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The aim of this cross-sectional study was to analyse disease progression in Friedreich’s ataxia as measured by the International

Cooperative Ataxia Rating Scale. Single ratings from 603 patients with Friedreich’s ataxia were analysed as a function of disease

duration, age of onset and GAA repeat lengths. The relative contribution of items and subscales to the total score was studied as

a function of disease progression. In addition, the scaling properties were assessed using standard statistical measures. Average

total scale progression per year depends on the age of disease onset, the time since diagnosis and the GAA repeat length. The

age of onset inversely correlates with increased GAA repeat length. For patients with an age of onset 414 years associated with

a longer repeat length, the average yearly rate of decline was 2.5 � 0.18 points in the total International Cooperative Ataxia

Rating Scale for the first 20 years of disease duration, whereas patients with a later onset progress more slowly (1.8 � 0.27

points/year). Ceiling effects in posture, gait and lower limb scale items lead to a reduced sensitivity of the scale in the severely

affected population with a total score of 460 points. Psychometric scaling analysis shows generally favourable properties for

the total scale, but the subscale grouping could be improved. This cross-sectional study provides a detailed characterization of

the International Cooperative Ataxia Rating Scale. The analysis further provides rates of change separated for patients with early

and late disease onset, which is driven by the GAA repeat length. Differences in the subscale dynamics merit consideration in

the design of future clinical trials applying this scale as a neurological assessment instrument in Friedreich’s ataxia.
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Introduction
Friedreich’s ataxia is a rare, hereditary, multisystem disease with a

prevalence of 0.5–3 per 100 000 in Caucasian populations. The

molecular basis reflects intronic GAA triplet repeat expansions in

the gene encoding the mitochondrial protein frataxin, resulting in

mitochondrial respiratory chain dysfunction and elevated oxidative

stress (reviewed in Santos et al., 2010). Neurological dysfunction

in patients with Friedreich’s ataxia is characterized by progressive

gait and limb ataxia, impairment of fine motor skills such as hand-

writing and swallowing, dysarthria, lower limb areflexia, decreased

vibration sense, disturbed proprioception, fatigue and muscular

weakness (Dürr et al., 1996; Schöls et al., 1997; Schulz et al.,

2009). At present, the planning of clinical trials in Friedreich’s

ataxia is hampered by a limited understanding of the natural

rate of neurological symptom progression and its dependence on

the patient characteristics such as the time since onset of disease

symptoms, disease severity and GAA repeat length.

The International Cooperative Ataxia Rating Scale (ICARS) was

developed and validated to assess symptoms of ataxia, and it has

been used frequently in Friedreich’s ataxia clinical studies. This

100-point scale with generally high inter-rater reliability comprises

19 individual items combined into four subscales addressing posture

and gait disturbances, kinetic functions, speech disorders and oculo-

motor disorders (Trouillas et al., 1997). A psychometric study in a

limited set of patients with Friedreich’s ataxia led to the conclusion

that only the total ICARS should be used in assessing the severity of

this disease (Cano et al., 2005). However, certain clinical aspects of

Friedreich’s ataxia might be more amendable to disease-modifying

interventions than others. For example, improvements in fine motor

skills, swallowing, speech and upper limb ataxia have been specific-

ally reported in open-label and placebo-controlled intervention stu-

dies (Hausse et al., 2002; Arnold et al., 2006; Di Prospero et al.,

2007; Meier et al., 2012). Therefore, it is of interest to better under-

stand the sensitivity and relative contribution of change for each

ICARS item and aggregate subscales across patients with different

ages and disease histories. Such information would be helpful in

defining patient inclusion/exclusion criteria for future studies and

to better characterize treatment effects.

One general problem in planning and interpretation of clinical

outcomes in rare diseases is the limited availability of reliable natural

history data to adequately power prospective clinical trials. In general,

a suitable rating scale should be sensitive enough to allow assess-

ments of change within a patient population with varying age and

disease history and to detect changes over a feasible treatment period

(Delatycki, 2009). So far, rates of disease progression for the ICARS

have been determined only in comparatively small Friedreich’s ataxia

patient data sets. Faster rates were shown to be associated with ear-

lier age of onset (Ribai et al., 2007), and a mean annual rate of change

of four to five points has been predicted for untreated patients with

Friedreich’s ataxia (Fahey et al., 2007; Ribai et al., 2007).

