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ABSTRACT: Background: Friedreich’s ataxia (FA) is a
rare multisystemic disorder which can cause premature
death.

Objectives: To investigate predictors of survival in FA.
Methods: Within a prospective registry established by
the European Friedreich’s Ataxia Consortium for Transla-
tional Studies (EFACTS; ClinicalTrials.gov identifier
NCT02069509) we enrolled genetically confirmed FA
patients at 11 tertiary centers and followed them in yearly
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intervals. We investigated overall survival applying the
Kaplan—Meier method, life tables, and log-rank test. We
explored prognostic factors applying Cox proportional
hazards regression and subsequently built a risk score
which was assessed for discrimination and calibration
performance.

Results: Between September 2010 and March 2017, we
enrolled 631 FA patients. Median age at inclusion was
31 (range, 6-76) years. Until December 2022, 44 patients
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died and 119 terminated the study for other reasons.
The 10-year cumulative survival rate was 87%. In a multi-
variable analysis, the disability stage (hazard ratio
[HR] 1.51, 95% CI 1.08-2.12, P =0.02), history of
arrhythmic disorder (HR 2.93, 95% Cl 1.34-6.39,
P =0.007), and diabetes mellitus (HR 2.31, 95% CI
1.05-5.10, P = 0.04) were independent predictors of sur-
vival. GAA repeat lengths did not improve the survival
model. A risk score built on the previously described fac-
tors plus the presence of left ventricular systolic dysfunc-
tion at echocardiography enabled identification of four
trajectories to prognosticate up to 10-year survival (log-
rank test P < 0.001).
-

r PREDICTORS OF

SURVIVAL IN FRIEDREICH’'S ATAXIA
Conclusions: Arrhythmias, progressive neurological dis-
ability, and diabetes mellitus influence the overall survival
in FA. We built a survival prognostic score which iden-
tifies patients meriting closer surveillance and who may
benefit from early invasive cardiac monitoring and ther-
apy. © 2023 The Authors. Movement Disorders published
by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.

Key Words: Friedreich’s ataxia; survival; cardiomyopa-
thy; diabetes mellitus; disability stage
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Friedreich’s ataxia (FA) (OMIM #229300) is the
most frequent inherited ataxia and a devastating mul-
tisystemic disease affecting up to 1:20,000 individuals
in the Caucasian population.'

In around 96% of patients the disease is triggered by
biallelic GAA-trinucleotide expansions in the first
intron of the frataxin gene.” Few patients are com-
pound heterozygous for one GAA expansion and a
canonical variant (missense, deletion).” Intronic GAA
expansions repress the transcription of frataxin gene,
resulting in reduced levels of an otherwise normal pro-
tein.” Frataxin deficiency impairs iron-sulfur cluster
synthesis and leads to mitochondrial failure.** Despite
its ubiquitous expression, frataxin deficiency mainly
affects the peripheral and central nervous system, the
heart, and the endocrine pancreas.®'°

FA typically presents with a progressive balance and
coordination disorder due to the involvement of dorsal
root ganglia, dorsal columns of the spinal cord and,
later, of cerebellum.® When ataxia is not the inaugural
feature, it invariably develops during the disease
course.'! Peripheral neuropathy, spasticity, and muscle
weakness may also occur.® The neurological presenta-
tion is strongly influenced by the genotype.®'* Indeed,
the length of the shorter GAA repeat displays an inverse
correlation with the age at onset of ataxia.'"*' In
turn, an earlier age at onset predicts a faster neurologi-
cal progression,'*'¢

Cardiac disease is an established comorbidity of
FA,”'” with a prevalence of up to 75%.° The most fre-
quent manifestation of cardiac disease are repolarization
abnormalities in the electrocardiogram (ECG), typically
diffuse T wave inversions.”'® Echocardiography usually
reveals a mild to moderate left ventricular hypertrophy
of a concentric type.” Diabetes mellitus is also a recog-
nized feature of FA,® which usually occurs later in the
disease course and affects up to 8.7% of patients."”

The progressive neurological disease leads to severe
disability and represents by far the main determinant
of morbidity. Hence, two large multicentric consortia

addressed the neurological evolution in FA'*'® pro-

viding sample size calculations and outcome measure-
ments for clinical trials.

FA is not only a highly disabling but also a
fatal disease, with an average life expectancy of
35-40 years.”*>? Previous retrospective studies ascribed
the shortened survival to cardiac disease.””** This
notion justified the early investigation of potential pro-
tective drugs, such as idebenone,** and the recent devel-
opment of gene therapy exclusively addressing
cardiomyopathy.?® Nonetheless, cardiac outcome pre-
dictors have not been investigated extensively. More-
over, the influence of the other clinical features on
survival remains to be defined.

The European Friedreich’s Ataxia Consortium for
Translational Studies (EFACTS) initiated in 2010 a lon-
gitudinal cohort study of genetically confirmed FA
patients. Herein, we report the survival data from the
EFACTS registry from an observational period of
12 years. Our aims were: (1) to estimate survival rate in
FA patients; (2) to identify prognostic factors influenc-
ing survival; and (3) to develop a prognostic model for
risk stratification in the clinical setting.

Methods

Study Design and Population

The EFACTS registry is a prospective cohort study
collecting clinical data from genetically confirmed FA
patients in yearly intervals (ClinicalTrials.gov identifier
NCT02069509)."

The registry was started at 11 centers in seven
European countries. For the present study, we consid-
ered the first 631 patients consecutively recruited at
these centers from September 2010 until March 2017.
Longitudinal 2-year and 4-year data from the EFACTS
cohort allowed the establishment of subtype specific
progression rates which have been published previ-
ously.'®?® Basic clinical and demographic data (age at
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onset, sex, length of the GAA repeats) were collected
at baseline. Genetic testing was repeated for all study
participants at the Laboratory of Experimental Neurol-
ogy, Université Libre de Bruxelles (Brussels, Belgium).
At each yearly visit, neurological outcome measure-
ments, cardiac findings, and the presence of diabetes
were collected in a centralized electronic database. The
detailed study protocol has been described elsewhere.'?
Each local institutional review board approved the
study. Written informed consent was collected by each
patient or legal guardian before enrollment.

