels based on the values available were higher in patients who received ERT [females (n=4), 1521.9 mg/ 24 hrs (range, 52.5-2495.0); males (n = 17), 900.4 mg/ 24 hrs (range, 21.0-3955.0)] than in those who did not [females (n=1), 250.0 mg/ 24 hrs; males (n = 1), 970.0 mg/ 24 hrs]. Hypertension was reported in 20 (15 male) of the patients who died. Sixteen of these patients are known to have received ERT and in 13 15 cases (12 male) hypertension was present prior to the commencement of ERT. In patients who received ERT at some point, haemodialysis was reported prior to the commencement in 4 males, peritoneal dialysis in 2 males and renal transplantation in 7 males. After the start of ERT, one further male patient started haemodialysis and 5 underwent renal transplantation. Among deceased patients who never received ERT, 2 males were on haemodialysis.

Stroke was reported in 19 of the 42 patients who died (16 male, 3 female) and TIAs in 13 patients (11 male). Of the 14 stroke patients who had received ERT, 10 (9 male) experienced strokes both before and after commencement of ERT. Two males had no further strokes after the commencement of ERT, while 2 males suffered their first stroke at/after the start of ERT. The remaining patients either did not receive ERT (3 male, 2 female) or reported stroke only prior to the start of treatment (2 male).

Chronic pain was reported in 25 (21 male), and asthma in 14 (10 male) of the 42 patients who died. of patients in FOS (Table 5). Precise data on the year of death were not available; however, the majority of these deaths occurred before ERT became available in 2001.

The most common causes of death in affected male family members were renal failure (n = 50; 58% aged 21-50 years) and cardiac disease (n = 31; 71% aged 21-50 years). The cause of death was unknown in 16 male relatives, but Fabry diseaserelated causes were suspected. Affected female relatives tended to live longer than affected male relatives. The commonest causes of death in female relatives were cerebrovascular disease (n = 16; 38% aged 21-50 years, 50% aged >50 years), followed by cardiac disease (n = 12; 92% aged >50 years) and malignancy (n = 10).

Seven female relatives died as a result of renal disease. Cause of death was unknown, but the family member was known or suspected to have suffered from Fabry disease, in 16 cases. 

DISCUSSION

This report describes the baseline clinical manifestations of Fabry disease in a large cohort of patients from 19 countries worldwide enrolled in the FOS database. The number of patients enrolled in FOS has increased steadily over time since the first report in 2004 [START_REF] Mehta | Fabry disease defined: baseline clinical manifestations of 366 patients in the Fabry Outcome Survey[END_REF]. The present analysis confirmed that the major clinical manifestations of this multisystemic disease in early adulthood were pain (acroparaesthesia), angiokeratoma and renal, cardiac and cerebrovascular disease.

Gastrointestinal manifestations and sensory organ abnormalities were also common.

Although some signs and symptoms including pain and gastrointestinal disturbances were evident from an early age, end-stage organ damage was not seen in children in

FOS.

Analysis of data on causes of death among patients currently in FOS and among their relatives, suggests that the clinical course of Fabry disease may be changing.

Consistent with previously published historical data [START_REF] Macdermot | Anderson-Fabry disease: clinical manifestations and impact of disease in a cohort of 98 hemizygous males[END_REF], renal failure was the most common cause of death in affected relatives of patients in FOS (31%), the majority of whom had died prior to 2001. When analysed according to sex, renal failure was the major cause of death in affected male relatives (42%) and cerebrovascular disease was the most frequently reported cause of death in affected female relatives (25%), as has been reported previously. Cardiac disease was the second most important cause of death in both affected male and affected female relatives.

Data obtained for patients enrolled in FOS whose deaths were reported between 2001 and 2007 are somewhat different. In these 42 patients, cardiac disease was the most frequent cause of death in both males (34%) and females (57%). Only three patients died from renal disease (7%). These data suggest that deaths from renal failure are becoming less frequent over time and the majority of patients are now dying from cardiac disease. This was true irrespective of whether or not patients had received ERT, although formal comparison of deaths in ERT-treated and non-ERT-treated patients was not possible because of the limited data available from the latter group.

