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Abstract

Objective

To investigate the psychometric properties of the Friedreich Ataxia Rating Scale neurologic
examination (FARSn) and its subscores, as well as the influence of the modifications resulting in
the now widely used modified FARS (mFARS) examination.

Methods

Based on cross-sectional FARS data from the FA-Clinical Outcome Measures cohort, we
conducted correlation-based psychometric analyses to investigate the interplay of items and
subscores within the FARSn/mFARS constructs.

Results

The results provide support for both the FARSn and the mFARS constructs, as well as
individually for their upper limb and lower limb coordination components. The omission of the
peripheral nervous system subscore (D) and 2 items of the bulbar subscore (A) in the mFARS
strengthens the overall construct compared with the complete FARS.

Conclusions

A correlation-based psychometric analysis of the neurologic FARSn score justifies the overall
validity of the scale. In addition, omission of items of limited functional significance as created in
the mFARS improves the features of the measures. Such information is crucial to the ongoing
application of the mFARS in natural history studies and clinical trials. Additional analyses of
longitudinal changes will be necessary to fully ascertain its utility, especially in nonambulant
patients.
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Glossary

ADL = activities of daily living; CTT = classical test theory; FA-COMS = Friedreich Ataxia—Clinical Outcome Measures Study;
FARS = Friedreich Ataxia Rating Scale; FARSn = FARS neurologic examination; FDS = functional disability staging; FRDA =
Friedreich ataxia; ICARS = International Cooperative Ataxia Rating Scale; IRT = Item Response Theory; mFARS = modified
FARS; PCA = principal component analysis; SARA = Scale for the Assessment and Rating of Ataxia.

Inherited ataxias vary in clinical presentation, yet most do
share cerebellar pathology leading to loss of balance and limb
coordination, cardinal features that need to be measured to
evaluate the efficacy of an intervention. Friedreich ataxia
(FRDA) exemplifies this challenge of a complex neuropa-
thology, including degeneration of the spinal cord, peripheral
sensory nerves, and the dentate nucleus of the cerebellum,’
which demands a broad but sensitive measure to capture the
effect of neuroanatomical dysfunction on clinical progression
of affected patients.

A first widely accepted such instrument was the International
Cooperative Ataxia Rating Scale (ICARS),” but its use in
clinical studies in FRDA>"” has diminished®’ in favor of ad-
vanced developments. One, the Scale for the Assessment and
Rating of Ataxia (SARA)'”'! focuses on a compact structure
and quick administration. Concurrently, the Friedreich Ataxia
Rating Scale (FARS) combines timed measures of perfor-
mance, functional disability staging (FDS), and a patient-
reported outcome (activities of daily living [ADL]) with
a paramount neurologic examination, the FARS neurologic
examination (FARSn). Both SARA and FARS are now gen-
erally accepted and used in 2 large natural history studies in
Europe'*™"® and the United States.'®'”

The relationships of the FARSn with other rating scales,""
patient-reported outcomes,'®*° disease duration and FDS,*'

h161821-24 4re well established.

age at onset, and repeat lengt
We summarize the revisions of the FARSn examination after
its introduction'® and, based on classical test theory®> (CTT),
provide a psychometric analysis of the construct at its sub-

scores, the lack of which has been ;1cknowledged.”’26’27

Methods

Standard protocol approvals, registrations,
and patient consents

Informed consent was obtained from all participants before
starting evaluations. The study was approved by the in-
stitutional review board at all participating sites.

Study design and participants

We used data from all participants recruited via the Collabo-
rative Clinical Research Network in Friedreich Ataxia®® into the
Friedreich Ataxia—Clinical Outcome Measures Study (FA-
COMS)."” Results from this ongoing and actively recruiting
registry study have been published widely.'**** Briefly, the FA-
COMS has minimal inclusion/exclusion criteria (age 4-80 years
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and clinical and genetic confirmation of FRDA), and the follow-
up time now (as of 2019) is up to 15 years. Participant char-
acteristics cover the full spectrum of FRDA with regard to age at
disease onset, disease duration, and disease severity. There are
12 participating sites (number of participants): Children’s
Hospital of Philadelphia (417), University of California Los
Angeles (191), Murdoch Children’s Research Institute (179,
Melbourne, Australia), Emory University (73), University of
South Florida (36), University of Iowa (26), University of
Florida (20), University of Chicago (20), Sick Kids Hospital
(19, Toronto, Canada), University of Minnesota (17), Ohio
State University (10), and University of Rochester (4).