Clinical Outcome and Predictor Variables

Overall survival was the outcome of interest, which
was defined as the time interval elapsing between study
enrollment and death of any cause. The observational
period spanned from the date of enrollment until
December 2022. Candidate predictors were selected
based on previous literature?**>*” and their clinical rel-
evance.'>*® As general predictors we included the age
at enrollment, the age at onset, sex assigned at birth
(from here on referred to as “sex”), and the length of
GAA repeats on both alleles. In compound heterozygous
patients, the only existent GAA expansion was consid-
ered as “shorter allele” (or “GAA1” allele) based on the
related literature.”® We also applied the recently
described severity metric “disease burden” (GAA1 repeat
length multiplied by the disease duration).”” As neuro-
logical predictor variable we considered the “disability
stage”. This ranking has been widely used in ataxic dis-
orders'®*? and conveys the additive effect of multiple
neurological deficits in a single score which has a direct
functional relevance and is readily transferable to other
cohorts. The score ranges from 1 (no functional handi-
cap but signs at examination) to 7 (bedridden) (see also
Table S1 in the Supplementary Material).

Due to the prognostic role of cardiac involvement in
the literature?®**%3*” we explored multiple potential
cardiovascular predictors including: (1) cardiac symp-
toms; (2) findings from transthoracic echocardiography
and 12-lead ECG; and (3) present cardiovascular diag-
noses (hypertrophic cardiomyopathy, history of arrhyth-
mia, arterial hypertension). Cardiac symptoms (dyspnea,
palpitations, chest pain, syncope) were specifically
enquired about at each visit. Collected echocardio-
graphic findings included standardized measurements of
left ventricular hypertrophy such as the end diastolic left
posterior wall thickness (also referred to as “posterior
wall thickness”), the end diastolic interventricular septal
thickness (also referred to as “septum thickness”), as well
as left ventricular ejection fraction and/or fractional
shortening. For the present analysis, we translated the
two latter parameters in the category “left ventricular
systolic dysfunction”, which was defined as ejection frac-
tion <50% or fractional shortening <25%. ECG findings

were entered into the database as binary variables (pre-
sent/absent) according to the following categories: repo-
larization abnormalities, arrhythmia, left ventricular
hypertrophy, and conduction abnormalities. As a further
predictor, we considered the presence of diabetes
mellitus.

Statistical Analysis

We used mean =+ standard deviation and median
(interquartile range) to describe continuous variables
and absolute values/percentages for categorical vari-
ables. We applied the Kaplan—Meier method, life tables,
and log-rank test to estimate and compare survival
rates in the whole cohort and in subgroups. Data for
patients who were alive, lost to follow-up, or who ter-
minated the study for reasons other than death were
censored. Cox proportional hazards regression was
used to study prognostic factors. First, a univariable
analysis was run separately for each candidate predic-
tor. We selected variables that showed statistical signifi-
cance in the univariable model and entered them into a
multivariable Cox regression. Missing values in cate-
gorical variables were treated as a separate category in
these models, missing values in continuous variables
were imputed with group medians or means as appro-
priate. We report hazard ratios (HRs) with their 95%
confidence intervals (Cls) and two-sided P-values. Clini-
cally relevant predictors selected via the present Cox
model and previous literature were inputted into a risk
stratification score based on the estimated survival
probability after 10 years. The internal validity of the
model was assessed by computing the area under
the curve (AUC) in the receiver operating characteristic
(ROC) analysis for the discriminatory performance and
the Hosmer-Lemeshow test for calibration. Statistical
analysis was performed with IBM SPSS Statistics, ver-
sion 28. Statistical significance was set at P < 0.0S5.

Data Sharing

The consent obtained from the study participants did
not include publication of raw data in a repository.
Data will be made available by the corresponding
author upon reasonable request, provided that the
objective of the planned analysis is compatible with
the consent given by the participants.

Results

Our cohort comprised 631 genetically confirmed FA
patients (339 women, 292 men). Seventeen patients
(2.7%) were compound heterozygous for one GAA
expansion and a canonical mutation (6 missense vari-
ants, 2 single nucleotide deletion, 1 splice variant, 1 non-
sense variant; for details see also Reetz et al.'®). The
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Table 1  Clinical data in the European Friedreich’s Ataxia Consortium for Translational Studies (EFACTS) cohort

