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Abstract: Cardiomyopathy is an important and frequently life
limiting manifestation of Friedreich’s ataxia (FA), the most
prevalent form of autosomal recessive ataxia. Left ventricular
mass is used as primary outcome measure in recent intervention
studies but systematic analyses of FA cardiomyopathy are
sparse. To assess cardiac hypertrophy by cardiac magnetic
resonance imaging (MRI) in vivo, we assessed 41 adult patients
with genetically confirmed FA and 33 age- and sex-matched
healthy controls by cardiac MRI and echocardiogarphy. Septal
hypertrophy and left ventricular mass index were determined
by two independent raters. MRI revealed hypertrophy of the
interventricular septum in 40% and increased left ventricular
mass index in 29% of patients. Interobserver variability was
less than 5% for both measures. GAA repeat length had only

minor influence on interventricular septum thickness. Left ven-
tricular mass index decreased with age. Severity of ataxia did
not correlate with cardiac disease. In echocardiography wall
diameter was assessable only in 31 of 41 FA patients with 32%
of patients presenting septal hypertrophy and 6% increased left
ventricular mass index. We conclude that cardiac hypertrophy
is present only in a minority of adult FA patients. If despite this
limitation intervention studies use left ventricular mass as out-
come measure, MRI is recommended as the most accurate
assessment of cardiac anatomy in vivo. © 2007 Movement
Disorder Society
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INTRODUCTION

Friedreich’s ataxia (FA) is the most prevalent heredi-
tary ataxia with an incidence of 1:36,000.1 Typical clin-
ical features comprise progressive ataxia usually starting
before 25 years of age, axonal sensory neuropathy,
areflexia, extensor plantar response and weakness due to
degeneration of pyramidal tracts and dorsal root ganglia.2

After cloning of the FA gene and characterization of an
expanded intronic GAA repeat as the disease causing mu-

tation in about 98% of affected alleles, 20% of FA patients
turned out to present with atypical phenotypes.3–6 These
patients frequently have rather short repeat expansions, later
onset and slower disease progression.

Cardiac affection in FA was already recognized by
Nikolaus Friedreich in his original description in 1863
and cardiac failure is supposed to be the most common
cause of death in FA.7–9 Autopsy studies found left
ventricular (LV) hypertrophy, interstitial myocardial fi-
brosis and focal degeneration of cardiac muscle fi-
bers.7,8,10–14 Nevertheless, systematic studies of cardiac
disease in patients with genetically confirmed FA are
rare and LV mass has not been assessed by magnetic
resonance imaging (MRI) as the most robust measure of
cardiac hypertrophy in vivo.

Following a report of three juvenile FA patients with
pronounced reduction of LV mass under treatment with
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idebenone, a short chain analogue of coenzyme Q10,
several intervention studies used cardiac hypertrophy as
primary outcome measure with variable results.15–20 The
rationale behind the treatment with antioxidants like ide-
benone, coenzyme Q10 and vitamin E is increased oxi-
dative stress resulting from lack of the FA gene product
frataxin potentially due to its affinity to iron metabo-
lism.21,22 Apart from its potential antioxidative effect
frataxin is a mitochondrial protein involved in iron-sulfur
cluster assembly. Frataxin deficiency hinders synthesis
of enzymes dependent on iron-sulfur clusters like respi-
ratory chain complexes I to III and aconitase resulting in
impaired mitochondrial function.23–25

As cardiac hypertrophy is used as a major indicator of
therapeutic efficacy in FA trials, improved characteriza-
tion of FA associated cardiomyopathy appears manda-
tory. We performed a prospective study analyzing clin-
ical, electrophysiological, echocardiographic, and MRI
characteristics of the heart in 41 genetically confirmed
patients with FA.

PATIENTS AND METHODS

Patients

Forty-one patients (25 women and 16 men) with ge-
netically confirmed FA have been included in this study.
Adult patients (�16 years of age) were recruited from
the Ataxia Clinic of the Ruhr-University Bochum inde-
pendent of disease severity. Patients with contraindica-
tions for MRI like metal implants or severe claustropho-
bia were excluded from this study. Mean age was 34.2 �
11.9 years and mean age of onset was 15.8 � 8.7 years
of age. All but one patient were homozygous for a GAA
repeat expansion in intron 1 of the FA gene. One patient
had a GAA expansion on one allele and a point mutation
on the other. Details of clinical and genetic data for all
patients are presented in Table 1.