Friedreich Ataxia Rating Scale

With the exception of the FARSn, the components of the
FARS examination, ADL, timed measures, and FDS were not
changed since its original publication.'® E.g.,, FARS disability
staging (FDS) is derived from an ordinal score from 1 to 6
(no, minimal, mild, moderate, severe, and total disability),
independent from FARS ratings. It is graded in units of 0.5
linked by descriptors to ambulation status and overall func-
tion (S being permanent wheelchair user).'®

The revision of the FARSn examination was initially driven by
item reduction based on interrater reproducibility, and in-
sertion of 2 items related to stance without visual aid.*' The
resulting version (total of 125 points, figure 1) consists of S
subscales directed to bulbar function (FARS A, maximum of
11 points), upper limb coordination (FARS B, 36), lower limb
coordination (FARS C, 16), peripheral nervous system
(FARS D, 26), and upright stability (FARS E, 36). This ver-
sion is used in the FA-COMS"” since 2003 and has been used
as an end point in clinical studies.” '

More recently, the need to focus solely on functional abilities
led to a reduction in items, specifically in the peripheral ner-
vous system and bulbar components.'® This resulted in the
new, modified FARS (mFARS) score (mFARS, 93), which is
used in currently ongoing and recently finished clinical
trials.>®>® It is important that all items of the mFARS are
included in the full FARSn examination; only the bulbar
subscore (mA) was modified (now excluding items A1, facial
atrophy and A2, and tongue atrophy), and the peripheral
nervous system (D) subscore is now omitted. The remaining
subscales, upper limb coordination (B), lower limb co-
ordination (C), and upright stability (E), are identical in both
the mFARS and the FARSn (see figure 1 for description and
scoring for overall scales and individual subscales).
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Figure 1 Measurement model of the neurologic examination of the FARSn and the modified FARS (mFARS)
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Maximum score/subscale/item scores are shown in brackets. Iltems in subscales B, C, and D are conducted separately on lateral sides; ** items A1 and A2 are
excluded in the mFARS examination. FARS = Friedreich Ataxia Rating Scale; mFARS = modified FARS.

Scope and statistical analysis

The goal of this work was to evaluate the function of the measure
in terms of CT'T, i.e,, identify valid subscores and components, in
advance of a longitudinal evaluation. Therefore, we used exclu-
sively cross-sectional (baseline) data, which ensure the most
diverse coverage of all disease phases. To investigate the FARSn
measurement model and establish that items measure the same
(or a similar) underlying constructs,** corrected item-total cor-
relations (the correlation of an item with its own subscale, when
excluding that item) were calculated, as well as subscale inter-
correlations. In addition, we investigated the range of observed
subscale and total scores, skewness of their distributions, and
floor and ceiling effects. To identify clusters of intercorrelating
items and examine underlying concepts measured by specific
items, as well as to obtain information on their clinical in-
terpretation,™* we performed exploratory principal component
analysis (PCA) using varimax rotation. If applicable, Cronbach a
was calculated for sub- and total scales as a measure of internal
consistency and stability against random error.

All statistical calculations were performed in R*® using the
tidyverse environment®® and the psych package37 for psy-
chometric analyses.

Data availability
Primary data for the present study (and all other previous
studies of this cohort) are available at The Critical Path Institute
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as part of the Friedreich Ataxia Integrated Clinical Database
( cpath.org/programs/dcc/projects/ friedreichs-ataxia).  Case
report forms and protocols are available through FARA (curefa.
org). It is expected that such data will remain available
indefinitely.