r PREDICTORS OF

SURVIVAL IN

FRIEDREICH’S

ATAXIA

Univariable Cox regression

EFACTS cohort — baseline features All patients (n = 631) Deceased (n = 44) HR (95% CI) P-value
Sex (women), n (%) 339 (54) 18 (40.9) 1.62 (0.98-1.02) 0.12
Age at inclusion (years), median (IQR) 31 (22-43) 30 (23—41) 1.00 (0.98-1.02) 0.91
Age at onset (years), median (IQR) 13 (8-18) 10 (6-13) 0.91 (0.87-0.96) <0.001
Shorter GAA repeat, median (IQR) 650 (423-800) 756 (622-875) 1.28 (1.12-1.46) <0.001
Longer GAA repeat, median (IQR) 912 (812-1050) 980 (883-1127) 1.25 (1.07-1.49) 0.005
Disease burden®, median (IQR) 9350 (4620-15,300) 16,825 (9215-25,795) 1.08 (1.05-1.11) <0.001
Disability stage, median (IQR) 5 (3-6) 6 (6-6) 2.01 (1.42-2.84) <0.001
Diabetes mellitus, n (%) of which insulin-dependent 46 (7.3) 9 (21) 3.35 0.001
27/46 (59) 4/9 (44) (1.61-6.98)
Cardiovascular disease
Hypertrophic cardiomyopathy, n (%) 228 (36.1) 27 (61) 3.21 (1.69-6.13) <0.001
History of arrhythmia, n (%) of which 52 (8.2) 14 (32) 6.32 (3.30-12.09) <0.001
atrial fibrillation/flutter 19/52 (37) 6/14 (43)
Arterial hypertension, n (%) 63 (10) 8 (18.2) 1.35 (0.53-3.45) 0.53
Cardiac symptoms
Dyspnea, n (%) 142 (22.5) 9 (21) 1.40 (0.67-2.92) 0.37
Palpitations, n (%) 95 (15.1) 9 (21) 1.81 (0.87-3.76) 0.11
Chest pain, n (%) 52 (8.3) 409 1.65 (0.59-4.62) 0.34
Syncope, n (%) 22 (3.5) 2 (5) 1.90 (0.46-7.87) 0.38
ECG findings (n = 428) (n =31)
Repolarization abnormalities, n (%) 269 (62.9) 22 (71) 2.29 (0.87-6.06) 0.09
Left ventricular hypertrophy, n (%) 72 (16.8) 7 (23) 2.08 (0.88—4.96) 0.1
Conduction abnormalities, n (%) 27 (6.3) 5 (16) 2.85 (1.07-7.6) 0.04
Arrhythmia, n (%) 16 (3.7) 5 (16) 7.29 (2.71-19.65) <0.001
Echocardiographic findings (n = 429) (n = 31)
Left ventricular systolic dysfunction, n (%) 27 (6.3) 6 (18) 3.30 (1.35-8.10) 0.009
Septum thickness (mm), median (IQR) 10 (9-12) 12 (10-13) 1.17 (1.03-1.33) 0.02
Posterior wall thickness (mm), median (IQR) 10 (9-12) 11 (9-13) 1.08 (0.93-1.24) 0.32
Medications (1, %)
B-Blockers 88 (13.9) 12 (27) NA NA
Other anti-arrhythmic drugsb 28 (4.4) 12 NA NA
ACE inhibitors/angiotensin receptor blockers 70 (11.1) 3(7) NA NA
Diuretics 32 (5.1) 2 (5) NA NA
Cardiac glycosides 8 (1.3) 2 (5) NA NA
Anticoagulants 28 (4.4) 5(11) NA NA
Antiplatelet drugs 29 (4.6) 2 (5) NA NA
Insulin and oral antidiabetics 39 (6.2) 7 (16) NA NA

Note: The baseline data for the whole cohort and for the patients who died during the follow-up are reported, along with HRs and P-values of the univariable Cox regression
analysis. For all continuous variables, HRs are expressed per unit increase except for the GAA repeat (HR per 100 additional repeats) and for the metric “disease burden”

(HR per 1000 units increment).Bold type denotes statistical significance.
Abbreviations: HR, hazard ratio; CI, confidence interval; IQR, interquartile range; NA, not applicable; ACE, angiotensin-converting enzyme.

“Calculated as number of repeats on the shorter GAA allele multiplied by disease duration, according to Ref. 31.

b . . . .
Including amiodarone, propaphenone, flecainide, and verapamil.
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baseline clinical characteristics of the cohort are reported
in Table 1. Median (IQR) age at enrollment was 31 (22—
43) years (range, 6-76 years; see also eFig. 1 in the Supple-
mentary Material). According to a recent classification,”
20.1% of patients had an early onset (0-7 years), 40.7%
a typical onset (8-14 years), 23.1% an intermediate onset
(15-24 years), and 15.7% a late onset (>24 years) (see
also Fig. 1). Almost half of the patients (n = 307, 48.7%)
were wheelchair-bound (disability stage = 6).

At the first visit, 240 patients (38%) had a diagnosis
of cardiovascular disease, mainly consisting of hyper-
trophic cardiomyopathy (228/631 cases, 36.1%). Fifty-
two patients had a diagnosis of arrhythmic disorder
(8.2%), with 19 (3%) suffering from atrial fibrillation/
flutter. Sixty-three patients (10%) suffered from arterial
hypertension. Two patients had undergone heart
transplantation prior to inclusion in the registry. Nine
patients carried a cardiac device at baseline (n=7
implantable cardioverter defibrillator, n = 2 pacemaker).
At baseline, dyspnea and palpitations were the most fre-
quent cardiac symptoms, reported by 142 (22.5%) and
95 (15%) patients, respectively. Syncope had occurred
previously in 22 patients (4%). Baseline echocardio-
graphic findings were available in 429 patients
(Table 1). The median septum and posterior wall thick-
ness were within the normal range and all available mea-
surements were <30 mm. Left ventricular systolic
dysfunction was evident in 27 patients (6%). Baseline
ECG data were available for 428 patients. Of them,
287 (67%) showed abnormal findings. Repolarization

70
Onset groups

°
= @ Eaily (0-7 years)
60 ° @ Typical (8-14 years)
© Intermediate (15-24 years)
4 @ Late (>24 years)

50

40

30

Age at Onset (years)

FIG. 1. Age at onset and GAA1 repeat lengths in the European
Friedreich’s Ataxia Consortium for Translational Studies (EFACTS) reg-
istry. GAA1, shorter GAA repeat expansion length. According to the
reported age at onset, patients are assigned to an early, typical, inter-
mediate, or late onset group (see also Ref. 29). [Color figure can be
viewed at wileyonlinelibrary.com]

abnormalities, mainly diffuse T wave inversions, were
the most common sign (269/428 ECGs, 62.9%). With a
far lower frequency, FA ECGs showed positive indexes
of left ventricular hypertrophy (72/428, 16.8%), conduc-
tion abnormalities (27/428, 6.3%), mostly consisting of
right bundle branch block (16/27). Arrhythmias were
evident in 3.7% of baseline ECGs (16/428, of whom
7 showed supraventricular tachycardia/ectopic beats,
5 atrial fibrillation, 2 atrial flutter, and 1 ventricular
ectopic beats).