In this study, we provide a detailed characterization of the

ICARS based on a pooled heterogeneous data set from 4600

patients with Friedreich’s ataxia, the largest cross-sectional study

ever conducted in this disease. Specifically, we sought to analyse

the relative change of the ICARS total scale, its subscales and scale

items with disease progression and GAA repeat length to deter-

mine the natural ICARS rate of change in the neurological impair-

ment of patients with Friedreich’s ataxia.

Materials and methods
Cross-sectional ICARS data were collected from 603 patients with

Friedreich’s ataxia from Europe, North America and Australia between

2005 and 2009 by investigators experienced in the use of the ICARS

as originally described (Trouillas et al., 1997) or study personnel spe-

cifically trained. Patients had a confirmed genetic diagnosis of

Friedreich’s ataxia and either participated in one of three clinical inter-

vention trials [the NICOSIA study, NCT00229632 (Di Prospero et al.,

2007); the IONIA study, NCT00537680 (Lynch et al., 2010; Meier

et al., 2012) or the MICONOS study, NCT00905268] or were rated

at one of three clinical centres (UCL Institute of Neurology in London,

UK; Hôpital de la Salpetriere in Paris, France or Murdoch Children’s

Research Institute in Melbourne, Australia). Patients enrolled in the

MICONOS study were excluded from the London and Paris data

sets to avoid patients being counted twice in this data set. For patients

enrolled into any of the three intervention trials, the ICARS at baseline

(i.e. pretreatment) was used for this analysis; for all other patient sub-

sets, the first available ICARS for each patient was included. The data-

base also contains the age of the patient at the time of the ICARS

rating for all patients as well as the age at onset of symptoms (and/or

diagnosis) with the exception of the IONIA subset. Disease duration

was either calculated from a given age of onset (NICOSIA, London,

Paris and Melbourne data sets) or a given age of diagnosis

(MICONOS). GAA triplet repeat lengths were reported for the sorter

allele of the disease-specific expansion. Rates of ICARS change over

time were analysed using standard least square linear regression re-

porting slopes and corresponding correlation coefficients (R) in the

tables using MSExcel2010�. Psychometric analysis followed the gen-

eral methodology on assessment of summated rating scales (Spector,

1992), which was already applied by Cano et al. (2005) on the ICARS

in a smaller data set. Specifically, we calculated floor and ceiling effects

on the item and subscale level. To test for internal consistency,

correlations of items within subscales and also between subscales

were calculated using standard least squares linear regression.

Figures were generated with TIBCO� Spotfire� 3.2.1.

Results

Study population
The database covers a diverse population with respect to the

age of patients with Friedreich’s ataxia (8–74 years), disease dur-

ation (51–50 years), age at disease onset (9–54 years), disease

severity as rated by ICARS (1–98 points) and GAA triplet repeats

(8–1200) (Table 1). The mean value [� standard deviation (SD)]

was 27.0 � 13.2 years for the age at assessment, 14.5 � 9.1 years
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Table 1 Patient demographics and yearly rates of ICARS changes

NICOSIA IONIA MICONOS London Paris Melbourne Total

Demographicsa

Patients

n (%) 51 (8) 70 (12) 232 (38) 77 (13) 91 (15) 82 (14) 603 (100)

ICARS

Mean (SD) 39.6 (14.3) 35.2 (7.7) 48.8 (21.5) 52.4 (17.3) 53.6 (22.5) 52.7 (20.7) 48.2 (20.2)

Median 36 34 50.5 50 54 54.5 46.0

Minimum 4.0 16.0 1.0 24.0 8.0 1.0 1.0

Maximum 68.0 52.0 98.0 95.0 97.0 86.0 98.0

Age (years)

Mean (SD) 14.0 (2.4) 13.7 (2.8) 30.9 (13.3) 24.4 (10.1) 32.8 (11.2) 31.7 (13.2) 27.0 (13.2)

Median 14.3 13.9 29 25.2 31 29.5 25.0

Minimum 9.1 8.0 8.0 10.0 14.0 8.0 8.0

Maximum 18.0 18.1 70.0 57.7 74.0 70.0 74.0

Disease duration (years)

Mean (SD) 6.4 (3.6) na 14.9 (9.5) 12.6 (8.0) 16.2 (8.6) 17.2 (10.7) 14.3 (9.4)