Results

Baseline demographic results of the FA-

COMS cohort

At the time of data cut for this study (April 2019), 1,011 par-
ticipants enrolled into the FA-COMS had at least 1 visit with
a complete FARSn examination (no missing data), FDS, and
age at disease onset available. The majority of these individuals
were in the early-onset group,'>® i.e, first symptoms of FRDA
occurred before age 15 years (N = 695, 68.7%), representing the
genetically most severely affected individuals as evident by the
greater GAA1 (mean 718.01; SD 209.29) and GAA2 (mean
941.51, SD 186.53) repeat sizes in this group (table 1). At their
first presentation, within this group, 319 individuals (45.9%)
were still in an early disease phase as evident by FDS 1-2. Stages
3-4 in the early-onset group were represented by 145 (20.9%)
participants, a subgroup that is in particular high risk of losing
ambulation within the next 2-4 years” and are currently
a group of high interest regarding focused clinical trials.*> Of the
remaining participants, 209 (20.7%) had intermediate onset
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Table 1 Demographic characteristics of the cohort; percentages are based on the disease onset group

Disease onset group

Mean (SD) <15y (early) 15-24 y (intermediate) >24 y (late) Total

N (%?) 695 (68.7) 209 (20.7) 107 (10.6) 1,011

Male (%) 354 (50.9) 102 (48.8) 45 (42.1) 501 (49.6)
Age 19.41 (10.31) 32.32(11.09) 50.12 (10.86) 25.33 (14.50)
Disease duration 10.95 (9.67) 14.40 (10.70) 15.18 (9.10) 12.11(9.97)
Symptom onset 8.46 (3.36) 17.92 (2.54) 34.94 (9.38) 13.22(9.41)
Age at diagnosis 12.15(5.08) 22.96 (6.96) 41.82(11.99) 17.47 (11.42)

GAA1® 718.01 (209.29) 504.53 (197.76) 273.79 (194.32) 628.23 (252.91)
GAA2° 941.51 (186.53) 852.80 (245.93) 795.34 (285.90) 908.24 (217.94)
Point mutation, N (%) 40 (5.8) 10 (4.8) 5(4.7) 55(5.4)
Disease stage

1-2 319 (45.9) 80 (38.3) 32(29.9) 431 (42.6)

3-4 145 (20.9) 77 (36.8) 51 (47.7) 273 (27.0)

5-6 231 (33.2) 52 (24.9) 24 (22.4) 307 (30.4)

2 Based on the overall cohort.
N =939 (excluding point mutations).
N =937.

(15-24 years), and 107 (10.6%) had late onset (>25 years). In
the 2 later-onset groups, fewer patients were in an early disease
phase (stage 1-2, 38.3% and 29.9%), but there also were fewer
patients in later, nonambulatory stages (stage 5-6, 24.9% and
22.4%, respectively). Overall, 1 third of participants (33.2% in
the early-onset group, 30.4% of all participants) were already
nonambulatory at their first visit. In line with previous reports,
about 5.4% of the patients were carrying a point mutation.
Because these patients show increased risk of atypical disease
progression,*>*" they are typically excluded from clinical studies.
However, the potential effect on the results was deemed mini-
mal, and we included these patients in all analyses.

Psychometric properties of the FARS

Scaling characteristics of both full scores and all respective
subscales are summarized in table 2, and the full corrected item-
subscale correlations for FARSn subscores in table 3 (a full
correlation table for mFARS is provided as table e- 1, links.lww.
com/NXG/A189). Mean corrected item-total correlations for
subscales mA, B, C, D, and E, which are forming the mFARS,
were 0.58 or above, whereas the A and the D subscale from
FARSn showed mean values of 040 and 0.42, already in-
dicating that the step from FARSn to the mFARS leads to more
stable constructs. An additional benefit from the exclusion of
Al and A2 is the reduction of ceiling effects in the modified
bulbar subscore (mA), leading to a less skewed distribution.

Cronbach a values were satisfactory for the upper limb (A,
0.87) and lower limb (B, 0.91), as well as for the upright
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stability scale (E, 0.87). The modified bulbar subscale (mA) in
the mFARS showed an a of 0.6S, which is improved from the
initial 4-item bulbar subscale (A) in FARSn, but still has to be
considered a low value, clearly missing the suggested criterion
of 0.9.*** For the initial FARSn subscores A and D, Cron-
bach a (0.53 and 0.56, respectively) shows that the mod-
ifications resulted in improved probabilities in mFARS. For
the complete examinations, both the FARSn and the mFARS
showed a Cronbach a of 0.92. Constructs covered by sub-
scales of a total score should be related (intercorrelated), but
also different to cover different aspects of a disease. A range of
0.30-0.70 has been suggested,9 and this condition was met for
all subscores in both overall scales.