At baseline, 46 patients (7.3%) had diabetes mellitus,
which was insulin-dependent in 27/46 (59%). The use
of cardiac and antidiabetic medications at baseline is
reported in Table 1.

A total of 3767 visits were finalized from September
2010 to December 2022. The median (IQR) follow-up
time was 6 (3-9) years. For 579 patients at least two
visits were available.

Survival Analysis

Over a 12-year observation period, 44 patients died
and 119 patients terminated the study for other reasons
(lost to follow-up, retrieval of consent). The 10-year
cumulative survival rate in the whole cohort was 87%.
Death occurred at a mean age of 39 + 14 (range, 13-
73) years, after a median (IQR) follow-up of 6 (3-10)
years. Thirteen patients died of cardiovascular causes.
The underlying event was progressive heart failure in
7/13 cases, three of whom experienced an abrupt wors-
ening of cardiac function upon an intercurrent infection.
Arrhythmia was the likely cause of death in 4/13 cases
(described as sudden death). Five patients died from
pneumonia (3 = aspiration pneumonia, 1 = COVID-19
pneumonia). In 2 patients, death was ascribed to a gen-
eral, progressive deterioration. Two patients died
because of cancer (1 = metastatic bladder cancer,
1 = acute leukemia), 2 by means of euthanasia, 1 patient
succumbed to traumatic neck injury, and 1 died follow-
ing a thrombosis. In the remaining 18 cases the cause of
death was unknown. Death of cardiac cause tended to
occur earlier than death of other/unknown causes:
median age at cardiac death 33 (range, 13-60) years ver-
sus 39 (range, 21-73) years (P = 0.27). No significant
correlation was found between GAA repeat lengths and
the age at death. Of the 9 patients carrying an implant-
able cardioverter/pacemaker, 5 died during follow-up,
after a range of 6-28 years after implantation. In this
group, death occurred because of heart failure in
4 patients and due to pneumonia in 1 patient. The
2 patients who received a heart transplantation were still
alive at the last observation, 12 and 19 years after the
transplantation, respectively.

In a univariable analysis, several variables were asso-
ciated with overall survival, including general features
(age at onset, GAA repeats length of both alleles), the
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disability stage, diabetes mellitus, and several cardiac
predictors (hypertrophic cardiomyopathy, history of
arrhythmia, septum thickness, left ventricular systolic
dysfunction, arrhythmia at ECG, conduction abnormali-
ties; see also Table 1). Cardiac symptoms showed no sig-
nificant association with survival. In the multivariable
analysis, the disability stage, a history of arrhythmic dis-
order, and diabetes mellitus remained the only signifi-
cant, independent predictors of survival (Table 2).
Notably, GAA repeat lengths were not an independent
predictor of survival in the multivariable model. Also the
newly described metric “disease burden”,*' which
encompasses both GAA repeat lengths and disease dura-
tion, displayed a strong association with survival in the
univariable analysis (HR 1.08, 95% CI 1.05-1.11,
P < 0.001), but not in the multivariable one (HR 1.03,
95% CI10.99-1.07, P = 0.1, when inputted in the model
instead of the shorter GAA repeats).

Prognostic Model

Considering the number of events (n = 44), we selected
four predictors in a stepwise backward regression and
inputted them into a prognostic model (disability stage,
history of arrhythmia, diabetes mellitus, and left ventri-
cular systolic dysfunction). Disability stage was trans-
formed in a categorical variable with a >6 threshold
based on the distribution of events across worsening
ranking. We then arbitrarily assigned each predictor
one point to calculate a final sum score. While the
absence of all four predictors (sum score 0) predicted a
10-year survival rate approaching that of general
European population,® increasing sum scores enabled

TABLE 2 Candidate predictors of survival in the European Friedreich’s
Ataxia Consortium for Translational Studies (EFACTS) cohort

Multivariable Cox
proportional hazards
regression analysis

Predictor HR (95% CI) P-value
Age at onset 0.96 (0.90-1.02) 0.20
Shorter GAA repeat 1.00 (0.81-1.21) 0.91
Longer GAA repeat 1.11 (0.89-1.39) 0.37
Disability stage 51 (1.08-2.12) 0.02
Diabetes mellitus 2.31 (1.05-5.10) 0.04
Systolic dysfunction 1.48 (0.56-3.91) 0.43
Hypertrophic cardiomyopathy ~ 1.75 (0.86-3.58) 0.13
History of arrthythmia 2.93 (1.34-6.39) 0.007

Note: For continuous variables HRs are expressed per unit increase (disability
stage) or per 100 additional repeats (GAA repeat length).

Bold type denotes statistical significance.

Abbreviations: HR, hazard ratio; CI, confidence interval.

r PREDICTORS OF

SURVIVAL IN FRIEDREICH’'S ATAXIA
discrimination between different prognostic trajectories
with stepwise increasing risk, as shown in the Kaplan—
Meier curves (log-rank test P < 0.001; Figs 2 and 3, and
Supplementary Table S2). Cumulative 10-year survival
was estimated at 96% with a sum score of 0, 84% with
a sum score of 1, 70% with a sum score of 2, and 42%
with a sum score >3 (Fig. 2). The discriminatory ability
of the risk score was confirmed by the ROC analysis
(AUC 0.75) and its calibration by the Hosmer—
Lemeshow test (x* < 0.01, df =1, P = 1).

