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Abstract
Friedreich’s ataxia (FRDA) is a rare autosomal-recessive slowly progressive neurodegenerative disorder. As common
clinical measures for this devastating disease lack sensitivity, we explored whether (a) the quantitative motor assess-
ments of the Q-Motor battery can enhance clinical characterisation of FRDA; (b) clinical measures can predict Q-
Motor outcomes and (c) Q-Motor is sensitive to longitudinal change. At baseline 29 patients and 23 controls and in
a 1-year follow-up 14 patients and 6 controls were included. The Q-Motor included lift (manumotography), finger
tapping (digitomotography) and pronate/supinate (dysdiadochomotography) tasks. To model responses, a search of
generalised linear models was conducted, selecting best fitting models, using demographic and clinical data as
predictors. Predictors from selected models were used in linear mixed models to investigate longitudinal changes.
Patients with FRDA performed worse than controls on most measures. Modelling of the pronate/supinate task was
dominated by SCAFI (SCA functional index) subtasks, while tapping task and lift task models suggested a complex
relationship with clinical measures. Longitudinal modelling implied minor changes from baseline to follow-up, while
clinical scales mainly showed no change in this sample. Overall Q-Motor likely has favourable properties for
assessing distinct motor aspects in severe FRDA as it can be administered in wheelchair-bound patients. Further
longitudinal research is warranted to fully characterise its relation to routinely used measures and scales for FRDA.
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Introduction

Friedreich ataxia (FRDA) is a neurodegenerative
spinocerebellar ataxia. It is caused by a mutation of the
Frataxin gene, containing an expandedGAA-repeat in the first
intron [1]. It is a rare disease with an estimated prevalence of
no more than 1:20,000 [2]; however, it is the most common
hereditary ataxia.

As FRDA is of a multisystem nature, symptoms of FRDA
affect a multitude of domains. Core symptoms involve slowly
progressing ataxia of stance and gait, areflexia, sometimes
vestibular dysfunction and dysarthria. Further, commonly ob-
served symptoms are scoliosis, heart disease—primarily car-
diomyopathy—and congenital deformations of the feet [3].
Abnormal eye movements, urinary dysfunction and diabetes
are additionally associated with FRDA. The onset of disease is
typically around adolescence, but can be variable [4–6]. There
is evidence that onset and progression of the disease are de-
pendent on the amount of GAA-repeats on the Frataxin gene
[6, 7], with higher amounts of GAA-repeats leading to earlier
onset and more severe clinical presentation.

Several measures for clinical characterisation of the
spinocerebellar ataxias are available (see for example
[7–10]). However, a thorough clinical assessment is often
strenuous for affected patients especially if severity of symp-
toms is critical. Additionally, it has been shown that the Scale
for the Assessment and Rating of Ataxia (SARA) [8] and
Composite Cerebellar Functional Severity Score (CCFS)
[11] measurements have limitations due to ceiling effects if
patients are too severely affected [12]. Additionally, clinical
measures often are not very sensitive in FRDA and require
large sample sizes to detect change [7], which is even compli-
cated further by the fact that FRDA only progresses slowly.
Assessment of upper limb motor function in FRDA found a
decline over 1 year for the non-dominant hand in the 9-hole
peg test as well as the box and block test [13]. However, the
state of lacking data are an issue with the SCAFI, as FRDA
patients eventually become wheelchair-bound [14] and conse-
quently can no longer perform the 8-m walk test. There is one
study that examined clinical instruments the literature regard-
ing systematic assessments of upper limb motor measures in
FRDA is still limited. Thus, new ways to characterise symp-
toms of the disease and related disease progression should be
explored, in particular for the upper limb.

The Q-Motor assessments were originally developed to
characterise motor impairment in the neurodegenerative
movement disorder Huntington’s disease [15–17], but has also
been used in other diseases such as multiple sclerosis [18, 19],
Parkinson’s disease [20, 21], myasthenia [22] and
Alzheimer’s disease [23]. Q-Motor measures have further
been implemented in more than ten clinical trials in
Huntington’s disease, though specific implementations and
inclusion of subtasks vary [17]. So far, other quantitative

motor assessments in spinocerebellar ataxias characterising
functional limitations mainly used tasks, which require track-
ing and reaching movements, as performance therein should
be especially impaired in spinocerebellar disease [24–27].
These studies showed that patients with spinocerebellar
ataxias display reduced velocity, accuracy and steadiness of
movement compared to healthy individuals, all features that
could be captured by Q-Motor tasks. However, there is a lack
of longitudinal data, systematically tracking progression in
both clinical scales and quantitative motor tasks at the same
time. In addition, the relevance and real-world generalisability
of upper limb motor assessments like the Q-Motor was for
example demonstrated in Huntington’s disease in which
reach-to-eat movements are impaired [28] and in
Parkinson’s disease, in which computer keyboard interaction
difficulties are indicative of early stages of the disease [29].

To the best of our knowledge, this study describes the first
application of the Q-Motor tasks to FRDA. The present im-
plementation includes (i) a lift task (manumotography), (ii)
pronate/supinate task (dysdiadochomotography) and (iii) a
speeded finger tapping task (digitomotography). As a variety
of objective measures can be derived from these tasks, we
sought to investigate whether measures from the Q-Motor
battery could provide insight into state of disease and progres-
sion beyond what is routinely used to characterise the severity
of FRDA. In addition to an explorative approach, we
hypothesised that the Q-Motor measures could be validated
against standard FRDA instruments, and additionally lead to
more fine-grained insight regarding disease severity.