Patients were investigated by a standardized interview
for cardiac symptoms. Severity of ataxia was 50 � 19 of
100 points (mean � SD; range 11–86) on the interna-
tional co-operative ataxia rating scale in which a higher
score indicates more severe disease.26

Thirty-three healthy controls were matched for sex (19
women, 14 men) and age (38.9 � 13.5 years; range
24–69).

All participants gave their fully informed consent. The
study has been approved by the ethic committee of the
Ruhr-University Bochum (Vote 1293).

Electrocardiography

12-lead standard ECG was performed and analyzed
for heart rate, electrical axis, repolarization abnormali-

ties, arrhythmia, and left ventricular hypertrophy
(Sokolow–Lyon index).

Echocardiography

Echocardiography was performed by a multifrequency
Transducer 2.3 to 3.0 MHz (Hewlett Packard Sonos
5500; Advanced Technology Laboratories HDI 5000
CV) using harmonic imaging with the patient lying on
his left side in a standardized position.

LV diameters and thickness of interventricular septum
(IVS) and posterior wall (PW) were assessed offline by
M-mode recordings in the parasternal long axis view as
proposed by the American Society of Echocardiogra-
phy.27 Left ventricular mass (LV mass) was calculated
according to the formula of Devereux28: LV mass [g] �
1.04 � (LVEDD � IVS � PW)3 � (LVEDD)3 � 0.8 �
0.6 where LVEDD is the left ventricular internal enddi-
astolic dimension, PW is the posterior wall thickness,
and IVS the interventricular septal thickness (in centi-
meters). LV mass was expressed in relation to body
surface [m2]. Ejection fraction was calculated from the
modified Simpson method to estimate ventricular vol-
ume from two orthogonal apical views.27 The off-
line measurements were made by two independent
investigators.

MRI

Cardiac MRI was performed in a 1.5 T tomograph
with quantum gradient (Symphony Quantum, Siemens,
Erlangen, Germany) using a phased array torso coil.
Subjects were placed in a supine position. Scout trans-
versal and sagittal views ensured correct determination
of the short axis plane of the left ventricle. Measurements
were performed in breathhold technique with electrocar-
diogram gating using cine true fisp sequences from the
apex to the mitral valve and following parameters: TR
40, TE 4.0, Flip 20°, slice thickness 8 mm, no gap
between sections, FOV 400, Matrix 126 � 256, 15 beats
per aquisition.

Endocardial and epicardial borders of every slice from
the apex to the mitral valve were traced manually
(Fig. 1). The papillary muscles were considered as a part
of the ventricle volume and were smoothed out of the
endocardial contour. Specific software (Argus, Siemens,
Erlangen) was used to calculate LV mass, enddiastolic
volume, endsystolic volume, and ejection fraction. Myo-
cardial tissue volume was determined according to Simp-
sons’ rule by multiplicating the area of each slice with
slice thickness. Finally, myocardial mass was calculated
introducing a factor for myocardial density.
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TABLE 1. Detailed clinical and genetic data of patients enrolled in this study stratified for left ventricular mass index (LVMi)
determined by magnetic resonance tomography (MRT)

Age Sex
Age of
onset ICARS GAA 1 GAA 2

IVS
(Echo)

LVMi
(Echo)

IVS
(MRT)

LVMi
(MRT)

Atypical
features Cardiac symptoms

38 F 20 49 337 380 13 136 7 46 –
42 F 37 11 205 244 10 95 8 53 AoO, Areflexia –
58 F 17 70 712 712 13 113 10 55 –
46 F 12 56 640 1,093 9 55 –
53 M 19 68 637 1,376 11 58 –
26 M 10 73 897 1,308 12 103 10 58 –
24 F 12 56 1,024 1,024 11 72 11 58 –
29 F 20 52 711 711 10 108 10 59 Angina,

palpitations,
tachycardia

35 F 12 77 992 992 12 60 –
17 F 11 39 750 950 10 136 10 60 Angina on

exhaustion
45 M 15 52 365 815 11 79 10 62 –
38 F 27 16 226 1,402 12 115 9 62 AoO,

Areflexia,
No Babinski

–

39 M 30 33 298 298 9 66 AoO –
31 F 16 36 633 633 14 126 12 66 Areflexia Dyspnoea on

exhaustion
59 F 36 39 170 197 11 146 10 69 AoO,

Areflexia,
No Babinski

–

21 F 15 55 450 1,000 11 69 Palpitations
20 F 11 27 850 850 10 126 7 70 –
29 F 8 76 1,018 1,411 13 161 15 71 Tachycardia
50 F 12 73 700 900 8 71 Angina, dyspnoea

on exhaustion,
edema,
tachycardia

53 M 13 57 486 486 16 154 14 73 –
25 F 8 63 1,180 1,500 16 146 13 73 Palpitations,

tachycardia
48 F 12 86 1,235 1,235 14 156 14 74 Palpitations,

tachycardia
39 F 17 48 451 1,108 14 139 10 75 Areflexia, No

Babinski
–

23 F 5 69 519 1138 14 76 Edema
35 F 17 24 406 890 12 137 12 76 No Babinski –
30 M 14 51 740 PM 15 173 12 77 Angina
41 M 29 28 250 414 12 126 12 78 AoO, No