Sum Score
(points)

0-4

10-years cumulative

Sum score 95% ClI
survival rate
0 96-4% 93-4%-99-4%
84-3% 77-4%-91-3%
2 69-6% 55-4%-83-8%

23 42-4% 10-7%-74-1%

FIG. 2. European Friedreich’s Ataxia Consortium for Translational Stud-
ies Survival Predictive Score (EFACTS-SPS). Depending on the pres-
ence of the four predictors individuated by the study a score range from
a minimum of 0 to a maximum of 4 is assigned. An increasing score is
associated with a significant reduction in the 10-year survival rate (see
also Fig. 3).

100
20
80

g
= 70
T e 1
s 50l Sum predictive score ey
g I —— 0 i
© 40— —1 L [ ,
Z -
2 30 — 2
D ok -- 34
10}
0 1 | | 1 | | |
0 2 4 6 8 10 2
Follow-up (years;
Number at risk p (years)
Group: 0
277 249 219 170 131 68 0
Group: 1
223 201 163 121 88 45 0
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68 61 55 36 16 ; 0
Group: 3-4
" 12 10 7 3 2 0

FIG. 3. Survival rates in the European Friedreich’s Ataxia Consortium
for Translational Studies (EFACTS) cohort according to the developed
prognostic score. Tick marks indicate censored subjects (patients who
were still alive at follow-up and patients lost to follow-up). Number of
subjects at risk for each subgroup at follow-up intervals is reported.
[Color figure can be viewed at wileyonlinelibrary.com]
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Discussion

This is the first multicentric, prospective study addres-
sing survival in FA. In the EFACTS registry, death
occurred at a mean age of 39 years, similar to reports
published after the introduction of genetic testing.***
Cardiovascular etiologies were documented in half of the
patients with known death cause, including both progres-
sive heart failure and arrhythmia. In a multivariable analy-
sis, three factors emerged as significant, independent
predictors of survival: history of arrhythmias, the disability
stage, and diabetes mellitus.

Despite the prognostic role of heart disease in FA,
cardiological assessment and early treatment, including
invasive therapies, received less attention. In our large,
multicentric cohort, the diagnosis of arrhythmic disor-
der emerged as the solely independent cardiac predictor
of survival in the multivariable model. Supraventricular
arrhythmias, including atrial fibrillation, are frequently
documented in FA.***33* They might precipitate heart
failure and increase mortality related to thromboem-
bolic complications.”® Ventricular arrhythmias, one
major substrate of sudden cardiac death, are suppos-
edly rare in the literature on FA cardiomyopathy.’*~°
Nonetheless, very few observations from ECG monitor-
ing studies are available in FA, preventing firm conclu-
sions being drawn on this issue.*® Notably, fatal
arrhythmias do occur in the setting of cardiomyopa-
thies with preserved systolic function.’”*® Indeed,
microscopic histopathological alterations following
interstitial collagen deposition and replacement scarring
after myocyte death constitute an unpredictable
arrhythmogenic substrate.’® To date, one prospective,
single-center study analyzing 18 death events in FA
suggested as predictor of survival a progressive decline
in the ejection fraction.”> We might have missed such
an effect due to the shorter observation period of our
study (12 vs. 22 years). Conversely, our findings under-
score the previous observations that systolic dysfunc-
tion is a late event in FA,*”? which may abruptly
develop shortly before death,”” as observed in our
cohort. Importantly, cardiac symptoms had no role in
our prediction model. Due to the neurologically deter-
mined limitation in physical activity, FA patients may
have little exertional symptoms. This limits the applica-
tion of the New York Heart Association classification
to quantify the progression of heart failure in FA.'”

GAA repeat lengths, especially of the shorter allele, is
the best recognized predictor of both age at onset and
progression rate of the ataxic disorder.'""*"'*> Con-
cerning survival, the length of the shorter allele was the
best predictor of survival in a monocentric prospective
study by Pousset et al.>> It furthermore significantly
correlated with age of death in a retrospective study.”’
In our cohort, the predictive role of GAA repeat lengths
in the univariable model was not confirmed in the

multivariable analysis and no correlation was found
between this parameter and the age of death. These dif-
ferences are not explained by the clinical characteristics
of our cohort, which are indeed comparable with those
of the cited studies. Nonetheless, the observation period
in these earlier studies started more than a decade
before the establishment of EFACTS, and even prior to
the availability of a molecular diagnosis. The standard
of care of the non-neurological comorbidities improved
meanwhile and might have influenced the disease course
in the EFACTS cohort. Moreover, the study by Pousset
et al. did not include a measure of neurological severity
in the survival analysis.** Instead, the global neurological
burden, as reflected by the disability stage, emerged as
an independent predictor of mortality in our study, with
a cumulative HR of 4.5 in a wheelchair-bound patient
(disability stage = 6) compared to a patient with overt
ataxia but independent gait (disability stage = 3). Con-
sistently, causes of death classically associated with
increasing neurological disability (eg, aspiration pneumo-
nia) were recurrently reported. These findings suggest
that therapeutic strategies targeting the neurological out-
come may contribute to influence the survival rate in
FA. They furthermore stress the need for regular moni-
toring and complementary management with rehabilita-
tion programs in all stages of the disease.

The morbidity and mortality risk caused by diabetes
mellitus in the general population is well established.*’
Hewer documented ketoacidosis as cause of death in an
early study on “fatal cases” of FA.*” A negative prog-
nostic role of diabetes mellitus was suggested by a ret-
rospective analysis conducted before the advent of
genetic diagnosis.””> This is the first study to clearly
show a significant effect of diabetes mellitus on survival
in FA, setting the rationale for a systematic investiga-
tion of targeted interventions.