Methods

Subjects

Data was collected in the context of European Friedreich’s
Ataxia Consortium for Translational Studies (EFACTS,
www.e-facts.eu) at study sites in Aachen, Bonn and
Tübingen (all in Germany), with Q-Motor examinations all
being done at the Aachen site. The present subsample of the
cohort included 29 patients (15 female, 14 male; mean age 31.
8 years, standard deviation [SD] = 14.1) and 23 healthy con-
trol subjects (12 female, 11 male; mean age 33.1 years, SD =
11.4). The subset for which 12-month follow-up data was
available encompassed 14 patients and 6 controls (Table 1).

The Edinburgh Handedness Inventory (EHI) [30] was ad-
ministered to characterise subjects’ handedness. Both patients
and healthy subjects were primarily characterised as having a
right-hand dominance, with only two patients and one control
subject being left-hand dominant. Participants were clinically
examined using the SARA [8], Inventory of Non-Ataxia
Signs (INAS) [10] and the SCA Functional Index (SCAFI)
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[9]. An overview of demographics and clinical scores is given
in Table 1.

Prior to participation, all subjects were informed about the
purpose of the study and its procedures, and written informed
consent was given. All procedures were reviewed and ap-
proved by the local ethics committee at RWTH Aachen
University and followed the declaration of Helsinki [31].

Quantitative Motor Assessment

Quantitative motor assessments were performed using a Q-
Motor device provided by the George-Huntington-Institute
(GHI, Münster, Germany) containing a pre-calibrated force
transducer and an electro-magnetic position sensor to capture
information about velocity, angle and force of movements and

Table 1 Sample characteristics
Patients Controls

Baseline Follow-up Baseline Follow-up

Sample size n (typical/late onset) 29 (24/5) 14 (11/3) 23 6

Female n 15 7 12 4

Male n 14 7 11 2

Dominant hand n L/R 2/27 2/12 1/22 1/5

GAA-repeats allele 1

Mean ± SD 508.74 ± 266.30 441 ± 242.99 n/a n/a
Median ± MAD 512 ± 296.52 431 ± 189.03

GAA-repeats allele 2

Mean ± SD 810.83 ± 218.56 723.3 ± 207.89 n/a n/a
Median ± MAD 814.63 ± 215.00 717 ± 237.22

Age

Mean ± SD 31.76 ± 14.05 34.07 ± 11.36 33.17 ± 11.28 33.83 ± 8.98

Median ± MAD 30 ± 17.91 32.5 ± 13.34 30 ± 8.89 30.5 ± 6.67

Age of onset

Mean ± SD 16.64 ± 8.11 17.21 ± 7.53 n/a n/a
Median ± MAD 13.5 ± 7.41 17.5 ± 8.89

SARA

Mean ± SD 18.69 ± 9.34 16.5 ± 7.61 0.04 ± 0.21 0 ± 0

Median ± MAD 16.5 ± 12.60 15.25 ± 6.67 0 ± 0 0 ± 0

SCAFI PATA

Mean ± SD 21.65 ± 4.27 23.5 ± 3.88 36.21 ± 5.99 32.67 ± 4.17

Median ± MAD 21 ± 3.71 24.5 ± 4.08 37 ± 6.67 34.25 ± 2.22

SCAFI 9HPT

Mean ± SD 68.54 ± 47.04 51.33 ± 14.96 18.50 ± 2.33 19.74 ± 2.17

Median ± MAD 49.38 ± 21.18 52.25 ± 18.90 18.1 ± 2.95 19.39 ± 2.54

SCAFI 8mw

Mean ± SD 14.30 ± 18.98 11.48 ± 9.11 4.02 ± 0.54 4.47 ± 0.73

Median ± MAD 6.55 ± 3.78 8.23 ± 3.86 3.9 ± 0.30 4.33 ± 0.63

SCAFI total z

Mean ± SD − 0.43 ± 0.45 − 0.35 ± 0.40 1.23 ± 0.43 0.90 ± 0.38

Median ± MAD − 0.46 ± 0.55 − 0.39 ± 0.47 1.27 ± 0.51 1.05 ± 0.25

ADL

Mean ± SD 11.21 ± 6.97 12.29 ± 5.37 0 ± 0 0 ± 0

Median ± MAD 10 ± 11.08 12.5 ± 5.19 0 ± 0 0 ± 0

INAS count

Mean ± SD 5.56 ± 2.83 6 ± 2.55 0.07 ± 0.267 0 ± 0

Median ± MAD 5 ± 2.97 6 ± 2.97 0 ± 0 0 ± 0

For all considered clinical measures, descriptives are given where SD, standard deviation and MAD, median
absolute deviation. Where either no data is available for controls or control data is all zero, no statistic for the
entire sample is reported. SCAFI values from the total column were used in z-scaling of values
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grip. Data was recorded using the dedicated software for the
Q-Motor battery, accompanying the device.

Subjects underwent three different motor tasks. First, a
speeded tapping task (digitomotography) in which one should
tap repeatedly and as quickly as possible on the sensor using
the index finger [32]; second a pronate/supinate alternating
hand tapping task (dysdiadochomotography) in which one
should change the orientation of the hand repeatedly while
touching a surface after each orientation change [17]; and
finally a lift task in which an object of 250 g weight should
be held in the air without aid as stable as possible at a marked
location 10 cm above the table in front of the subject, using the
precision-grip with thumb and index finger of one hand
(manumotography) [33]. Each tapping trial lasted 10 s and
each lift trial 20 s and five trials were performed for each
condition with each hand. Beginning and end of each trial
was signalled by an auditory cue.