All subscales, as well as the complete scores, correlated with
disease duration and FDS and, to a lesser extent, with age.
Detailed item-own subscale and item-other subscale corre-
lations (table 3) further corroborate construct validities of
the subscores and full scales. All items in the mFARS sub-
scales correlated with coefficients of >0.3 with their sub-
scores, indicating that these items measure a common
construct and collect a similar amount of information.”** In
addition, only 1 item (El, sitting posture) of the FARSn/
mFARS examinations did not correlate higher with its own
subscale than with other subscales. This item correlated to
a similar extent with all 3 subscales (table 3) in mFARS, and
also with the peripheral nervous system subscale D in
FARSn. As a criterion for a margin between correlations
between its own subscale and others, 2 SDs have been

Neurology.org/NG
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Table 2 Scaling characteristics of sub- and total scores in the FARS neurologic examination, plus total FARSn and the

mFARS?
mA—Bulbar B—Upper  C—Lower E—Upright
FARS subscale/items (modified) limb limb stability mFARS FARSNn A—Bulbar® D—Peripheral
No. of items 2 5 2 9 18 25 4 5
Corrected item-total
correlations
Mean 0.58 0.67 0.84 0.60 0.65 0.57 0.40 0.42
Range 0.55-0.61 0.41-0.77 0.84-0.84 0.24-0.86 0.25-0.86 0.17-0.86  0.22-0.60 0.17-0.72
Subscale
characteristics
Mean score (SD) 0.91 (0.90) 13.66 8.57(4.73)  25.06(8.32) 48.21 60.34 1.10 (1.08) 11.94 (4.64)
(6.97) (18.52) (22.17)
Observed score (max) 0-5 0-36 0-16 0-36 2-92 6-118 0-7 0-26
Floor (%) 33 2 2 0 0 0 25 0
Floor (10th 45 6 3 1 1 0 71 1
percentile, %)
Ceiling (90th 0 1 22 31 2 1 0 2
percentile, %)
Ceiling (%) 0 1 21 4 0 0 0 1
Skewness 1.02 0.52 0.40 -0.42 0.16 0.34 1.56 0.56
Cronbach a 0.65 0.87 0.91 0.87 0.92 0.92 0.53 0.56
Subscale
intercorrelations
Bulbar (modified) — 0.63 0.57 0.55 0.68 0.67° — 0.49°
Upper limb — 0.68 0.66 0.88 0.86 0.64 0.57
Lower limb — 0.76 0.88 0.88 0.56 0.70
Peripheral — — 0.81 0.49 —
Upright stability 0.92 0.91 0.54 0.93
Correlation with other
parameters
Disease duration 0.24 0.28 0.36 0.37 0.42 0.43 0.24 0.29
Age 0.10 0.07 0.09 0.09 0.10 0.10 0.09 0.04
Disability staging 0.35 0.41 0.56 0.76 0.73 0.72 0.33 0.38

Abbreviations: FARS = Friedreich Ataxia Rating Scale; mFARS = modified FARS.
2 pearson correlation coefficients, corrected for overlap and scale reliability®”

® Analyzed using FARSN subscales; a complete table of subscale correlations for mFARS subscales is provided in table e-1 (links.lww.com/NXG/A18).

suggested,”>* which was fulfilled by all items but E1 (sitting
posture) and E2B (stance, feet apart, with eyes closed),
which also correlated well with subscale C (lower limb co-
ordination). For the peripheral nervous system subscore in
FARSn, except for D2 (muscle weakness), none of the items
in the peripheral nervous system subscale correlated well
with any other subscale (table 3). Remarkably, weaker item-
subscale correlations were also found for items E3B (stance
feet together, eyes closed), E4 (tandem stance), and ES
(stance on dominant foot) (see below).

Neurology.org/NG

Floor and ceiling effects

Ceiling effects were apparent in subscale C (heel-shin tap and
heel-shin slide, possible range 0-8), with 21% of observations
showing the maximum score. Notably, even after loss of am-
bulation, patients can perform the heel-shin tests (subscale C).
For subscale E (upright stability), we found that item E1 (sit-
ting position, possible range 0-4) is scored at 4 (indicating
greatest impairment) in less than 5% of the observations, which
masks total score/ceiling effects for subscale E. We also
reported a ceiling effect at 90% of the maximum on this item

Neurology: Genetics | Volume 5, Number 6 | December 2019
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Table 3 Item-subscale correlations of the full FARSn?