Median 5.7 na 13.0 11.1 15.0 14.0 12.0

Minimum 1.4 na 0.2 1.7 1.0 2.0 0.2

Maximum 15.0 na 50.6 39.7 39.0 42.3 50.6

Age at onset (years)

Mean (SD) 7.7 (2.9) na 16.2 (10.5) 11.8 (6.4) 16.6 (8.8) 14.4 (6.9) 14.5 (9.1)

Median 8.0 na 13.5 11.5 14.0 14.0 12.8

Minimum 1.0 na 1.0 2.0 5.0 3.0 1.0

Maximum 13.0 na 54.4 27.0 50.0 30.0 54.4

GAA repeat length

Mean (SD) 746 (215) 733 (121) 604 (254) 725 (229) 617 (235) 648 (224) 670 (226)

Median 800 727 652 760 633 648 700

Minimum 8 486 85 130 83 56 8

Maximum 1079 1000 1200 1080 1132 1099 1200

Gender (male) (%) 52 50 54 47 43 51 50

ICARS annual rate of changeb

Onset4 14 (years)

n 51 na 88 43 33 35 250

Rate 1.9 na 2.7 2.5 2.8 2.8 2.5

SE �0.53 na �0.33 �0.49 �0.49 �0.41 �0.18

R 0.44 na 0.65 0.61 0.72 0.76 0.67

Onset4 14 (years)

n na na 80 22 31 19 152

Rate na na 1.6 1.4 2.4 2.1 1.8

SE na na �0.31 �0.60 �0.49 �0.95 �0.27

R na na 0.50 0.47 0.67 0.48 0.52

GAA4 700 repeat length

n 15 na 43 26 43 33 160

Rate 4.0 na 2.3 1.1 2.2 2.2 2.0

SE �1.34 na �0.41 �0.52 �0.39 �0.55 �0.22

R 0.64 na 0.66 0.39 0.67 0.58 0.58

GAA 4700 repeat length

n 36 na 19 39 21 21 136

Rate 1.4 na 2.4 2.9 3.3 3.2 2.6

SE �0.57 na �0.80 �0.50 �0.65 �0.57 �0.24

R 0.39 na 0.59 0.69 0.76 0.79 0.68

a For MICONOS repeat length available for 90 patients only.
b Yearly rate of ICARS change for patients with up to 20 years of disease duration.
na = not available; SD = standard deviation; R = correlation coefficient; SE = standard error.

R and SE from linear regression model using least squares.
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for age at disease onset, 14.3 � 9.4 years for disease duration and

48.2 � 20.2 points for the ICARS rating with an equal gender

distribution. The largest contribution to the database came from

the MICONOS study (38%); the remaining subsets each repre-

sented between 8 and 15% of the total cohort. Two patient sub-

sets (NICOSIA and IONIA) only included paediatric patients as

part of the inclusion criteria. The GAA repeat length was available

for 461 of 603 patients. The mean and median repeat lengths

from these 461 patients were 670 and 700, respectively.

Disease severity and rate of progression
Patients with Friedreich’s ataxia have a remarkable spread of dis-

ease severity for any given age, but the total ICARS did not cor-

relate with age (Fig. 1A). In contrast, an initial increase during the

first 20 years of disease was followed by a relative stabilization

thereafter (Fig. 1B). For a more quantitative analysis and to further

assess the influence of age of onset on ICARS rating, we per-

formed a linear regression of the ICARS during the first 20 years

of disease progression with increasing cut-offs for age of onset,

thereby including successively more patients. Good correlations

with R4 0.6 and slopes of �2.5 ICARS points per year were

obtained with cut-offs between 11 and 14 years, whereas both

quality of regression and slopes declined thereafter. Figure 2 and

Table 1 show the results for two groups of patients with a chosen

cut-off of 14 years. The predicted annual ICARS rate of decline

was 2.5 � 0.18 points for the early-onset patients (i.e. age of

onset414 years) during the first 20 years of disease. Except for

NICOSIA representing an exclusively paediatric population, the

rates are consistent across the data sets (Table 1 and Fig. 2B).