Scores from left and right hand were associated to domi-
nant and non-dominant hand based on EHI results. If a subject
had an EHI result in the range that would be considered am-
bidextrous, the general tendency (i.e. the sign of the EHI re-
sult) for left or right was used for creating these scores. An
overview of all Q-Motor measures is given in Supplementary
Table 1.

Data Analysis

Q-Motor raw data was transferred online to GHI and analysed
after quality control using automated pre-defined algorithms
[17]. The Q-Motor team at GHI was blinded to the clinical
status of subjects and extracted Q-Motor measures were trans-
ferred to Aachen for consecutive statistical analysis. This anal-
ysis was carried out using the statistical software and program-
ming language R version 3.4 [34]. To assess the quality of
modelling, threshold for statistical significance was set at
p < 0.05 for individual predictors, but models were addition-
ally examined using Akaike’s Information Criterion corrected
for small sample sizes (AICC) [35, 36] and root mean squared
residual errors (RMSE). Due to the exploratory nature of the
analysis, we did not apply corrections for multiple testing. As
we were aiming at a first insight into the Q-Motor in FRDA,
we decided to make the trade-off to accept type I errors in
favour of avoiding type II errors.

As a first step, Q-motor values were compared between
patients and controls using t tests to investigate whether there
is at all a difference in results between both groups. For each
of the Q-Motor variables then an exploratory analysis was
conducted, aiming to find a model based on pre-selected var-
iables that best describes the data of patients (the analysis was
limited to patients due to the lack of variance in data from
controls). By this, we aimed to characterise Q-Motor in the
context of established clinical measures as we were interested
if and to which extent the variation of Q-motor variables could

be modelled by FRDA-related measures including demo-
graphics and age of onset. Furthermore, Q-Motor variables
were chosen as dependent variables to limit the space of pos-
sible predictors (nine clinical and demographic variables com-
pared to > 40 Q-Motor variables). For modelling, generalised
linear models were employed using log-transformed depen-
dent variables to avoid predictions of negative values as well
as the Gaussian error distribution with its canonical identity
link function. The space of predictors to search included
SARA sum score, INAS count, SCAFI z-scores for each task
(8mwalk, 9-hole peg test and PATA), ADL (activities of daily
living) sum score, gender, age and age of onset. To avoid
overfitting, interactions between predictors were not consid-
ered, leading to a space of 512 models to search in, which
were evaluated based on AICC values. The model space
search was done using the glmulti R package version 1.0.7
[37]. To further assess the model fit, residuals were inspected
visually for patterns along fitted values, distribution of
quantiles against theoretical (standard normal) quantiles and
also whether there were individual cases with high leverage
per Cook’s distance.

After best fitting models for each variable were selected,
they were entered into a fivefold cross-validation. This meth-
od was chosen, as the data set did not allow for hard splitting
of the sample into a training and validation data set due to the
small sample size and additional missing data points (for a
discussion of accuracy estimation methods see [38]). Root
mean squared errors of the best fitting model on the entire
dataset were here compared to the root mean squared errors
of the fivefold cross-validation including bias correction, to
gain insight into the model’s performance in predicting values.

In a next step, longitudinal effects were investigated, again
in patients only, due to lack of variance and few data points in
controls. For this purpose, random effects for subjects were
introduced into linear mixed models (LMM) with a fixed ef-
fect structure as suggested by the GLM for each variable. For
each model, the Satterthwaite approximation [39] was ap-
plied, allowing for calculations of p values characterising the
influence of individual predictors. However, the results from
this approach should be interpreted with caution [40]. To ob-
tain more information about the influence of time on Q-Motor
measures, we calculated an analysis of deviance between
LMM including the enumeration of the time point and
LMM excluding that information. In addition, where one of
the two aforementioned measures suggested an effect over
time, we also calculated the conditional R2 (below R2

c_time

written as for the model including the longitudinal predictor
and R2

c_all for the model not including such a predictor) sta-
tistic for both models [41] allowing assessment of the addi-
tional explained variance due to the inclusion of a longitudinal
predictor.

Finally, we also looked for differences in means between
baseline and 1-year follow-up for clinical scales in patients to
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enable comparing potential progress in Q-Motor measures
with potential progress in clinical scales. To do so, paired t
tests were computed between clinical scores (SARA, ADL,
INAS, SCAFI subtasks) for all patients where a follow-up was
available.

Results

Q-Motor Group Differences

Under the null hypothesis, t tests showed group differences for
all means of Q-Motor measures from all three tasks. The only
exception in this regard was the force during the speeded
finger tapping task for both hands (dominant: t(48.188) = −
0.714, p = .479, d = − 0.199; non-dominant: t(48.921) = −
0.239, p = .812, d = − 0.066). A full overview of tests for dif-
ference in means is given in Table 2 and mean scores per
measure are visualised in Fig. 1.