FARS subscale/items A—Bulbar B—Upper limb C—Lower limb D—Peripheral E—Upright stability
Bulbar
Facial atrophy® Al 0.22 0.23 0.20 0.28 0.15
Tongue atrophy® A2 0.35 0.25 0.18 0.23 017
Cough A3 0.66 0.50 0.52 0.51 0.48
Speech A4 0.70 0.64 0.54 0.47 0.51
Upper limb coordination
Finger-finger B1 0.45 0.52 0.31 0.34 0.29
Nose-finger B2 0.69 0.82 0.63 0.60 0.57
Dysmetria B3 0.76 0.85 0.67 0.62 0.64
Rapid movements B4 0.60 0.79 0.59 0.55 0.62
Finger taps B5 0.72 0.82 0.67 0.63 0.61
Lower limb coordination
Heel-shin slide l 0.69 0.69 0.89 0.79 0.76
Heel-shin tap Cc2 0.68 0.69 0.90 0.83 0.75
Peripheral nervous system®
Muscle atrophy D1 0.35 0.30 0.43 0.53 0.32
Muscle weakness D2 0.72 0.61 0.74 0.73 0.62
Vibratory sense D3 0.22 0.20 0.33 0.37 0.34
Position sense D4 0.29 0.38 0.45 0.54 0.46
Deep tendon reflexes D5 0.04 0.16 0.12 0.20 0.16
Upright stability
Sitting posture E1 0.78 0.78 0.79 0.79 0.70
Stance, feet apart E2A 0.64 0.60 0.78 0.76 0.83
Stance, feet apart, eyes closed E2B 0.40 0.50 0.54 0.53 0.72
Stance, feet together E3A 0.50 0.56 0.63 0.60 0.80
Stance, feet together, eyes closed E3B 0.22 0.31 0.3 0.32 0.45
Tandem stance E4 0.20 0.25 0.26 0.27 0.44
Stance on the dominant foot E5 0.14 0.18 0.17 0.13 0.32
Tandem walk E6 0.48 0.45 0.52 0.49 0.74
Gait E7 0.69 0.65 0.81 0.77 0.90

Abbreviations: FARS = Friedreich Ataxia Rating Scale; mFARS = modified FARS.

2 Corrected for item overlap and scale reliability*’.

® A1, A2, and the peripheral nervous system subscore are not included in the mFARS scores. A complete table of item-subscale correlations for mFARS is

provided in table e-1 (links.lww.com/NXG/A18).
Item-own subscale correlations are emphasized in bold.

(table 2). Specifically, for the E (upright stability) subscale, the
ceiling effect corresponded well to the number of non-
ambulatory patients in our sample (32%, FDS > 4, table 1).

Floor effects were only visible in the bulbar subscale mA and (and
bulbar/A in FARSn). The removal of A1 (facial atrophy) and A2
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(tongue atrophy) reduced the ceiling effects to some extent, still
43% of patients had scored 10% or less of the total in the modified
(mA) bulbar subscale. We also analyzed the ceiling effects on an
item-based level. All individual item scores in mFARS (grouped
by subscales) are presented in figure 2 as heat maps from lowest
score (light blue) to maximum score (dark blue).

Neurology.org/NG
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Figure 2 Heat map of individual items within the modified
FARS
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Data are grouped by subscales. Five blue hues (from light to dark) correspond
to increasing item scores in steps of 20%. FARS = Friedreich Ataxia Rating
Scale.

In general, the heat maps for items in subscales A, B, and C
reflect nicely the broad and balanced stages of function loss in
this population. Floor effects discussed above are visible in
items A3 (cough) and A4 (speech) and relevant but still
workable ceiling effects in the lower limb coordination sub-
scale C. In the 9-item subscale E (upright stability), however,
although favorable validity and consistency/reliability prop-
erties are achieved (a = 0.87, table 2), only items E1 (sitting)

balanced distributions. Specifically, all 6 stance-related items
E2 to ES reveal distinct bimodal distributions, which means
that a patient can either perform the test well (score 0) or will
be unable to complete the item rating a maximum score of 4.
This is most evident in items E2A (stance, feet apart, eyes
open), E2B (stance, feet apart, eyes closed), and E3A (stance,
feet together, eyes open). For the remaining items, E3B
(stance feet together, eyes closed), E4 (tandem stance), and
ES (stance dominant foot), it is also true, but only very few
patients do not score the maximum.