Likewise, we did not detect any obvious difference in the rate

of change according to the geographical region from which

patients were recruited (Europe: MICONOS, Paris and London

datasets, USA: NICOSIA dataset, Australia: Melbourne dataset;

Table 1 and Fig. 2B), although our data may not be adequately

Figure 1 Scatter plot of ICARS rating versus age at assessment (A) and disease duration (B). Mean values are indicated as dashed lines.

There are 603 patients represented in A whereas disease duration data were available for only 529 patients in B.

Figure 2 (A) Total ICARS is plotted against disease duration (up

to 20 years: black circles and straight line fit; 420 years: grey

diamonds) separated for subgroup of patients 514 years of age

at the time of diagnosis (left, n = 327) or 414 years (right,

n = 202). (B) The mean ICARS is shown over disease duration

grouped into 5-year intervals, coloured by data source.
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powered to allow a definite assessment whether there are (subtle)

geographic variations in the rate of disease progression. Also, des-

pite the fact that for MICONOS disease duration was derived

from age at diagnosis and thus might underestimate disease dur-

ation, the rate was comparable with the other centres. Sensitivity

analysis conducted omitting the MICONOS data provided results

similar to those analyses with the entire data set (e.g. annual

ICARS rate of change of 2.4 � 0.21 in patients with onset 414

years without MICONOS patients compared with 2.5 � 0.18 in

the entire data set). For patients with an age of onset 414

years, the regression analysis revealed a lower mean annual rate

of decline of 1.8 � 0.27 ICARS points and a higher variation

among the data sets (Table 1). No correlation was seen after 20

years of disease progression (Fig. 2A), indicating that no predict-

able ICARS rate can be derived for this late-stage period based on

our cross-sectional data.

The calculated annual ICARS rate during the first 20 years of the

disease for early-onset patients can be broken down to contribu-

tions by the individual ICARS subscale (posture and gait disturb-

ances: 1.37, kinetic functions: 0.96, speech disorders: 0.15 and

oculomotor disorders: 0.22). Notably, the posture and gait disturb-

ances subscale contributes by 450% to the rate of change,

whereas it only accounts for 34% of the total ICARS points.

Disease onset and International
Cooperative Ataxia Rating Scale
progression in dependence of
genetic background
The age of onset of patients with Friedreich’s ataxia inversely corre-

lated with the GAA repeat length (Fig. 3), resulting in a 2.4-year

earlier disease onset with every 100 GAA repeats added (correlation

coefficient, R = 0.67). With a GAA repeat length 4700 triplets, the

majority (87%) of patients reported disease onset before the age

of 14 years, whereas only 43% did so with 5700 repeats (Fig. 3).

Table 2 summarizes the age of onset for different intervals of repeat

lengths. Whereas patients with a repeat length below the median

(5700) have a mean age of onset of 18 years, those with longer

repeats (4700) had a mean age of onset of 9.7 years. With GAA

repeats 5200 triplets, age of onset can be as late as 54 years,

whereas with repeats 4800, the oldest patient reported disease

onset at the age of 25 years.

We also calculated the annual rate of ICARS change in patients

grouped by GAA repeat length (Fig. 3 and Table 2). Our data

show that with shorter repeats, the disease progression or severity

is indeed milder, consistent with the fact that detectable onset

Figure 3 Age of onset (on the left y-axis) is plotted against GAA triplet repeat length of the shorter allele (filled grey circles) for 389

patients with Friedreich’s ataxia for which both age of onset and repeat length were available. Patients were grouped in ranges of 200

repeats starting from 0–200 up to 4800, and the ICARS annual rate of change (right y-axis) in these groups is plotted as black squares

connected by a line. The vertical dashed line indicates the median repeat length of 700, and the horizontal dashed line indicates an age of

disease onset of 14 years (see subgroup analysis in Tables 1 and 2).
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of symptoms occurs later. Notably, the data also reveal that with

increased repeat length, the ICARS annual rate of change (within

the first 20 years) increases but reaches a plateau after �600

repeats.