Correlations of Q-Motor Data with Clinical Measures

Across all time points in summary, in patients with FRDA for
the lift task predominantly correlations with |r| < .15 were
found for all included measures, except for age of onset.
Here, earlier age at disease onset was related to lower grip
force (dominant hand: r = .575, t(38) = 4.339, p < .001; non-
dominant hand: r = .523, t(39) = 3.839, p < .001) and inverse-
ly related to grip force variation (dominant hand: r = −.301,
t(38) = − 1.948, p = .059; non-dominant hand: r = −.297,
t(37) = − 1.942, p = .006), variation of orientation-index
(dominant hand: r = −.330, t(38) = − 2.152, p = .038, non-
dominant hand: r = −.433, t(37) = − 2.924, p = .006) and
position-index (dominant hand: r = −.338, t(38) = − 2.212,
p = .034, non-dominant hand: r = −.338, t(38) = − 2.152,
p = .033). For the tapping task, strong correlations were found
for all variables except for force which showed strong corre-
lations with age of onset only. The same was generally true for
the pronate/supinate task. For controls, mostly no correlations
were found, likely due to a lack of variance in clinical mea-
sures. However, some relationships were found between the
SCAFI and the pronate/supinate task in controls. See Fig. 2 for
a summarising visualisation of correlations.

Exhaustive Generalised Linear Model Search

The best fitting models for each Q-Motor measure are given in
Table 3. All of the considered predictors were included at least
once and complexity between models differed. Noticeable
patterns include that tasks from the SCAFI were predictors
in almost all models. Furthermore, age of onset occurred as
predictor mainly for the lift task and the tapping task, while
gender effects were chiefly found for the tapping task. GLM

results are additionally visualised in Fig. 3. Performance of
models in predicting Q-Motor values as measured by root
mean squared errors is given in Supplementary Table 2.

Longitudinal Modelling

Analyses of deviance suggested few changes over time in Q-
Motor measures when comparing models respecting time and
those that did not. For the lift task, a better model fit was found
for grip force of the non-dominant hand (χ2(1) = 10.6,
p = .001, R2c_all = .812, R2c_time = .936), reflecting in a signif-
icant effect for time (estimate = 0.308, error = 0.128,
t(12.136) = 2.405, p = .033). Statistical significance was
slightly missed for modelling of the orientation-index of the
dominant hand after including time as a factor (χ2(1) = 3.447,
p = .063, R2c_al = .676, R2

c_time = .853). For the speeded finger
tapping task, analyses of deviance suggested no better fits of
either model, and no individual significant influences by time
were found.

Modelling of the responses to the pronate/supinate task
suggested a better fit when including time for the inter-tap-
interval of the non-dominant hand (χ2(1) = 12.37, p < .001,
R2

c_all = .755, R2c_time = .939). A slightly better fit of the mod-
el respecting time was found for the force of the dominant
hand (χ2(1) = 3.095, p = .079, R2

c_all = .635, R2
c_time = .718).

Considering individual effects, influence of time was sug-
gested for inter-tap-interval of the non-dominant hand
(estimate = 0.189, error = 0.058, t(17.123) = 3.274, p = .004,
R2

c_all = .755, R2
c_time = .939), inter-peak-interval of the dom-

inant hand (estimate = 0.120, error = 0.050, t(29.850) = 2.411,
p = .023, R2

c_all = .932, R2
c_time = .946) and inter-onset-

interval of the dominant hand (estimate = 0.124, error = 0.049,
t(30.683) = 2.523, p = .017, R2

c_all = .930, R2
c_time = .950). A

visualisation of Q-Motor responses in patients from baseline
to follow-up for measures with changes characterised by
p < .05 is given in Fig. 4 (a complete visualisation of longitu-
dinal changes can be found in Supplementary Fig. 1).

Clinical Scales

In patients, no differences in means were found from baseline
to 1-year follow-up for the ADL (t(12) = − 0.291, p = .776, d-
z = − 0.026), INAS (t(11) = − 1.694, p = .118, dz = − 0.475)
and any of the SCAFI tasks (8 m walk: t(7) = 0.301,
p = .772, dz = 0.051; 9-hole peg test: t(12) = − 1.214,
p = .248, dz = − 0.082; PATA: t(12) = − 0.421, p = .681, dz =
− 0.089). A change in scores was however found for the
SARA reflecting an improvement of scores from baseline to
follow-up (t(12) = 2.498, p = .028, dz = 0.114). However, this
change was mainly driven by one subject with an unusually
large improvement between time points; excluding that sub-
ject form the analysis from the analysis negates that difference
(t(12) = 0.228, p = .821, dz = 0.093).
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Table 2 Comparison of means between patients and controls for all available Q-Motor measures

Measure Unit t df 95% CI Lo 95% CI Up Mean ± SD Ctrl Mean ± SD Pat p d

Lift task (manumotography), dominant hand

Grip force N − 2.39 43.97 − 3.58 − 0.30 5.47 ± 2.26 7.41 ± 3.37 .02 − 0.67

Grip force coeffvar % − 3.58 31.50 − 8.02 − 2.20 5.52 ± 2.35 10.63 ± 6.84 < .01 − 0.98
Orientation-index °/s − 3.48 33.18 − 6.26 − 1.64 3.43 ± 1.96 7.38 ± 5.34 < .01 − 0.94
Position-index cm/s − 5.02 27.28 − 1.53 − 0.64 0.74 ± 0.20 1.83 ± 1.08 < .01 − 1.32

Lift task (manumotography), non-dominant hand

Grip force N − 2.63 42.79 − 4.75 − 0.63 5.82 ± 2.61 8.50 ± 4.49 .01 − 0.73
Grip force coeffvar % − 4.22 36.50 − 6.18 − 2.17 4.85 ± 2.01 9.03 ± 4.66 < .01 − 1.13

Orientation-index °/s − 4.12 25.84 − 18.62 − 6.22 3.98 ± 1.74 16.40 ± 15.24 < .01 − 1.08
Position-index cm/s − 5.84 27.90 − 2.24 − 1.08 0.72 ± 0.30 2.38 ± 1.41 < .01 − 1.54
Speeded finger tapping (digitomotography), dominant hand