A recent retrospective review of 447 patients (279 male, 168 female) with Fabry disease [START_REF] Schiffmann | Fabry Disease: progression of nephropathy and prevalence of cardiac and cerebrovascular events before enzyme replacement therapy[END_REF] confirms that Fabry nephropathy has a higher prevalence, occurs earlier and progresses more rapidly in the absence of ERT among males than females. This study also found a high prevalence of cardiac events (mainly arrhythmias) in 49% of males (35% females) prior to commencement of ERT; strokes/TIAs occurred in 11 and 6% of males and, 8 and 4% of females, respectively.

Evidence from our own study suggests that cardiac involvement was well established in many of the patients who died. LVH was present in almost 70% of those enrolled in FOS who died, and was present in 7 of the 9 patients who died without receiving ERT. Increased LVM, valvular heart disease, conduction disturbances and hypertension were also present prior to commencement of ERT in most of the deceased patients. It seems likely therefore that the majority of deaths attributed to cardiac causes resulted from the progression of pre-existing cardiac involvement associated with Fabry disease. However, a proportion of these cardiac deaths may be unrelated to Fabry disease, as cardiovascular disease is a major cause of death in normal adults, accounting for nearly half of all deaths in Europe (48%) [START_REF] Allender | European cardiovascular disease statistics[END_REF]. In addition, the majority of the patients who died from cardiac-related causes also had severe manifestations affecting other organ systems (primarily renal and CNS).

In the context that there is a high prevalence of renal disease, including ESRD, among patients currently in FOS, the few deaths associated with renal failure is striking.

Improvements in supportive care, greater access to dialysis facilities and improved management of hypertension may all contribute to the lower number of deaths due to renal disease. Although ERT has not been shown to be effective in reversing ESRD, several studies confirm that both agalsidase alfa and agalsidase beta can slow the decline, or perhaps even stabilize, renal function in patients with lesser degrees of renal impairment [START_REF] Schwarting | Enzyme replacement therapy and renal function in 201 patients with Fabry disease[END_REF][START_REF] Germain | Sustained, long-term renal stabilization after 54 months of agalsidase beta therapy in patients with Fabry disease[END_REF][START_REF] Feriozzi | Agalsidase Alfa Slows the Decline in Renal Function in Patients with Fabry Disease[END_REF][START_REF] West | Clinical trial summary of agalsidase alfa and kidney dysfunction in Fabry disease[END_REF]. Current guidelines for the treatment of Fabry disease emphasize the importance of angiotensin-converting enzyme inhibitors/angiotensin receptor blockade, careful management of hypertension and early initiation of ERT [START_REF] Ortiz | Recommendations and guidelines for the diagnosis and treatment of Fabry nephropathy in adults[END_REF]. As cardiac disease is now the most commonly reported cause of death, its treatment is clearly important. Studies have shown that both agalsidase alfa and beta improve cardiac structure and function in males and females with Fabry disease [START_REF] Hughes | Effects of enzyme replacement therapy on the cardiomyopathy of Anderson-Fabry disease: a randomised, doubleblind, placebo-controlled clinical trial of agalsidase alfa[END_REF][START_REF] Spinelli | Enzyme replacement therapy with agalsidase beta improves cardiac involvement in Fabry's disease[END_REF][START_REF] Weidemann | Improvement of cardiac function during enzyme replacement therapy in patients with Fabry disease: a prospective strain rate imaging study[END_REF][START_REF] Sachdev | Prevalence of Anderson-Fabry disease in male patients with late onset hypertrophic cardiomyopathy[END_REF]. If treatment of cardiac and renal dysfunction are optimized and patients receive optimal supportive care, it is also conceivable that early stroke may be prevented, although recent reports suggest that premature stroke may still occur in patients receiving ERT [START_REF] Clarke | Narrative review: Fabry disease[END_REF]. Unfortunately, due to the lack of an appropriate control group, it was not possible to evaluate specifically whether ERT changed the progression of disease manifestations or increased the life expectancy of patients with Fabry disease in the present study.