Scale dynamics, floor and ceiling effects
The ICARS distribution over age (Fig. 1A) shows that few patients

had a total ICARS score 510 points (n = 7) or 490 points

(n = 13), indicating that floor or ceiling effects for the total

ICARS were negligible. This was also true for the subscales,

except the posture and gait disturbances subscale, for which 6%

of the patients reached the highest (ceiling) score, and the oculo-

motor disorders subscale, with a 10% floor effect (Supplementary

Table 1). However, individual scale items were prone to consider-

able floor and ceiling effects. All items of the posture and gait

disturbances subscale show ceiling effects between 25 and 77%

with the exception of the ‘quality of sitting item’ (item 7), which

in contrast has a high floor effect of 32%. Floor and ceiling effects

410% were seen in 9 of 19 scale items and 10 of 19 items,

respectively. The two items related to lower limb ataxia (items 8

and 9) from the kinetic functions subscale appeared to be similar

to the posture and gait disturbances items with ceiling effects

�30%. Higher floor and ceiling effects for items in the oculomotor

disorders subscale may partly be explained by the comparatively

small weight given its three items (a maximum of 1, 2 and 3 item

points).

To visualize the dynamic range of each of the 19 scale items in

relation to disease severity, we produced a heat map with the

minimum item score indicated in green, the maximum item

score indicated in red and the dynamic range in between as

green–red colour spectrum (Fig. 4). This representation also iden-

tified the posture and gait disturbances scale items (with the ex-

ception of item 7) and items 8 and 9 of the kinetic functions

subscale as the scale items that reach the maximum score (red

colour) for the majority of patients after reaching a total ICARS

of �60 points. The scale items with a dynamic range across all

disease severity stages were scale items 10–18. These items

appeared to have minimal floor and ceiling effects at the ends

of the ICARS scale spectrum. However, items of the speech dis-

orders and particularly oculomotor disorders subscales offer only a

limited dynamic range because of the small number of categories

allowed per item; the most extreme case is scale item 19 (‘sac-

cades’), allowing only for a binary (yes/no) decision. Therefore,

the ICARS may not be adequate for the quantitative assessment of

swallowing and speech problems, which are routinely diagnosed in

patients with Friedreich’s ataxia.

This graphical presentation also showed the heterogeneity in rat-

ings for individual items with disease progression. A case in point

is item 9, where patients with a total ICARS between 45 and

65 points can present with either minimum or maximum scores

(i.e. scale item 9 appeared to have low predictive value for patients

in this total ICARS range). Overall, these data show that 9 of

19 items reached their maximum score for 450% of patients

with an ICARS 460, which is in agreement with Fig. 2B, showing

a plateau effect in total ICARS after reaching �60 points.

Scale item sensitivities in dependence of
disease progression
We next analysed the relative contribution of individual scale items

to the total score in dependence of disease progression (Fig. 5).

The plot reveals the extent to which individual scale items con-

tributed as the total ICARS score increases. Again, strong ceiling

effects were apparent for items in the posture and gait disturb-

ances subscale (except ‘quality of sitting’, item 7) and for items 8

and 9 in the kinetic functions subscale. Many scale items, particu-

larly those of the posture and gait disturbances and kinetic func-

tions subscales, showed a high rate of decline when the total

ICARS approached �50 points. After progression to �35 total

ICARS points, some items in the kinetic functions subscale ap-

peared to have a smaller slope or even reached a plateau in

their progression (e.g. item 12, ‘finger–nose test’) as total ICARS

increases. These kinetic functions items only increased again in

patients reaching �60 points of total ICARS. Speech and

Table 2 Age at onset and yearly rates of ICARS changes as a function of GAA repeat length (shorter allele)

GAA repeat lengtha 4200 200–399 400–599 600–799 4800 4700 4700 All

Age at onset (years)b

n 23 36 88 130 112 211 178 389

Mean (SD) 31.0 (12.4) 23.2 (7.9) 16.2 (5.8) 11.5 (5.2) 9.4 (4.7) 18.0 (9.1) 9.7 (4.6) 14.2 (8.5)

Median 31.7 23.5 15.0 11.7 9.0 16.0 9.9 13.0

Minimum 8.5 8.0 4.0 1.0 1.0 3.0 1.0 1.0

Maximum 54.4 41.7 38.2 28.0 25.3 54.4 25.3 54.4

ICARSc

n 19 27 68 95 87 160 136 296

Annual rate 1.0 1.6 2.2 2.4 2.5 2.0 2.6 2.2

SE �0.51 �0.49 �0.27 �0.29 �0.31 �0.22 �0.24 �0.17

R 0.43 0.54 0.70 0.64 0.66 0.58 0.68 0.60

a For MICONOS, repeat length available for 90 patients only.
b For IONIA, no age at onset/diagnosis was available.
c Yearly rate of ICARS for patients with up to 20 years of disease duration correlation coefficient and standard error from linear regression model using least squares method.