In agreement with previous studies on FA and other
spinocerebellar ataxias,”>*! we chose the time-on-study
(ie, time from the enrollment) as the timescale, which is
more suitable for assessing predictive discrimination.
Neither in the present study, nor in an earlier prospec-
tive analysis by Pousset and coworkers,”® did age at
inclusion play a role as predictor of survival. This find-
ing is likely related to the age dependency of FA pheno-
type. Indeed, older patients are more likely to have less
severe disease and lower risk of premature death due to
FA, thus counterbalancing the inherent mortality risk
otherwise connected with advancing age.

Several patients were on medical treatment for heart
disease and diabetes or received invasive cardiological
therapies before recruitment. These interventions may
modify the clinical course of the non-neurological mani-
festations and possibly influence their weight as predic-
tors in the survival analysis. The non-controlled design
of our study precluded an evaluation of their impact on
survival.
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Consequences for the Current Management
of FA

Considering the significant predictors defined by the
present study and previous literature,”® we built an
easy-to-apply clinical predictive score, which clearly dis-
criminated between different prognostic trajectories.
This score may support clinical management by identi-
fying high-risk patients who merit closer clinical surveil-
lance and might benefit from early invasive therapies
aimed at improving survival.

Current recommendations include yearly transthoracic
echocardiography and 12-lead ECG to monitor cardio-
myopathy in FA. Holter ECG is listed as an optional
examination only in symptomatic patients.** Our find-
ings support the introduction of systematic prolonged
ECG monitoring, independently from symptoms, to
tackle intermittent arrhythmias. In the era of digital bio-
markers, portable devices may help accomplish this task
in a home setting, especially in patients with advanced
disease. To date, cardiac studies in FA have mostly been
cross-sectional and focused on ultrasound biomarkers.
We urgently need longitudinal natural history studies
specifically investigating cardiac outcome and integrating
both ultrasound and ECG biomarkers.

Limitations

Our study has several limitations. First, the EFACTS
cohort comprises mostly adults, while pediatric cases
with longer repeats expansions are underrepresented.
Moreover, the cohort comprises a large proportion of
patients at an advanced disease stage (almost 50% were
wheelchair-bound), reflecting the characteristics of
European FA patients at the time point of recruiting to
EFACTS in 2010 and thus the usual characteristics of a
FA cohort captured at a certain time point. The
restricted number of early-onset cases with severe car-
diac disease might partly explain the limited number of
events of interest (n = 44) which occurred in the obser-
vation period. To the best of our knowledge, only one
retrospective study specifically investigated cardiac dis-
ease and survival in a pediatric cohort.*> Of 79 patients,
eight fatalities were reported in a median observation
period of 5 years (atrial arrhythmia-related n = 2, heart
failure-related n =1, non-cardiac n =2, unknown
cause n = 3). Surprisingly, this study did not consider
the GAA repeats in the survival analysis, nor did it suc-
ceed in identifying any clinical predictors of outcome. A
global registry study, including both children and
adults, together with reliable genetic information on the
precise repeat length on both alleles, would certainly be
the desirable context for FA research. This unmet need
might be fulfilled in the future by the ongoing fusion
and harmonization of the North American, Australian,
and European FA registries.**

r PREDICTORS OF

SURVIVAL IN FRIEDREICH’'S ATAXIA
Due to the multicentric nature of the present study,
cardiological evaluation within EFACTS encompassed
only widely assessable parameters. For this reason, and
due to the number of missing examinations (n = 13
missing data in the patients who died), we were not able
to draw any inferences on the role of specific ECG and
echocardiographic biomarkers. Earlier studies identified
cardiomyopathy as the main cause of premature death
in FA. Cardiac events were also frequently reported in
our study. Nevertheless, since the exact circumstances of
death were not obtained in several patients, our assump-
tion as to the causes of mortality in FA has limitations.

Conclusions

In conclusion, the present multicentric, prospective
study pinpointed: (1) arrhythmias as the most impor-
tant cardiac predictor of survival and (2) defined for
the first time progressive neurological disability and
diabetes mellitus as further major contributors to mor-
tality in FA. Consequently, we propose a simple predic-
tive score which allows stratification of prognostic
trajectories based on the presence of relevant predictors
(disability stage >6, history of arrhythmias, systolic dys-
function, and diabetes mellitus). This tool awaits exter-
nal validation in further prospective FA cohorts.
Collectively our findings have relevant implications for
disease monitoring, risk stratification, and development
of future therapeutic strategies in FA. ®

Acknowledgments: Several authors of this study are members of the
European Reference Network for Rare Neurological Diseases—Project ID

No. 739510.

Data Availability Statement

The consent obtained from the study participants did
not include publication of raw data in a repository.
Data will be made available from the corresponding
author upon reasonable request, provided that the
objective of the planned analysis is compatible with
the consent given by the participants.

References

1. Vankan P. Prevalence gradients of Friedreich’s ataxia and R1b hap-
lotype in Europe co-localize, suggesting a common Palaeolithic ori-
gin in the Franco-Cantabrian ice age refuge. ] Neurochem 2013;
126(Suppl. 1):11-20.

2. Campuzano V, Montermini L, Molto MD, Pianese L, Cossee M,
Cavalcanti F, et al. Friedreich’s ataxia: autosomal recessive disease
caused by an intronic GAA triplet repeat expansion. Science 1996;
271(5254):1423-1427.

3. Yandim C, Natisvili T, Festenstein R. Gene regulation and epigenetics
in Friedreich’s ataxia. ] Neurochem 2013;126(Suppl. 1):21-42.

4. Lynch DR, Farmer G. Mitochondrial and metabolic dysfunction in
Friedreich ataxia: update on pathophysiological relevance and clini-
cal interventions. Neuronal Signal 2021;5(2):NS20200093.