Tap-duration s − 8.36 33.76 − 0.12 − 0.08 0.08 ± 0.02 0.18 ± 0.06 < .01 − 2.17

Tap-duration SD − 4.88 29.78 − 0.03 − 0.01 0.01 ± < 0.01 0.03 ± 0.02 < .01 − 1.25
Tap-force % − 0.71 48.19 − 6.28 2.99 31.65 ± 7.93 33.3 ± 8.51 .48 − 0.20
Frequency Hz 11.96 48.94 2.02 2.84 5.10 ± 0.67 2.67 ± 0.79 < .01 3.31

Inter-onset-interval s − 8.15 30.32 − 0.26 − 0.16 0.2 ± 0.03 0.41 ± 0.13 < .01 − 2.10
Inter-onset-interval SD − 3.95 31.35 − 0.04 − 0.01 0.02 ± 0.01 0.05 ± 0.03 < .01 − 1.02
Inter-peak-interval s − 8.14 30.30 − 0.26 − 0.16 0.2 ± 0.03 0.41 ± 0.13 < .01 − 2.09

Inter-peak-interval SD − 4.39 31.11 − 0.04 − 0.02 0.02 ± 0.01 0.05 ± 0.03 < .01 − 1.13
Inter-tap-interval s − 6.64 31.91 − 0.16 − 0.08 0.12 ± 0.02 0.23 ± 0.09 < .01 − 1.71
Inter-tap-interval SD − 2.61 32.52 − 0.03 < − 0.01 0.02 ± 0.01 0.04 ± 0.031 .01 − 0.68
Speeded finger tapping (digitomotography), non-dominant

Tap-duration s − 9.21 31.13 − 0.15 − 0.10 0.09 ± 0.02 0.22 ± 0.07 < .01 − 2.37
Tap-duration SD − 4.91 29.95 − 0.03 − 0.01 0.02 ± 0.01 0.04 ± 0.03 < .01 − 1.26

Tap-force % − 0.24 48.92 − 5.25 4.14 32.36 ± 7.34 32.91 ± 9.34 .81 − 0.07
Frequency Hz 14.49 45.65 2.02 2.67 4.66 ± 0.44 2.32 ± 0.71 < .01 3.90

Inter-onset-interval s − 8.73 28.12 − 0.32 − 0.20 0.22 ± 0.02 0.48 ± 0.16 < .01 − 2.23

Inter-onset-interval SD − 4.42 32.18 − 0.05 − 0.02 0.03 ± 0.01 0.06 ± 0.04 < .01 − 1.14

Inter-peak-interval s − 8.72 28.11 − 0.32 − 0.20 0.22 ± 0.02 0.48 ± 0.16 < .01 − 2.23
Inter-peak-interval SD − 5.22 33.09 − 0.05 − 0.02 0.02 ± 0.01 0.06 ± 0.03 < .01 − 1.35

Inter-tap-interval s − 7.44 28.85 − 0.17 − 0.10 0.13 ± 0.02 0.26 ± 0.10 < .01 − 1.90
Inter-tap-interval SD − 3.64 37.14 − 0.03 − 0.01 0.02 ± 0.01 0.04 ± 0.02 < .01 − 0.96
Pronate/supinate task (dysdiadochomotography), dominant hand

Tap-duration s − 6.83 30.67 − 0.22 − 0.12 0.10 ± 0.03 0.26 ± 0.13 < .01 − 1.76

Tap-duration SD − 7.35 30.62 − 0.10 − 0.05 0.02 ± 0.01 0.10 ± 0.05 < .01 − 1.89
Tap-force % − 5.54 48.56 − 20.06 − 9.37 32.41 ± 8.08 47.13 ± 10.89 < .01 − 1.51
Frequency Hz 10.04 44.12 1.34 2.02 3.31 ± 0.63 1.63 ± 0.55 < .01 2.86

Inter-onset-interval s − 7.37 30.12 − 0.49 − 0.28 0.31 ± 0.06 0.70 ± 0.27 < .01 − 1.89
Inter-onset-interval SD − 7.41 28.61 − 0.19 − 0.11 0.04 ± 0.02 0.19 ± 0.11 < .01 − 1.90
Inter-peak-interval s − 7.39 30.13 − 0.49 − 0.28 0.31 ± 0.06 0.70 ± 0.27 < .01 − 1.90
Inter-peak-interval SD − 7.15 28.63 − 0.20 − 0.11 0.04 ± 0.02 0.20 ± 0.11 < .01 − 1.83
Inter-tap-interval s − 6.70 30.67 − 0.29 − 0.15 0.22 ± 0.04 0.44 ± 0.17 < .01 − 1.73

Inter-tap-interval SD − 7.49 28.17 − 0.14 − 0.08 0.03 ± 0.01 0.14 ± 0.08 < .01 − 1.91
Pronate/supinate task (dysdiadochomotography), non-dominant hand

Tap-duration s − 8.47 31.04 − 0.25 − 0.15 0.11 ± 0.03 0.31 ± 0.12 < .01 − 2.18
Tap-duration SD − 5.82 31.73 − 0.10 − 0.05 0.03 ± 0.02 0.1 ± 0.07 < .01 − 1.50
Tap-force % − 6.46 48.35 − 18.53 − 9.74 31.57 ± 7.47 45.71 ± 8.13 < .01 − 1.80