R = correlation coefficient; SE = standard error; SD = standard deviation.
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oculomotor disorders subscale items followed a more linear

progression across the entire disease severity spectrum.

Psychometric properties of the
International Cooperative Ataxia Rating
Scale in patients with Friedreich’s ataxia
The results presented so far add to the understanding of the rela-

tive contribution of individual ICARS subscales and items to the

total ICARS rating in relation to disease progression and severity.

We next conducted a more formalistic psychometric characteriza-

tion of the ICARS in Friedreich’s ataxia, extending previous work

that was based on a considerably smaller data set of 77 patients

Figure 4 Heat map representing the individual item scores from

lowest score (green) to maximum score (red) for each of the

19 ICARS scale items. The actual test represented by individual

ICARS item numbers can be looked up in Supplementary Table 1

or in Trouillas 1997. x-axis: data are displayed as 20 bins of

5.0 points across the total ICARS range. y-axis: proportion of

patients within each bin reaching minimum (green), maximum

(red) or intermediate item scores (green-red color spectrum).

KF = kinetic functions; OD = oculomotor disorders; PG = posture

and gait disturbances; SD = speech disorders.

Figure 5 The mean ICARS item as a function of total ICARS

is plotted in groups corresponding to the four ICARS subscales.

The actual test represented by individual ICARS item numbers

can be looked up in Supplementary Table 1 or in Trouillas 1997.

x-axis: data are displayed as 20 bins across the total 100 point

ICARS range. y-axis: mean item value per bin. KF = kinetic

functions; OD = oculomotor disorders; PG = posture and gait

disturbances; SD = speech disorders.
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(Cano et al., 2005). To test the validity of the ICARS, the correl-

ation coefficients (R) were calculated for item-own-remainder and

item-other correlations on the subscale level and for item-total

scale correlations. In addition, correlations between all subscales

and also between all individual items were analysed. Cronbach’s �

coefficient was calculated for each subscale and total ICARS

(Supplementary Table 2).

The item-own-remainder subscale correlations ranged from 0.37

to 0.94 and were generally higher than those to other subscales.

The average item-own-remainder correlation coefficient was 0.64

for the total ICARS. The highest item-own-remainder subscale

correlation of 0.81 was seen for the posture and gait disturbances

items followed by the speech disorders (0.72) and kinetic functions

(0.65) items; the oculomotor disorders items have the lowest

item-own-remainder correlation (0.40), indicating poor internal

consistency. Specifically, the ‘quality of sitting’ item (item 7) cor-

related better with the kinetic functions subscale. Likewise, the

‘knee–tibia’ (item 8) and ‘heel–knee’ (item 9) items of the kinetic

functions subscale correlated equally or even better with the pos-

ture and gait disturbances subscale than with their own (kinetic

functions) subscale. These findings are consistent with the afore-

mentioned floor and ceiling effects, for which the same three items

matched better with the respective other subscale. The lowest

item-own-subscale correlation (0.55) of the posture and gait dis-

turbances subscale was item 6 (‘body sway, eyes closed’) due to the

highest overall ceiling effect (see also Figs 4 and 5). Item 12

(‘finger–finger’) showing the strongest plateau in progression (Fig.

5) has the lowest item-own-remainder subscale correlation of 0.43

in the kinetic functions subscale. The correlation coefficient be-

tween subscales ranged from 0.40 to 0.74 and for each of the

subscales to the total ICARS from 0.52 (oculomotor disorders sub-

scale) to 0.93 (posture and gait disturbances and kinetic functions

subscales). The Cronbach’s � coefficient calculated for each sub-

scale, and the total ICARS varied from 0.6 (oculomotor disorders)

to 0.94 (posture and gait disturbances and total ICARS).