5. Gonzalez-Cabo P, Palau F. Mitochondrial pathophysiology in
Friedreich’s ataxia. ] Neurochem 2013;126(Suppl. 1):53-64.

Movement Disorders, Vol. 39, No. 3, 2024 517

85UB017 SUOLILLIOD BAINRID 3|deo! [dde 8y} Aq peusnob a2 SjolLe YO 9SN J0 S9INJ 10} Akeiq1 7 8UIIUO AS]IA UO (SUONIPUOD-PUE-SWBIALIS"AB | 1M Aleq 1 put|uo//:Sdny) SUOIPUOD pue SWie | 841 89S " [¥202/70/60] U ARiq)T 8uljuo A|1Mm ‘BepoineN nd wniusz ssyosined Aq 28962 SPUI/Z00T 0T/I0P/W09 A8 | M AeIq 1 pUlUO'S BPIOS ID1UBWSAOL//:SAY WO} pepeoiumod ‘€ ‘vZ0Z '2G28TEST



INDELICATO ET

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

AL ]

Parkinson MH, Boesch S, Nachbauer W, Mariotti C, Giunti P. Clin-
ical features of Friedreich’s ataxia: classical and atypical phenotypes.

J Neurochem 2013;126(Suppl. 1):103-117.

Weidemann F, Rummey C, Bijnens B, Stork S, Jasaityte R,
Dhooge J, et al. The heart in Friedreich ataxia: definition of cardio-
myopathy, disease severity, and correlation with neurological symp-
toms. Circulation 2012;125(13):1626-1634.

Cnop M, Mulder H, Igoillo-Esteve M. Diabetes in Friedreich ataxia.
J Neurochem 2013;126(Suppl. 1):94-102.

Friedreich N. Ueber degenerative Atrophie der spinalen Hinterstringe.
Archiv Path Anat Physiol Klin Med 1863;26:391-419. 33-59.

Friedreich N. Ueber Ataxie mit besonderer Berticksichtigung der her-
editiren Formen. Nachtrag. Virchows Arch Pathol Anat Physiol
Klin Med 1877;70:140-152.

Indelicato E, Nachbauer W, Eigentler A, Amprosi M, Matteucci
Gothe R, Giunti P, et al. Onset features and time to diagnosis in
Friedreich’s ataxia. Orphanet ] Rare Dis 2020;15(1):198.

Santoro L, De Michele G, Perretti A, Crisci C, Cocozza S,
Cavalcanti F, et al. Relation between trinucleotide GAA repeat
length and sensory neuropathy in Friedreich’s ataxia. ] Neurol Neu-
rosurg Psychiatry 1999;66(1):93-96.

Reetz K, Dogan I, Costa AS, Dafotakis M, Fedosov K, Giunti P,
et al. Biological and clinical characteristics of the European
Friedreich’s Ataxia Consortium for Translational Studies (EFACTS)
cohort: a cross-sectional analysis of baseline data. Lancet Neurol

2015;14(2):174-182.

Patel M, Isaacs CJ, Seyer L, Brigatti K, Gelbard S, Strawser C, et al.
Progression of Friedreich ataxia: quantitative characterization over
S years. Ann Clin Transl Neurol 2016;3(9):684-694.

Durr A, Cossee M, Agid Y, Campuzano V, Mignard C, Penet C,
et al. Clinical and genetic abnormalities in patients with Friedreich’s
ataxia. N Engl ] Med 1996;335(16):1169-1175.

Reetz K, Dogan I, Hilgers RD, Giunti P, Mariotti C, Durr A, et al.
Progression characteristics of the European Friedreich’s Ataxia Con-
sortium for Translational Studies (EFACTS): a 2 year cohort study.
Lancet Neurol 2016;15(13):1346-1354.

Payne RM, Wagner GR. Cardiomyopathy in Friedreich ataxia: clini-
cal findings and research. J Child Neurol 2012;27(9):1179-1186.

Schadt KA, Friedman LS, Regner SR, Mark GE, Lynch DR, Lin KY.
Cross-sectional analysis of electrocardiograms in a large heteroge-
neous cohort of Friedreich ataxia subjects. ] Child Neurol 2012;
27(9):1187-1192.

Tamaroff J, DeDio A, Wade K, Wells M, Park C, Leavens K, et al.
Friedreich’s ataxia related diabetes: epidemiology and management
practices. Diabetes Res Clin Pract 2022;186:109828.

Tsou AY, Paulsen EK, Lagedrost SJ, Perlman SL, Mathews KD,
Wilmot GR, et al. Mortality in Friedreich ataxia. ] Neurol Sci 2011;
307(1-2):46-49.

Leone M, Rocca WA, Rosso MG, Mantel N, Schoenberg BS,
Schiffer D. Friedreich’s disease: survival analysis in an Italian popu-
lation. Neurology 1988;38(9):1433-1438.

De Michele G, Perrone F, Filla A, Mirante E, Giordano M, De
Placido S, et al. Age of onset, sex, and cardiomyopathy as predictors
of disability and survival in Friedreich’s disease: a retrospective
study on 119 patients. Neurology 1996;47(5):1260-1264.

Pousset F, Legrand L, Monin ML, Ewenczyk C, Charles P,
Komajda M, et al. A 22-year follow-up study of long-term cardiac
outcome and predictors of survival in Friedreich ataxia. JAMA Neu-
rol 2015;72(11):1334-1341.

Rustin P, von Kleist-Retzow JC, Chantrel-Groussard K, Sidi D,
Munnich A, Rotig A. Effect of idebenone on cardiomyopathy in
Friedreich’s ataxia: a preliminary study. Lancet 1999;354(9177):477-479.

Gene Therapy for Cardiomyopathy Associated With Friedreich’s Ataxia;
2023 Available from. https://clinicaltrials.gov/ct2/show/NCT05445323.