Frequency Hz 11.23 46.85 1.36 1.95 3.15 ± 0.53 1.49 ± 0.52 < .01 3.16

Inter-onset-interval s − 8.28 29.75 − 0.54 − 0.33 0.33 ± 0.06 0.76 ± 0.27 < .01 − 2.13

Cerebellum (2019) 18:8 –96 909 901



Discussion

Our first results show that patients with FRDA performed
worse than controls in all three applied tasks of the Q-Motor
assessment. Modelling of Q-Motor responses did indicate at
associations between common clinical rating scores and per-
formance of patients in these tasks as well as some changes in
outcomes after 1 year, but complexity and quality of models
varied. In particular prospectively, the Q-Motor assessment
could be of complementary clinical and of high scientific in-
terest in the detailed characterisation of FRDA, especially as it
focuses strongly on characterisation of upper limbmovements
and thus can also be applied in patients where the disease
progressively leads to dependence on a wheelchair.

One study investigating upper limb motor performance in
FRDA using a reaching task reported considerably impaired
performance in patients compared to controls and also corre-
lations between clinical scales and motor performance [42].
While results from that study and the present work are limited

in comparability due to very different implementations, the
overall findings are nonetheless congruent by showing that
quantification of upper limb movements is highly discrimina-
tive between healthy subjects and patients of FRDA, and that
this quantification might provide useful information when
clinical measures reach limitations like the afore mentioned
ceiling effects [12]. Further, it should be pointed out that quan-
titative measures overcome limitations of objectivity in nu-
merous clinical measures, as many clinical scales rely on ex-
aminers making choices based on some criteria, which is more
prone to error and bias than standardised quantitative mea-
sures. Considering previous work assessing clinical tools for
upper limb motor performance in FRDA [13], a stronger
change over time is suggested than what was demonstrated
here, but this might be in part due to the much larger sample
size in that work.

Previous works on quantitative motor tasks in different
diseases have suggested that measures of variability in motor
tasks are more suited for characterisation of symptom severity

Fig. 1 Overview of all Q-Motor measures between FRDA patients and
controls at the baseline examination. Data are split up by task and hand
dominance. The difference inmeans assessedwithWelch’s t test results in
p ≤ .05 where error bars (indicating the standard error of the mean) do not

overlap. Blue points indicate patients, black points indicate controls. To
avoid issues due to differing scales between variables, all data were z-
transformed by each measure before plotting

Table 2 (continued)

Measure Unit t df 95% CI Lo 95% CI Up Mean ± SD Ctrl Mean ± SD Pat p d

Inter-onset-interval SD − 6.93 28.47 − 0.20 − 0.11 0.05 ± 0.02 0.20 ± 0.12 < .01 − 1.77
Inter-peak-interval s − 8.28 29.73 − 0.54 − 0.33 0.33 ± 0.06 0.76 ± 0.27 < .01 − 2.13
Inter-peak-interval SD − 7.26 28.52 − 0.19 − 0.11 0.05 ± 0.02 0.19 ± 0.11 < .01 − 1.86
Inter-tap-interval s − 6.97 30.30 − 0.30 − 0.17 0.22 ± 0.04 0.45 ± 0.17 < .01 − 1.79

Inter-tap-interval SD − 7.20 27.89 − 0.15 − 0.08 0.04 ± 0.01 0.16 ± 0.09 < .01 − 1.84

Note that for all tests except force of the speeded tapping task, difference between patients and controls was significant at p ≤ .05. Abbreviations: df,
degrees of freedom; 95 CI, 95% confidence interval around the difference in means; Lo, lower bound; Up upper bound; SD standard deviation; d,
Cohen’s d; Ctrl, controls; Pat, patients
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than averaged measures in a motor task. This means the var-
iability of intervals between consecutive taps conveys more
information than the average interval [18, 43]. Regarding the
Q-Motor lift task, previous works have also indicated that
variability measures related better than averaged measures to
clinical measures [15, 33]. The picture is less clear here with
FRDA, as for the lift task, there does not seem to be a differ-
ence in model complexity and accuracy that would suggest
better suitability of variability measures. Future studies on Q-
Motor in FRDA should investigate the information content of
measures of variability compared to averaged measures.

Generally, in the present data, the lift task displayed inter-
esting characteristics. On the one hand, correlations with clin-
ical scores only suggest weak relationships, but contrary
modelling lift task measures from clinical data mainly leads
to low RMSE values in cross-validation, suggesting reason-
able model performance. Given the available model perfor-
mance metrics, the lift task seems sensitive to details of motor
function that cannot be covered with the administered clinical
tools. As from the data presented here such a conclusion can-
not be drawn, future research should aim to further sort out the

relationship of the Q-Motor lift task to clinical measures and
sensitivity to longitudinal change in FRDA.

For the pronate/supinate task, looking at the complexity of
models, the number of required predictors for the best fit is
lower than for the other two tasks and in many cases, it ap-
pears that the task response can be modelled well using
SCAFI scores. Particularly, the nine-hole peg test shows a
strong relationship to Q-Motor outcomes, especially from
the pronate/supinate task, as for some Q-Motor outcomes,
nine-hole peg test results are the sole predictor suggesting a
linear relationship between both measures. However, the
SCAFI in general is prominent across models. As the
SCAFI is particularly difficult to administer in severely affect-
ed patients especially given that FRDA leads to patients be-
comingwheelchair-boundwithin 10–15 years of disease onset
[14], the Q-Motor task might serve as an alternative here.
Considering the structure of predictors across Q-Motor mea-
sures, the 8-m walk task, which patients are often not able to
perform due to physical limitations, has less predictive quality
than the other two SCAFI subtasks, which are less constrained
in that regard. In fact, the present data set contains 9 cases in