Discussion

Neurological disease severity in
Friedreich’s ataxia assessed by the
International Cooperative Ataxia
Rating Scale
Limited natural history data pose a substantial challenge in

planning clinical trials for rare neurological disorders such as

Friedreich’s ataxia. The assessment of disease severity and pre-

dicted natural rate of disease progression in Friedreich’s ataxia

using the ICARS could be determined either from longitudinal or

cross-sectional data sets. Longitudinal studies with a sufficiently

long follow-up period with an adequate number of patients are

difficult to conduct in Friedreich’s ataxia, and such data were not

available for this study. Previous attempts to calculate the natural

rate of change on the ICARS for patients with Friedreich’s ataxia

reported a mean annual rate of decline of 5.0 ICARS points in a

study with 43 untreated patients assessed twice over 12 months

(Fahey et al., 2007), or 4.4 ICARS points based on a study with

16 untreated patients followed for a median of 5 years (Ribai

et al., 2007). An alternative approach whereby rates of neuro-

logical disease progression are assessed from patients randomized

to the placebo group of controlled intervention studies is often

confounded by the so-called ‘placebo effect’ and limited follow-up

duration. On the other hand, cross-sectional data, when based on

a large number of patients, provide a valid alternative to establish

the severity of disease and rates of predicted disease progression

offering the advantage of covering a wide range of disease states.

However, we acknowledge that the use of disease duration to

calculate disease progression rate in cross-sectional data presents

a limitation of this study mainly because of uncertainties in accur-

ately defining the onset of the disease. Additional limitations of

this approach could result from rater-dependent assessment dif-

ferences and because only a single data point per patient is col-

lected. In this study, we have attempted to overcome these

limitations by including a large patient cohort and by ensuring

proper experience to maximize standardizations in using the

ICARS. For patients with a disease onset at 414 years of age,

our findings predict a rate of decline of 2.5 � 0.18 ICARS points

per year for the first 20 years into the disease. More than half of

the predicted rate of decline is attributed to the posture and gait

disturbances subscale, and patients have typically reached an

ICARS of 60 points after 20 years. Thereafter, the posture and

gait disturbances subscale and lower limb items of the kinetic

functions subscale have reached a ceiling, and only fine motor

skills, speech and ocular items contributed to further decline. In

fact, for disease durations 420 years, no clear prediction on the

change of ICARS could be derived for this patient group with early

disease onset, indicating that these patients more or less stabilize

on the ICARS late in the disease. A different pattern was observed

in patients with a late onset (i.e. patients with disease onset at

414 years of age), who were predicted to decline by �1.8 � 0.27

points per year for the first 20 years of the disease. These patients

reach an ICARS of �60 points almost 15 years later than early-

onset patients. Similar findings of different rates of predicted dis-

ease progression depending on age of onset were made previously

in a smaller retrospective study (Ribai et al., 2007). Age of onset

itself has been reported to be inversely correlated with the length

of GAA repeats (Dürr et al., 1996), which is consistent with

our data (Fig. 3). By calculating the predicted rate of decline as

a function of GAA repeat length, we also show that early disease

onset translates to a faster progression of symptoms as captured

by the ICARS rating. However, it appears that beyond a repeat

length of �600 triplets, the predicted rate reaches a plateau.

Notably, a recent study conducted in a subset of patients included

in this work described Friedreich’s ataxia-associated cardiomyop-

athy and investigated possible correlation with neurological symp-

toms (Weidemann et al., 2012). The authors found no relationship

between ICARS score and the severity of cardiac involvement

or exercise performance, and the ICARS was found not to be a

predictor for the severity of cardiac involvement.

Our findings further elucidate the difficulties that may arise by

using the ICARS in a clinical trial of a heterogeneous Friedreich’s

ataxia population with respect to age at disease onset, time since

diagnosis or genetic background, as such patients would present
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with a wide range of predicted disease progression rates. In

Friedreich’s ataxia, slowing down disease progression is considered

an important therapeutic goal. Based on our data, one may con-

clude that a therapeutic intervention that has the potential to slow

down the rate of disease progression compared with the predicted

rate of progression would best be studied in patients with early

disease onset and short disease duration or at least when the

ICARS has not reached yet the observed plateau at �60 ICARS

points. In contrast, conducting such a study in patients with early

disease onset but with 420 years of disease history would be

challenging, as the natural course of the disease did not reveal a

predictable rate of decline on the ICARS.