As is generally the case for most non-interventional observational databases, there are several limitations to this study. First, as all clinical decisions and data entry are at the discretion of the attending physician, data sets are often incomplete and there is a lack of standardization in the assessments conducted between patients. There is also variability between patients in terms of the treatment protocols used and the supportive care provided. Thirdly, patient-reported data on the causes of death in relatives are subject to selective recall and these data have not been verified with reference to source documents. In addition, only simple data are available for some variables, such as cause of death. Finally, the nature of the database makes it likely that untreated and mildly affected patients are under reported.

In conclusion, these data suggest that the natural clinical course of Fabry disease may be changing. The importance of renal failure as a cause of death is decreasing, while the importance of cardiac disease is increasing. This is partly a result of significant improvements in supportive care, particularly for renal failure and hypertension, which have occurred in recent years. Such improvements, in addition to the provision of ERT, may be contributing to changes in morbidity and mortality associated with Fabry disease. In future, it is hoped that these natural history data will enable the accurate assessment of the impact of ERT in patients with Fabry disease. There remains, however, a very real need for new treatments, particularly for oral therapies and for the development of treatment approaches that are better able to access the CNS and organs such as the heart and kidney.

FOS

  has been approved by the Ethics Institution Review Boards of participating centres (Appendix A), and all patients gave written informed consent. To minimize bias, data from all consenting patients are entered. All patients enrolled in FOS are receiving, or are candidates for, ERT with agalsidase alfa. On enrolment, each patient's medical history is documented by a physician or nurse specialist, including the year of diagnosis of Fabry disease, signs and symptoms of the disease, treatment, demographic details and family history. All measurements performed routinely in clinical practice are entered into the database. Assessments of cardiac and renal function, ophthalmological, gastrointestinal and audiological examinations are optional. Anonymized data are submitted electronically by participating physicians to the central FOS database. Disease severity is systematically categorized in all patients

Table 1 .

 1 Mean baseline characteristics of the 1453 patients with Fabry disease in the

	vs. 11.0 (9.0), respectively;

Signs and symptoms in male and female patients The

  prevalence and age at onset of the main signs and symptoms of Fabry disease in males and females at entry into FOS are shown in Table2. As in the previous analysis

	of FOS data, the most frequently reported signs and symptoms of Fabry disease were
	neurological, affecting 75% of males and 61% of females (Table 2). Cardiac, ocular,
	gastrointestinal, dermatological, auditory and renal manifestations were also common.
	Renal signs and symptoms of Fabry disease were reported in 693 patients in FOS.
	Proteinuria was the most common renal manifestation, being observed in 332 males
	and 246 females. Renal failure was present in 134 males and 21 females. In total, 89

males and five females had end-stage renal disease (ESRD) [mean age of onset, 32.3 (19.7) and 23.3 (21.3) years, respectively]. Cardiac manifestations were recorded in 422 male and 376 female patients. Of these patients, 284 males and 180 females had left ventricular hypertrophy (LVH), which was reported to have begun at 28.7 (19.3) and 34.1 (24.9) years of age, respectively. Cerebrovascular events occurred with approximately the same frequency in males and females [25% (n = 172) and 21% (n = 159), respectively]. Stroke was reported in 39 females and 63 males [mean age of onset, 51.4 (14.1) and 39.2 (11.5), respectively]. TIA was recorded in 46 females and 60 males [mean age of onset, 46.6 (14.8) and 38.4 (13.6), respectively].

Table 2 .

 2 Prevalence and age at onset of organ system involvement in patients with Fabry disease enrolled in the Fabry Outcome Survey.