A grouped analysis shows that only 15.8% of all patients
(n = 160) do not score the maximum result in all E3B (stance,
feet apart, eyes closed)/E4 (tandem stance)/ES (stance on
dominant foot) items, or, the other way around, 98.5% of
patients (n = 996) had the maximum possible score in at least 1
of these 3 items. In the ambulatory sub-population (FDS < 5, N =
704, 69.6%), these proportions were 22.5% (n = 159) and 97.9%
(n = 689).

Neurology.org/NG

Factor analysis

For principal component (PCA) and factor analysis, several
solutions for FARSn and mFARS were evaluated. Using the
Kaiser criterion** (retaining factors with an eigenvalue >1),
PCA found $ factors for the complete FARSn. A more detailed
examination of the factor loading structure did not result in
overall meaningful groupings. Especially, the items of the pe-
ripheral nervous system (D) subscore loaded into components
together with items of other subscores (data not shown).

For mFARS, 3 principal components with eigenvalues >1
were found, and 1 additional with an eigenvalue of 0.83.
Factor analysis using 4 factors resulted in a separation of
independent, clinically meaningful factors. Items in FARS E
(upright stability) and C (lower limb coordination) loaded
strongest in component 1, upper limb coordination items
(FARS B) loaded into component 2, and component 3 in-
cluded solely the 2 bulbar function items of FARS A. The 3
remaining items of the FARS E (upright stability), with high
amounts of “unable” (E3B, E4 and ES) loaded into the 4th
component. Cumulatively, these 4 factors explained 70% of
the variance in the overall construct.

Discussion

For our psychometric analysis of the FARSn examination, we
used the FA-COMS cohort, comprehensively representing
the 2 most important dimensions of FRDA, being individuals
from the complete severity spectrum of FRDA (as measured
by age at symptom onset or GAA1/GAA2 repeat length), and
at the same time including all disease durations. Moreover, the
predominance of early vs late onset and children vs adults in
recruitment is most likely representative of the incidence, but
not necessarily prevalence of FRDA. Affected individuals
progress fastest in the early phases of the disease®®; we used
baseline data only to achieve optimal coverage of disease
phases. This population profile should be ideal for the anal-
yses of inherently sample-dependent psychometric properties
of any scale. Still, overall correlation parameters will revolve
around the proportion of early-/late-stage patients and the
ratio of ambulant/nonambulant patients.

In the present study, classical psychometric correlation anal-
ysis (item-own vs item-other subscale correlations) confirms
the validity and structure of the FARSn examination, but
specifically endorses the modifications leading to the mFARS.
Overall, both scales showed appropriate item-subscale
groupings, inter-subscale correlations, and internal consis-
tency (Cronbach a >0.90). However, 2 sets of items within
the complete 125-point FARSn scale show clear weaknesses.

First, items in the peripheral nervous system (D) subscore
itself have inefficient within subscale correlations and form
a weak construct. This may reflect the arbitrary grouping of
items within FARS D (peripheral nervous system). In par-
ticular, muscle strength and atrophy, items which have
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a slower decline (and thus lower scoring) and may be sec-
ondary to both peripheral and CNS pathology, are grouped
with deep tendon reflexes, which, being a hallmark feature of
FRDA, are usually absent or diminished on first presentation
therefore receiving a maximum score. Second, the Al (facial
atrophy)/A2 (tongue atrophy) items correlate weakly with
other items in the bulbar (FARS A) subscore and other parts
of the FARS examination. The remaining items in the bulbar
subscore (related to cough and speech) have residual floor
effects, yet they show considerable intercorrelation justifying
their inclusion in the mFARS. Also, the Cronbach a value is
improved for the modified bulbar (FARS mA) subscale.

These results justify the exclusion of these 2 groups of items
(FARS D and A1/A2) in the newly formed modified mFARS
score. Of interest, the requirement to focus on more patient-
driven tasks initiated this change without knowledge of the
psychometric properties of the items that quantify the func-
tional ability of the individual with FRDA. As a result, intra-
subscale correlations and reliability (Cronbach a) of the
mFARS score are improved, whereas floor effects in FARS Al
(facial atrophy) and A2 (tongue atrophy) are avoided, dem-
onstrating that the items reflecting functional ability match the
most psychometrically robust in the mFARS. In addition, this
shows that progression captured by the FARS examination(s)
does not match the decline of dysfunctional sensory pathways
in FRDA and that sensory loss is less relevant for the patient.