Babinski
Edema

23 F 7 69 1,058 1,058 12 124 11 80 –
39 M 18 46 418 418 13 144 12 83 Areflexia –
31 F 18 33 730 730 13 141 11 84 Palpitations,

tachycardia
20 F 5 44 979 979 15 118 13 89 –
47 M 35 31 146 1,270 13 153 16 89 AoO,

Areflexia,
No Babinski

–

30 F 15 45 603 603 13 134 13 91 No Babinski –
34 M 9 82 895 1,500 11 98 13 91 –
39 F 16 45 631 995 24 107 13 94 Angina,

tachycardia
16 M 12 39 910 1,200 12 123 14 96 –
29 M 15 53 447 999 15 131 16 103 –
18 M 10 68 900 1,200 20 218 18 103 –
16 M 2 36 1,200 1,200 13 108 Dypnoea on

exhaustion
45 M 31 31 285 1,229 14 109 AoO, No

Babinski
–

21 F 14 563 748 14 110 –

ICARS, international co-operative ataxia rating scale39; GAA 1, repeat length in the shorter allele; GAA 2, repeat length in the larger allele; IVS, interventricular septum;
Echo, echocardiography; AoO, Onset later than 25 years of age; no Babinski, normal plantar response; PM, Point mutation.
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Statistics

Statistics was performed using the software package
SPSS. For all tests a significance level of 5% was ac-
cepted. The sampling distributions of LV mass index,
IVS thickness, age at examination, age at onset of symp-
toms, and repeat length of GAA microsatellites (long and
short allele, respectively) were tested for normality. The
distribution of all parameters did not deviate significantly
from a normal distribution (Shapiro–Wilk test). t-Tests
were applied to compare the mean values of groups, e.g.,
gender, patient, and control group. The effects of the age
of probands, the age of onset, and the repeat length of
GAA microsatellites, respectively, on the LV mass index
and the IVS thickness were tested with pairwise linear
correlations. Additionally, effects of age, body surface,
and GAA repeat length on IVS were analyzed by linear
regression. Interobserver and intraobserver variability
was analyzed using kappa statistics.29,30

RESULTS

Clinical Features

Twelve of 41 patients (29%) presented with a pheno-
type atypical for FA according to Harding’s criteria.2

Fourteen of 41 patients (34%) reported cardiac symp-
toms. Details are given in Table 1. No patient had arterial
hypertension. Four patients were on cardiac medication:
One patient had metoprolol and phenprocoumon because
of intermittent atrial fibrillation, one had captopril and
two patients were on verapamil.

Electrocardiography

ECG was abnormal in 89% of patients. All patients
were in sinus rhythm with normal heart rate but two
patients had a history of paroxysmal atrial fibrillation.
Abnormal axis positions were noted in 27% of patients
with right and extreme left axis deviations in 23% and
4%, respectively.

Bundle branch blocks were found in 15% of patients.
Repolarization abnormalities with negative T wave es-
pecially in the inferior and lateral leads were found in
85% and U-waves in 4% of patients. Sokolow–Lyon
index was increased in 7% of patients.

MRI

Reproducibility of cardiac MRI was assessed in 41 FA
patients and 33 healthy controls by two independent
raters. To assess intrarater variability, a second rating
was performed by the first rater after 4 weeks in a
randomized order of datasets. Interrater agreement was
4.9% and intrarater variability was 4.7%.

IVS and PW were significantly thicker and LV mass
index significantly increased in FA patients compared to
an age- and sex-matched control group (Table 2). IVS
and PW were thickened (�13 mm; �2 SD above mean
in healthy controls) in 40% of patients, respectively, as
demonstrated in Figure 2A. LV mass index was in-
creased in 29% of patients (�88 g/m2 body surface).
However, LV mass hypertrophy was only mild in most

FIG. 1. Assessment of left ven-
tricular mass on cardiac MRI. (A)
Enddiastolic series. (B) Endsys-
tolic series. Epicardiac bound-
aries and endocardiac boundaries
of the left ventricle muscle are
traced manually in every slice.
Interobserver variability for left
ventricular mass is less than 5%.
LV: Left ventricle.
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patients (Fig. 2B). Three patients presented with reduced
ejection fraction (�50%) on cardiac MRI.