		Males (n = 699)	Females (n = 754)	Total (n = 1453)
	Organ system	Percentage with signs/	Mean age at onset	Percentage with signs/	Mean age at onset	Percentage with signs/	Mean age at onset
		symptoms	(years)	symptoms	(years)	symptoms	(years)
	Neurological	75	15.1 (15.0)	61	20.9 (17.9)		17.9 (16.6)
	Cardiac	60	29.2 (14.4)	50	34.5 (17.6)		31.6 (16.1)
	Ocular	58	29.2 (15.1)	49	31.9 (18.3)		30.5 (16.8)
	Gastrointestinal	57	22.2 (16.1)	45	26.8 (19.2)		24.3 (17.7)
	Dermatological	66	20.0 (15.4)	37	30.8 (19.0)		24.3 (17.7)
	General	59	18.7 (15.9)	44	26.1 (19.0)		21.8 (17.7)
	Auditory	56	29.0 (15.3)	44	33.3 (19.1)		31.0 (17.2)
	Renal	59	32.6 (12.7)	38	38.5 (16.2)		35.0 (14.5)
	Musculo-skeletal	39	26.9 (16.8)	34	34.7 (18.4)		30.5 (17.9)
	Vascular	35	34.5 (12.9)	25	41.7 (16.4)		37.4 (14.9)
	Psychiatric	27	32.4 (15.3)	23	36.5 (17.0)		34.4 (16.2)
	Respiratory	29	32.9 (17.3)	21	36.3 (20.5)		34.3 (18.7)
	Cerebrovascular	25	31.3 (15.2)	21	36.4 (18.1)		33.7 (16.8)
	Endocrinological	5	31.4 (20.4)	8	42.1 (17.9)	7	39.0 (19.1)
	Genital	6	35.0 (17.9)	1	38.6 (16.7)	4	35.7 (17.5)

respectively. The primary cause of death in both male and female patients was cardiac disease, reported in 34% (n = 12) and 57% (n = 4) of cases, respectively. Of the 42 patients who died, 33 (28 males) had received ERT at some point whilst alive: and among them cardiac disease remained the most common cause of death (n = 12; 36%), followed by infection (n = 5; 15%) and multisystemic disease (n = 4; 12%).

Renal failure was responsible for three deaths (n = 3; 9%). Cardiac disease was also the most common cause of death (n = 4 of 9; 44%) among patients who died but had not received ERT at any point. However, data on deaths in patients not receiving ERT have only been collected since August 2006, and therefore the untreated group is not entirely representative of all untreated patients.

Table 3 .

 3 Cause of death in affected male and female patients in the Fabry Outcome Survey. Data on patients who had received ERT at some point prior to death were available during the period between 2001 and 2007. Information on deaths of patients who never received ERT could be added from August 2006 onwards.

	Cause of death Received ERT at some time	Never received ERT		Overall	
		Male	Female	Total	Male	Female	Total	Male	Female	Total
	Cardiac	10	2	12	2	2	4	12	4	16
	Renal	3	0	3	0	0	0	3	0	3
	Cerebrovascular	3	0	3	1	0	1	4	0	4
	Respiratory	2	0	2	1	0	1	3	0	3
	Malignancy	1	1	2	1	0	1	2	1	3
	Infection	5	0	5	0	0	0	5	0	5
	Multisystemic	2	2	4	2	0	2	4	2	6
	Other	2	0	2	0	0	0	2	0	2
	Total	28	5	33	7	2	9	35	7	42

Table 4 .

 4 Mean (SD) data at FOS entry according to whether patients were alive or dead at the time of the analysis.

	Adult females

Table 5 .

 5 Number of deaths in relatives of patients enrolled in the Fabry Outcome Survey reported up to December 2007. Data are shown according to reported age at death.

	Cause

of death Number of deaths in male relatives Number of deaths in female relatives Overall number of deaths

  

		Age at death (years)				Age at death (years)				Age at death (years)		
	0-20	21-50	>50	Unknown	Total	0-20	21-50	>50	Unknown	Total	0-20	21-50	>50	Unknown Total
	Cardiac	22	8	1	31	0	1	11	0	12	0	23	19	1	43
	Renal	29	14	7	50	0	5	2	0	7	0	34	16	7	57
	Cerebrovascular	5	5	2	12	0	6	8	2	16	0	11	13	4	28
	Respiratory	0	1	0	1	0	0	0	0	0	0	0	1	0	1
	Malignancy	2	1	0	3	0	4	5	1	10	0	6	6	1	13
	Infection	3	0	2	5	0	0	1	0	1	0	3	1	2	6
	Multisystemic	0	0	0	0	0	0	1	0	1	0	0	1	0	1
	Other	7	3	6	16	0	4	5	7	16	0	11	8	13	32
	Total	68	32	18	118	0	20	33	10	63	0	88	65	28	181

* p<0.001 compared with males.
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