In addition, the present analysis demonstrates the detailed
features of the FARS E (upright stability) subscale, which drives
quantification of progression in the early phase of the disease.
Its 6 stance-related items (E2A, B; E3A, B; E4, ES), are scored
almost exclusively with extreme values (0 or the maximum, 4).
This might indicate that in context of an otherwise slowly
progressing condition, these abilities are lost rapidly. Alterna-
tively, the extreme values could be a function of the item
constructs. The easier, initial 3 stance items (E2A, E3A, and
E2B) show preferable interitem correlations and should func-
tion well within the item response theory (IRT). On the other
hand, the increasing difficulty of the remaining stance items
results in very few patients in this cohort to perform E3B, E4,
and ES. In most situations, these items thus contribute little to
the total scores besides addition of noise. However, they also
may provide useful information to the overall mFARS score in
clinical studies that target those individuals with FRDA who are
very early in the disease process. These results also indicate that
all 6 stance items could be useful in classifying patients
according to function and in longitudinal analysis of those
individuals with the mildest of FRDA symptoms. The
remaining 3 items in subscore E show beneficial psychometric
properties; noteworthy, E7 (gait) correlates with all items in
mFARS (and FARSn) and has the best overall correlation with
the total mFARS score and in itself directly defines individual
ambulatory ability. Another crucial item for functional ability,
the sitting posture item (E1), showed the weakest inter-
subscale correlation in FARS E (when disregarding E3B, E4,
and ES), perhaps as scoring on this item can be improved by
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scoliosis surgery or physiotherapy. Overall, although ceiling
effects in FARS E (upright stability) match the nonambulatory
fraction of the cohort, it contributes well to the overall FARSn/
mFARS score in the ambulatory portion of the cohort.

Subscales FARS B (upper limb coordination) and C (lower
limb coordination) showed beneficial psychometric proper-
ties for inclusion in the overall FARSn/mFARS. Of note, the
finger-finger test item (B1) showed comparatively low item-
subscale correlation, similar to that found in the ICARS
analysis.” Still, the remainder of these subscales provide useful
contributions to the scale.

The use of IRT*** to evaluate rating scales in FRDA has been
plroposed.m46 However, although Rasch-based models have
been extended to polytomous* and continuous*”** rating
scales, they are not easily applied to scales with complex
subscale/item structures like FARS and ICARS. Similarly, the
assumption of unidimensionality in IRT-based models impedes

their implementation.**>°

Factor analysis for FARSn confirmed previous such findings for
the FARSn examination, including the equivocal overlap be-
tween factor loadings and subscores.'’ For the mFARS,
a 4-factor solution was the most clinically and statistically ap-
propriate and PCA provided strong support of the subscore
structure. This analysis additionally backs the exclusion of the
FARS D and the 2 bulbar items and indicates that a lower limb
component (FARS C plus E) and the upper limb portion
(FARS B) within the mFARS have value as individual scales for
separate evaluation.

In this context, the conceptual differences between a multi-
subscore scale like the mFARS and a more compact scale
(SARA) become obvious. The latter has been designed es-
pecially for rapid application and a strong central construct,
leading to its unidimensionality.'”'" These features should
improve interrater variability, highly important, e.g,, in large
multicenter studies. However, SARA might be limited in
more complex studies. In contrast, the mFARS provides
amore detailed evaluation of overall patient status and a more
complex yet valid construct. In addition, subcomponents of
the mFARS might separately support the evaluation of in-
dividual domains, e.g, upper and lower limb function, in
specific circumstances. This might prove valuable when in-
vestigating temporal differences in loss of function in separate
domains or when focusing on later stage, exclusively non-
ambulatory patients. Although the complete FARS may re-
quire more time to complete, much of the extra information is
collected in other instruments in typical clinical trials. Thus,
overall, the different measures are relatively similar in practical
administration, allowing investigators to select the best mea-
sure for the clinical approach being tested.

As future clinical trials in FRDA may focus on either sub-
group, potentially targeted with specific therapeutic inter-
ventions, or more diverse cohorts with broader therapeutic
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interventions, the present analysis demonstrates that the
mFARS examination captures the complex features of FRDA,
even in early stages of the disease.
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