LV mass index decreased significantly with age (Pear-
son’s correlation coefficient r � 0.33; P � 0.05; Fig. 3A)
but was not significantly influenced by the number of
GAA repeats, the age of onset or the severity of the
disease. IVS thickness correlated with the number of
GAA repeats in the larger allele (r � 0.39; P � 0.05; Fig.
3B). Additionally, linear regression analysis after elimi-
nating the effect of age and body surface revealed a small
but significant effect of GAA1 repeat length on IVS
thickness explaining 9.4% of IVS variance (r � 0.31;

P � 0.029). IVS hypertrophy was more frequent in
patients with more than 500 GAA repeats in the shorter
allele (46% versus 27% in patients with �500 repeats in
GAA1) but this tendency did not reach significance.
Both, IVS and LV mass index differed significantly
between gender, i.e. values were lower in women than in
men (P � 0.05).

Comparison to Echocardiography

Echocardiographic assessment revealed sufficient im-
age quality for quantitative analysis of LV structures in
only 31 of 41 patients (76%) but in all controls. In 10 FA

TABLE 2. MR tomographic evaluation of left ventricular parameters in patients
with Friedreich’s ataxia and healthy controls

Patients (N � 41) Controls (N � 33) P

IVS (mm) 11.7 [11–12] (7–18) 9.4 [9–10] (6–12) �0.001
PW (mm) 11.7 [11–12] (8–18) 9.4 [9–10] (6–13) �0.001
EF (%) 61.2 [59–64] (42–78) 60.8 [59–63] (47–75) 0.831
LV mass index (g/m2) 76 [71–81] (46–110) 66.8 [64–71] (48–86) 0.025

Data are given as mean with 95% confidence interval in square brackets. Range in normal
brackets. The mean values of parameters from the patient and control group are compared, and
the error of type I (p) is listed. IVS, interventricular septum; PW, posterior wall; EF, ejection
fraction; LV mass index, left ventricular mass/(meter)2 body surface.

FIG. 2. Histograms and box
plots of cardiac MRI assessment
of interventricular septum thick-
ness (A) and left ventricular mass
index (B) in FA patients (black
bars) compared to age- and sex-
matched healthy controls (white
bars). Legend to box plots: Mean
and 75% confidence interval are
presented as gray box; 95% con-
fidence interval is given as black
bars and outliners as circle.
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patients (24%) ultrasound conditions were insufficient
due to abnormalities of the thoracic wall with muscle and
fat prolapsing into the ultrasound window when the
patient lies on his left side. IVS exceeded 13 mm in 32%
of FA patients. However, according to the formula of
Devereux only 6% presented with increased LV mass
index. Restricted to the 31 patients for whom MRI and
echocardiography data were available, 26% of patients
had increased LV mass index and 39% thickened IVS on
MRI. IVS, PW, and LV mass index correlated positively
between MRI and echocardiography with correlation co-
efficients of 0.56 for IVS, 0.37 for PW, 0.42 for LV mass
index and 0.31 for ejection fraction.

Longitudinal Echocardiographic Data in FA

Echocardiographic data for three consecutive years
were available in 12 patients. Mean IVS and mean LV
mass were almost constant with 235, 232, and 237 g for

LV mass in year 1 to 3, respectively, and 11 mm for IVS
in all three years. However, individual data varied sub-
stantially between extremes of a gain in LV mass of �90
g and a loss in LV mass of �134 g within one year time.
IVS varied from �5 to �4 mm within three years.

DISCUSSION

This is the first study assessing FA cardiomyopathy by
MRI. Cardiomyopathy in FA is supposed to be of hy-
pertrophic type.8,17 Assessing LV mass index by cardiac
MRI and age- and sex-matched controls, we found car-
diac hypertrophy in 29% and thickening of IVS in 40%
of patients. Hypertrophy was mild with only few excep-
tions (Fig. 2B). In comparison, a low rate of LV hyper-
trophy is also reflected in echocardiography with only
6% of patients with abnormal LV mass index and ECG
with 7% of FA patients with increased Sokolow–Lyon
index. Cardiac function assessed by ejection fraction was
normal in all but three patients on MRI.

Stewart and colleagues31 suggested that MRI would
provide a better means than echocardiography for the
assessment of LV hypertrophy because of its lower ob-
server variability and its accuracy in measuring mass in
geometrically abnormal left ventricles. They found inter-
observer variability for the assessment of LV mass to be
18.5% in echocardiography and 8.4% in MRI. Repro-
ducibility was even more favorable for MRI in our study
with inter- and intrarater agreement of less than 5% for
LV mass and IVS.