Previous work has indicated that only the total ICARS is suffi-

ciently validated, and the interpretation of data on the subscale

level might be difficult for patients with Friedreich’s ataxia (Cano

et al., 2005). However, a detailed understanding of the dynamic

range of each of the ICARS subscales and items might provide the

basis for meaningful interpretations of study data. In Friedreich’s

ataxia, it appears that certain neurological disease symptoms,

including fine motor skills, swallowing, speech and upper limb

ataxia, might be more amendable to therapeutic intervention

than posture and gait. This is supported by recent studies of

idebenone in paediatric patients, where idebenone clearly demon-

strated positive effects on the kinetic functions and speech dis-

orders subscales while the posture and gait disturbances subscale

continued to worsen irrespective of idebenone intervention (Di

Prospero et al., 2007; Meier et al., 2012). In future studies, pro-

spectively defined analyses on the level of ICARS subscales and

items could help in deciphering potential therapeutic effects mean-

ingful to patients. In this respect, the descriptive analysis of the

dynamic ranges including floor and ceiling effects of the ICARS

subscales and items, as described in this study, will be an import-

ant consideration in defining patient inclusion criteria.

Scaling analysis
The psychometric scaling analysis of the ICARS in this study

further validates this rating scale for Friedreich’s ataxia. Our find-

ings are numerically similar to those previously reported on a much

smaller database (Cano et al., 2005). Although total ICARS fulfils

basic criteria for summated rating scales (Spector, 1992), the

grouping of items in subscales in the current version of the scale

appears more problematic. To improve the subscale structure, one

possibility would be to move item 7 (‘quality of sitting’) from the

posture and gait disturbances to the kinetic functions subscale,

and move items 8 (‘knee–tibia’) and 9 (‘heel–knee’) from kinetic

functions to the posture and gait disturbances scale, which would

be in agreement with observations already made during the ori-

ginal validation of the ICARS for this disease (Cano et al., 2005).

Such modifications are supported in our study by the data on the

item–subscale correlations, the relative sensitivity to ceiling effects

and the dynamic range of the items constituting the respective

posture and gait disturbances and kinetic functions subscales. In

this way, a modified kinetic functions subscale would lack signifi-

cant ceiling effects in any item and would be sensitive across a

wide range of disease severities. A potential drawback of such

rearrangement would be the fact that the posture and gait

disturbances subscale would become disproportionally heavy com-

pared with the remaining subscales. However, in light of the

emerging picture that interpretation of potential therapeutic inter-

ventions might also be based on subscale data, as indicated earlier

in the text, such adaptations of the subscale structure of the

ICARS appear warranted for this disease.

Alternative assessment scales that could be useful in Friedreich’s

ataxia are the Friedreich’s Ataxia Rating Scale (FARS; Subramony

et al., 2005) and the Scale for Assessment and Rating of Ataxia

(SARA; Schmitz-Hubsch et al., 2006; Marelli et al., 2012). In a

comparative study of 96 patients with Friedreich’s ataxia, good

correlations were reported between SARA and FARS as well as

SARA and ICARS (Burk et al., 2009). Admittedly, the SARA

scale is a much shorter instrument that can be administered

quicker to patients, and therefore may be an attractive alternative

to the ICARS or FARS. However, there are still only limited data

available to establish reference values for disease progression.

Considering the emerging understanding of the scale dynamics

and the contribution of subscales as presented here renders the

ICARS a versatile tool to assess disease severity and progression in

a wide range of patients with Friedreich’s ataxia.

Conclusion
This cross-sectional study in the largest database of patients with

Friedreich’s ataxia assembled to date provides a detailed charac-

terization of ICARS ratings and subscale/item contributions to dis-

ease progression and additional validation of this neurological

rating scale for Friedreich’s ataxia. The study further provides pre-

dicted rate of changes of the ICARS separated for patients with

early and late disease onset as well as for patients with different

disease duration (i.e. less or more than 20 years). We also show

the influence of GAA triplet repeat length both on age of onset

and predicted rate of progression or disease severity. Our study

further highlights differences in the subscale dynamics and suscep-

tibility to ceiling effects, aspects that merit consideration in the

design of future clinical trials applying the ICARS as a neurological

assessment instrument in patients with Friedreich’s ataxia.

Acknowledgements
The authors thank Mika Leinonen (4Pharma, Sweden, statistical

advisor) for discussion and support in the interpretation of the

data. The authors would like to thank the study investigators

participating in the mentioned clinical trials and acknowledge
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