Reetz K, Dogan 1, Hilgers RD, Giunti P, Parkinson MH, Mariotti C,
et al. Progression characteristics of the European Friedreich’s Ataxia
Consortium for Translational Studies (EFACTS): a 4-year cohort
study. Lancet Neurol 2021;20(5):362-372.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Hewer RL. Study of fatal cases of Friedreich’s ataxia. Br Med ]
1968;3(5619):649-652.

Galea CA, Huq A, Lockhart PJ, Tai G, Corben LA, Yiu EM, et al.
Compound heterozygous FXN mutations and clinical outcome in
friedreich ataxia. Ann Neurol 2016;79(3):485-495.

Rodden LN, Rummey C, Kessler S, Wilson RB, Lynch DR. A novel
metric for predicting severity of disease features in Friedreich’s
ataxia. Mov Disord 2023;38(6):970-977.

Cunha P, Petit E, Coutelier M, Coarelli G, Mariotti C, Faber J, et al.
Extreme phenotypic heterogeneity in non-expansion spinocerebellar
ataxias. Am ] Hum Genet 2023;110(7):1098-1109.

Rummey C, Corben LA, Delatycki M, Wilmot G, Subramony SH,
Corti M, et al. Natural history of Friedreich’s ataxia: heterogeneity
of neurological progression and consequences for clinical trial
design. Neurology 2022;99(14):e1499-e1510.

Eurostat. Mortality and life expectancy statistics; 2023 Available
from.  https://ec.europa.eu/eurostat/statistics-explained/index.php?
title=Mortality_and_life_expectancy_statistics.

Ribai P, Pousset F, Tanguy ML, Rivaud-Pechoux S, Le Ber I,
Gasparini F, et al. Neurological, cardiological, and oculomotor pro-
gression in 104 patients with Friedreich ataxia during long-term

follow-up. Arch Neurol 2007;64(4):558-564.

Weidemann F, Liu D, Hu K, Florescu C, Niemann M, Herrmann S,
et al. The cardiomyopathy in Friedreich’s ataxia — new biomarker
for staging cardiac involvement. Int J Cardiol 2015;194:50-57.

Mejia E, Lynch A, Hearle P, Okunowo O, Griffis H, Shah M, et al.
Ectopic burden via Holter monitors in Friedreich ataxia. Pediatr
Neurol 2021;117:29-33.

Payne RM. Cardiovascular research in Friedreich ataxia: unmet
needs and opportunities. JACC Basic Transl Sci 2022;7(12):1267-
1283.

Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ,
Colvin MM, et al. 2022 AHA/ACC/HFSA Guideline for the Man-
agement of Heart Failure: a report of the American College of
Cardiology/American Heart Association Joint Committee on Clini-
cal Practice Guidelines. Circulation 2022;145(18):e895-e1032.

Maron BJ. Clinical course and management of hypertrophic cardio-
myopathy. N Engl ] Med 2018;379(20):1977.

St John Sutton M, Ky B, Regner SR, Schadt K, Plappert T, He ],
et al. Longitudinal strain in Friedreich ataxia: a potential marker for
early left ventricular dysfunction. Echocardiography 2014;31(1):
50-57.

Danaei G, Lu Y, Singh GM, Carnahan E, Stevens GA, Cowan M],
et al. Cardiovascular disease, chronic kidney disease, and diabetes
mortality burden of cardiometabolic risk factors from 1980 to
2010: a comparative risk assessment. Lancet Diabetes Endocrinol
2014;2(8):634-647.

Diallo A, Jacobi H, Cook A, Labrum R, Durr A, Brice A, et al. Sur-
vival in patients with spinocerebellar ataxia types 1, 2, 3, and
6 (EUROSCA): a longitudinal cohort study. Lancet Neurol 2018;
17(4):327-334.

Corben LA, Collins V, Milne S, Farmer J, Musheno A, Lynch D,
et al. Clinical management guidelines for Friedreich ataxia: best
practice in rare diseases. Orphanet ] Rare Dis 2022;17(1):4135.

Norrish G, Rance T, Montanes E, Field E, Brown E, Bhole V, et al.
Friedreich’s ataxia-associated childhood hypertrophic cardiomyopa-
thy: a national cohort study. Arch Dis Child 2022;107(5):450-455.

Friedreich’s Ataxia Integrated Clinical Database (FA-ICD); Available
from https://c-path.org/programs/rdca-dap/.

Supporting Data

Additional Supporting Information may be found in

the online version of this article at the publisher’s
web-site.

518

Movement Disorders, Vol. 39, No. 3, 2024

85UB017 SUOLILLIOD BAINRID 3|deo! [dde 8y} Aq peusnob a2 SjolLe YO 9SN J0 S9INJ 10} Akeiq1 7 8UIIUO AS]IA UO (SUONIPUOD-PUE-SWBIALIS"AB | 1M Aleq 1 put|uo//:Sdny) SUOIPUOD pue SWie | 841 89S " [¥202/70/60] U ARiq)T 8uljuo A|1Mm ‘BepoineN nd wniusz ssyosined Aq 28962 SPUI/Z00T 0T/I0P/W09 A8 | M AeIq 1 pUlUO'S BPIOS ID1UBWSAOL//:SAY WO} pepeoiumod ‘€ ‘vZ0Z '2G28TEST


https://clinicaltrials.gov/ct2/show/NCT05445323
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Mortality_and_life_expectancy_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Mortality_and_life_expectancy_statistics
https://c-path.org/programs/rdca-dap/

	 Predictors of Survival in Friedreich's Ataxia: A Prospective Cohort Study
	  Methods
	  Study Design and Population
	  Clinical Outcome and Predictor Variables
	  Statistical Analysis

	  Data Sharing
	  Results
	  Survival Analysis
	  Prognostic Model

	  Discussion
	  Consequences for the Current Management of FA
	  Limitations
	  Conclusions

	  Acknowledgments
	  Data Availability Statement

	  References