MRI is more likely than echocardiography to represent
robust values since data derive from complete tracing of
LV boundaries in all slices from the apex to the mitral
walve. In contrast, echocardiography extrapolates LV
mass from just three measurements of wall thickness and
LV diameter. In this respect it is interesting to note that
IVS thickness varies between different parts of the sep-
tum in FA (Fig. 4 as an example). This may reduce
reproducibility of IVS measurement by echocardiogra-
phy in repeated examinations and between different rat-
ers with substantial effects on LV mass estimation.

Previous studies reported that frequency of cardiomy-
opathy in echocardiography increased with the size of
the GAA repeat in the shorter allele.4–6 However, no
criteria for the diagnosis of cardiomyopathy are given in
these studies. The few studies that directly correlated
IVS and GAA repeat length were contradictory. Whereas
two studies32,33 found IVS and LV mass to be determined
by the size of the shorter GAA repeat expansion, Bit-
Avragim and colleagues34 found a correlation for IVS
only after correction for body surface area or posterior
wall thickness. Corresponding to the results of Isnard and
colleagues33 we found a small effect of the larger GAA

FIG. 3. Correlations of left ventricular hypertrophy with age and GAA
repeat length in cardiac MRI. Left ventricular mass index (LVMi)
decreases with age (A). Interventricular septum thickness (IVS) in-
creases with extensive GAA repeat expansions in the larger allele (B).
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repeat on IVS that explains about 15% of IVS variability.
Additionally, linear regression for age and body surface
revealed the shorter GAA repeat to be responsible for
about 9% of IVS variability. Since pairwise correlation
of GAA1 and IVS did not correlate significantly this
points to a contrary effect of age and GAA1 on IVS
thickness.

Differences between studies may be explained by pa-
tient selection. Dutka32 and Bit-Avragim and col-
leagues34 selected patients with typical FA whereas our
study included 29% of patients with an atypical pheno-
type. Additionally, as stated above age of patients may
contribute to differences since cardiac hypertrophy ap-
pears to be more frequent in children than in adults with
FA.35 The former studies did not state age in detail but
our study is restricted to adult patients of 16 years or
older. In this population we found a significant effect of
age on hypertrophy with LV mass index decreasing with
age. This correlation may be explained by the higher age
of patients with late onset and atypically mild pheno-
types. Additionally, reduced physical activity caused by
progressive neurological impairment is a potential expla-
nation for LV mass reduction during the course of FA. In
general, the infrequent use of cardiac medication in our
cohort indicates minor cardiac disease in the majority of
patients. Since the only selection criteria in our study
were age �16 years and compatibility for MRI, our data
demonstrate rather mild cardiomyopathy in adult FA
patients. Cardiac findings may be different in children
with early onset forms of the disease.36

Follow-up data of cardiomyopathy in FA have rarely
been reported.37 Transformation of hypertrophic cardio-
myopathy into a dilated left ventricle has been described
in few reports with small numbers of patients.38–40 These

studies have been performed before the diagnosis of FA
could be confirmed genetically. The longitudinal data
presented in this study suggest that LV diameter and LV
mass may change spontaneously during the course of the
disease in both directions, increase as well as spontane-
ous reduction. However, this is a retrospective study of
only 12 patients who underwent serial echocardiography.
The natural course of LV mass need to be analyzed in a
prospective study assessing cardiac hypertrophy by MRI.

The main finding in this study is that hypertrophic
cardiomyopathy is present only in a minority of adult FA
patients. Our data question left ventricular hypertrophy
as primary outcome measure and suggest neurological
measures of disease severity like the recently validated
rating scale for FA as primary endpoint for forthcoming
pharmacological interventions in adult FA.41 If despite
this limitation wall thickness and LV mass are used as
outcome measure, variability in longitudinal echocardio-
graphic data recommends cardiac MRI as the most ac-
curate assessment of left ventricular anatomy in vivo
with an intraobserver and interobserver variability of less
than 5%.
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4. Dürr A, Cossee M, Agid Y, et al. Clinical and genetic abnormal-
ities in patients with Friedreich’s ataxia. N Engl J Med 1996;335:
1169–1175.

5. Filla A, De Michele G, Cavalcanti F, et al. The relationship
between trinucleotide (GAA) repeat length and clinical features in
Friedreich ataxia. Am J Hum Genet 1996;59:554–560.
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