Fig. 2 Relation between Q-Motor and clinical measures in patients. All
Q-Motor variables are shown together; thus, there are several points for
each subject in each panel (one for each Q-Motor measure). Regression
lines indicate the relation between clinical measures and averaged z-
transformed Q-Motor measures. The shade around each regression line

shows the 95% confidence interval. Panels are a for the activities of daily
living (ADL) questionnaire; b the Inventory of Non-Ataxia Signs (INAS)
count; c the Spinocerebellar Ataxia Functional Index (SCAFI) overall z-
score and d the Scale for the Assessment and Rating of Ataxia (SARA)
sum score
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Table 3 Generalised linear models in patients

Measure Unit Inter Gend F Age AgeO SARA INAS 8 mW 9HPT Pata ADL

Lift task (manumotography), dominant hand

Orientation-index °/s 2.20 − 0.03 − 0.03 0.13 − 0.81 − 0.28

Position-index cm/s 0.90 − 0.03 − 0.03 − 0.11 − 0.39

Grip force coeffvar % 2.07 − 0.03 − 0.10 0.48 − 0.63 − 0.70 0.09

Grip force N 1.61 − 0.34 0.03 − 0.11
Lift task (manumotography), non-dominant hand

Orientation-index °/s 2.48 0.50 − 0.04 − 0.05 − 0.64

Position-index cm/s 0.93 − 0.02 − 0.04 − 0.13 − 0.55

Grip force coeffvar % 2.35 − 0.03 − 0.03 − 0.55

Grip force N 1.36 0.03 0.08 − 0.16 0.07

Speeded finger tapping (digitomotography), dominant hand

Inter-tap-interval s − 2.04 0.15 0.01 − 0.01 0.04 − 0.35 − 0.11

Inter-tap-interval SD − 3.82 − 0.02 0.08 10−3

Inter-peak-interval s − 1.46 0.15 0.01 − 0.01 − 0.41 − 0.16 0.01

Inter-peak-interval SD − 3.84 0.29 0.03 − 0.72 − 0.12

Inter-onset-interval s − 1.46 0.16 0.01 − 0.01 − 0.41 − 0.16 0.01

Inter-onset-interval SD − 3.74 − 0.04 − 0.51 − 0.16
Tap-duration s − 2.33 0.18 0.01 − 0.36 − 0.13

Tap-duration SD − 3.96 − 0.03 − 0.36 − 0.05
Tap-force % 3.38 0.01 − 10−4 0.16 − 0.20

Frequency Hz 1.46 − 0.16 − 0.01 0.01 0.41 0.16 − 0.01

Speeded finger tapping (digitomotography), non-dominant hand

Inter-tap-interval s − 1.97 0.21 0.01 0.03 − 0.25 − 0.08
Inter-tap-interval SD − 3.76 0.02 − 0.32

Inter-peak-interval s − 1.37 0.20 0.01 0.01 − 0.24 − 0.15 0.01

Inter-peak-interval SD − 3.56 0.04 0.02 − 0.29
Inter-onset-interval s − 1.38 0.20 0.01 0.01 − 0.24 − 0.15 0.01

Inter-onset-interval SD − 3.45 − 0.02 − 0.04 − 0.39

Tap-duration s − 1.99 0.17 − 0.36 − 0.17

Tap-duration SD − 3.63 − 0.04 − 0.03 − 0.36

Tap-force % 3.63 0.14 − 0.05 − 0.08
Frequency Hz 1.38 − 0.20 − 0.01 − 0.01 0.24 0.15 − 0.01

Pronate/supinate task (dysdiadochomotography), dominant hand

Inter-tap-interval s − 1.04 0.02 − 0.51 − 0.02

Inter-tap-interval SD − 2.23 − 0.09 0.04 − 1.17

Inter-peak-interval s − 0.75 − 0.56

Inter-peak-interval SD − 2.27 − 0.06 − 0.11 − 1.10 − 0.27

Inter-onset-interval s − 0.75 − 0.56

Inter-onset-interval SD − 2.17 − 0.10 − 0.18 − 1.14 − 0.31

Tap-duration s − 1.92 − 0.02 0.03 0.01 − 0.94

Tap-duration SD − 3.17 − 0.10 − 0.79 − 0.26

Tap-force % 3.74 0.03 − 0.06 − 0.01
Frequency Hz 0.75 0.55

Pronate/supinate task (dysdiadochomotography), non-dominant hand

Inter-tap-interval s − 1.14 0.02 0.09 − 0.70 0.19

Inter-tap-interval SD − 2.42 − 0.01 − 0.59

Inter-peak-interval s − 0.60 − 0.02 − 0.73 0.02

Inter-peak-interval SD − 2.26 0.04 − 0.80

Inter-onset-interval s − 0.60 − 0.02 − 0.73 0.02
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which patients that completed the Q-Motor examination were
already wheelchair-bound, thus rendering the SCAFI 8 m
walk test impossible to be administered. This also raises the
question regarding further limitations of established clinical
instruments, especially for severely affected patients. In theo-
ry, there are no practical limits for the Q-Motor, but even this
task might become strenuous and difficult to administer in
severely affected patients. More research is needed to explore
those practical limits. With what is available now, the Q-
Motor seems to be promising with patients that are
wheelchair-bound but can still perform an upper limb motor
assessment.

In previous works on Huntington’s disease, it was re-
ported that performance in a pronate/supinate task is di-
rectly related to cerebellar volume [44]. In FRDA, early
neurodegeneration affects the spinal cord and especially
the dorsal root ganglia [4, 45, 46] and in later stages the
cerebellum [14, 47]. However, it has also been suggested
that the neuronal loss in the spinal cord and dorsal root
ganglia may reflect hypoplasia rather than progressive
neurodegeneration with only later cerebellar volume loss
reflecting true neurodegeneration [45]. Given the patterns
of neuronal loss involved in FRDA, an objective and
sensitive quantitative characterisation of this impairment
would provide a useful clinical tool, as such a measure is
not yet available outside of neuroimaging. Hence, the
relationship between Q-Motor task measures and
disease-specific neurodegeneration needs to be investi-
gated systematically in future imaging studies. In
Huntington’s disease, associations between worse perfor-
mance in Q-Motor and more pronounced neurodegenera-
tion based on imaging data were detected in a large co-
hort study [32, 48, 49].

Longitudinally, we found only few effects. This was the
case for grip force of the non-dominant hand in the lift task
as well as for the following measures of the pronate/supinate
task: inter-tap-interval of the non-dominant hand, inter-peak-
interval of the dominant hand and inter-onset-interval of the
dominant hand. As for changes in R2 measures comparing

models with and without a time-component, we found im-
provements in R2 where there was a significant effect. This
improvement ranged from marginal (R2 about 0.02) to mod-
erate (0.2). Generally, it seems reasonable to assume that some
measures will be more sensitive to longitudinal change than
others, but this needs to be addressed in future studies with a
larger follow-up sample. A measure being able to capture
more nuanced details of disease progression in FRDAwould
be desirable, but keeping inmind that FRDA progresses rather
slowly compared to other neurodegenerative disorders and
considering the small sample size in the present work, the
absence of time effects for most measures is reasonable and
not unexpected. While there were only few longitudinal ef-
fects in Q-Motor outcomes, no significant deterioration was
observed in clinical scores. The observed improvement from
baseline to follow-up for the SARA is unusual in contrast to
previous research showing a decline by about 1 score per year
[7] and likely reflects an artefact due to the small sample size,
as there is one patient with an exceptionally large improve-
ment between both timepoints (see above for details). We
think that we can rule out methodological issues as the instru-
ment was administered by the same set of trained profes-
sionals in both baseline and follow-up and care is taken for
standardisation of data gathering and entry. Overall, research
evaluating a longer time period and critically also including a
larger sample should be able to shed further light on progres-
sion characteristics of Q-Motor tasks in FRDA. For compari-
son, in Huntington’s disease, progression of Q-Motor changes
was detectable after 1 year in symptomatic patients and ob-
served over 3 years even in premanifest gene carriers without
overt clinical symptoms [16, 50].

An important aspect to consider in clinical development for
FRDA may be the recent observation that Q-Motor measures,
which are rater-independent, may lack placebo effects in
randomised placebo-controlled clinical trials and exhibit
higher sensitivity when compared to clinical scales [17].
This was first seen in a small phase IIa study [51] and now
confirmed in three large multicentre clinical trials in
Huntington’s disease, PRIDE-HD (EUDRAC-CT 2013-

Table 3 (continued)

Measure Unit Inter Gend F Age AgeO SARA INAS 8 mW 9HPT Pata ADL

Inter-onset-interval SD − 1.97 − 0.08 − 0.04 − 0.95

Tap-duration s − 1.73 0.20 − 0.63

Tap-duration SD − 2.38 0.34 − 0.60 − 0.01 − 0.09

Tap-force % 3.80 − 0.14 − 0.01 0.01

Frequency Hz 0.60 0.02 0.72 − 0.02

For each log-transformed Q-Motor measure, the estimates of each predictor are given. If a predictor was not included in the best fitting model, no value is
given. Italic indicates p ≤ .05. Abbreviations: Inter, intercept; Gend F, gender female; AgeO, age of onset; Var, variation. 8mW, 9HPT and Pata are the
respective SCAFI subtasks
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Fig. 3 Visualisation of the
predictor structure of best fitting
GLM. Blue tiles indicate positive
weight, grey tiles indicate
negative weight. Dark hues
denote p ≤ .05, light hues denote
p > .05 and the absence of a tile
shows that the specific predictor
was not included in the best fitting
model
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001888-23) [52], AMARYLLIS (EUDRAC-CT 2014-
001291-56, Reilmann pers. Comm.) and LEGATO-HD
(EUDRAC-CT 2014-000418-75, Reilmann pers. Comm).

As argued above, one major limitation of our study is the
small sample of patients included, whereby it was not possible
to split the data into training and validation samples for model
building and testing, respectively. The even smaller amount of
available data should also be taken into consideration when
interpreting longitudinal modelling results and due to the
small amount of controls in the follow-up, we did refrain
entirely from longitudinal analysis within this group. For fu-
ture Q-Motor examinations, the model equations provided
here should be applied to a subject’s data before the Q-
Motor data analysis is done to verify their quality. Further,
modelling omitted interactions entirely due to the danger of
overfitting and the small set of input data available.

Conclusions

In summary, the present paper provides first insights into po-
tential value of the Q-Motor assessment for clinical character-
isation of FRDA. However, further properly powered studies
are needed to explore the possible benefit of rater-independent
quantitative measures compared to categorical rating scales,
which may be influenced by examiner bias. Our Q-Motor
results encourage such studies as quantitative tools may in-
crease the sensitivity of subject characterisation in future
FRDA studies.
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