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Abstract

Individuals with fragile X mental retardation 1 (FMRI) gene premutations are at increased risk for fragile X-associated
tremor/ataxia syndrome (FXTAS) during aging. However, it is unknown whether older FMR1 premutation carriers, with or
without FXTAS, exhibit functional motor control deficits compared with healthy individuals. The purpose of this study, there-
fore, was to determine whether older FMRI premutation carriers exhibit impaired ability to perform functional motor tasks.
Eight FMRI premutation carriers (age: 58.88 +8.36 years) and eight age- and sex-matched healthy individuals (60.13 +9.25
years) performed (1) a steady isometric force control task with the index finger at 20% of their maximum voluntary con-
traction (MVC) and; (2) a single-step task. During the finger abduction task, firing rate of multiple motor units of the first
dorsal interosseous (FDI) muscle was recorded. Compared with healthy controls, FMR1 premutation carriers exhibited (1)
greater force variability (coefficient of variation of force) during isometric force (1.48 +1.02 vs. 0.63 +0.37%; P=0.04);
(2) reduced firing rate of multiple motor units during steady force, and; (3) reduced velocity of their weight transfer during
stepping (156.62 +26.24 vs. 191.86 +18.83 cm/s; P=0.01). These findings suggest that older FMRI premutation carriers
exhibit functional motor control deficits that reflect either subclinical issues associated with premutations independent of
FXTAS, or prodromal markers of the development of FXTAS.
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Introduction

Individuals with fragile X mental retardation 1 (FMRI)
gene premutations, defined as having 55-200 CGG repeats
at the 5" untranslated region of the FMRI gene, are at risk
for fragile X-associated tremor/ataxia syndrome (FXTAS),
a neurodegenerative disorder with a median age of onset
of approximately 60 years (Hagerman and Hagerman 2004;
Leehey et al. 2008). 45% of male and 16% of female carri-
ers > 50 years develop FXTAS, with penetrance increasing
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with age (Rodriguez-Revenga et al. 2009). FXTAS is char-
acterized by loss of motor coordination, intention tremor,
and cognitive and psychiatric issues in addition to periph-
eral neuropathy (Hagerman and Hagerman 2004; Jacque-
mont et al. 2004b; Hall and O’keefe 2012). However, little
is known about whether older FMRI premutation carriers,
with or without FXTAS, exhibit functional motor control
deficits compared with healthy individuals. Here, we aim to
understand whether FMR1 premutation carriers exhibit an
impaired ability to perform functional motor control tasks.
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Pathology associated with FMR1 premutations is thought
to be the consequence of high levels of FMRI mRNA seen
with increased numbers of CGG repeats (Diener et al. 1984;
Wang et al. 2004; Hocking et al. 2017; Hagerman et al. 2018;
Zalfa et al. 2003). FMRI premutations contribute to multiple
subclinical neurodevelopmental issues, including mild intel-
lectual disability, social deficits, and increased rates of learn-
ing disabilities (Kenneson et al. 2001). FMRI premutations
also are associated with sensorimotor issues, though sensori-
motor dysfunctions are believed to occur primarily after the
onset of FXTAS (Jacquemont et al. 2004b). About one-third
of individuals with FMRI premutations develop FXTAS and
associated cortical-cerebellar and movement deterioration
during aging (Brunberg et al. 2002). However, it is unknown
whether older individuals with FMRI premutations who do
not have FXTAS also exhibit functional motor control defi-
cits, though they exhibit more severe tremors than healthy
aging adults (Brown et al. 2018).

Force control is essential in many activities of daily liv-
ing (Darling et al. 1988; Kornatz et al. 2005; Diermayr et al.
2011). It can be quantified with force variability, or the unin-
tentional variation in the output of voluntary contractions
(Christou 2011). The functional significance of variability in
force output is that it is related to reduced stability of move-
ment during everyday activities such as walking (Nakamura
et al. 1996; Schniepp et al. 2014). For instance, greater pos-
tural variability is associated with an increased risk of falls
in both healthy older individuals and individuals with neu-
rodegenerative conditions (Nakamura et al. 1996; Kouzaki
and Masani 2012; Schniepp et al. 2014). We recently dem-
onstrated that older individuals with FMRI premutations
show greater variability of their center of pressure (COP)
during standing (Wang et al. 2019), though force variability
during precision motor behaviors and its relation to gross
motor behaviors in older FMRI premutation carriers have
not been examined.

The physiological processes associated with motor
behavior in aging premutation carriers also are not well
understood. Motor units are the final common pathway of
the central voluntary command to the muscle, and char-
acteristics of motor unit discharge rates are the primary
factors that affect force variability (Enoka and Fugle-
vand 2001). For instance, lower motor unit discharge rate
contributes to increased force variability in younger and
older adults (Roos et al. 1997; Enoka et al. 2003; Tracy
et al. 2005; Park et al. 2016). There also is evidence that
force variability is strongly related to the modulation of
multiple motor units in healthy individuals (Farina et al.
2002; Shinohara 2011; Onushko et al. 2013; Moon et al.
2014; Park et al. 2016) and individuals with neurological
disorders (Wang et al. 2017b). Interestingly, motor unit
discharge rates have been associated with clinically rated
deficits in individuals with neurological diseases (Wang
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et al. 2017b). In this study, we examined the activation
of multiple motor units during steady force contractions
to understand underlying neuromuscular mechanisms of
force variability in older FMRI premutation carriers.
The goals of this study were to determine whether older
FMR]I premutation carriers, with or without FXTAS,
exhibit impaired force control relative to healthy controls,
and whether force control abilities were associated with
movement control during stepping. We tested the follow-
ing two hypotheses: (1) force variability in individuals
with FMRI premutations is greater than that in healthy
controls and (2) greater force variability in FMRI pre-
mutation carriers is associated with atypical movement
control during stepping. We also aimed to determine neu-
romuscular processes associated with force variability
in FMRI premutation carriers. We predicted that greater
force variability in premutation carriers would be associ-
ated with reduced discharge rate of multiple motor units.

Materials and methods
Participants

Eight FMRI premutation carriers (age: 58.88 +9.25
years) and eight age- and sex-matched healthy individuals
(60.13 +9.25 years) volunteered for this study (Table 1).
FMRI1 premutation carriers were recruited through our
fragile X clinics. During an initial screening interview,
none of the premutation carriers reported any clinical
issues associated with FXTAS including memory loss,
kinetic tremor, gait ataxia, or postural instability. Both
FMR]I premutation carriers and control participants
reported no limb orthopedic surgery within the past year,
neurological, neurodegenerative, or musculoskeletal
disorder, or a history of medications that could poten-
tially affect motor control (Reilly et al. 2008). The local
IRB approved all procedures and all participants signed
informed consent.

Table 1 Demographic and clinical characteristics of FMRI gene pre-
mutation carriers and healthy control participants

Premutation Controls (n=8) F )4
carriers (n=38)
Age in years?® 59 (8) 60 (9) 0.08 0.78
% Male 50% 50% - 1.00°
Full-scale IQ* 103 (7) 111 (9) 4.61  0.05

“Represents mean (SD)

Chi square statistics
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Genetic and neurological characterization

FMRI CGG repeat length was quantified for all premuta-
tion carriers (Table 2). Molecular testing was conducted
at Dr. Berry-Kravis’ Molecular Diagnostic Laboratory at
Rush University. Genomic DNA was isolated from periph-
eral blood leukocytes samples. The FMRI polymerase chain
reaction (PCR) test with quantification of allele-specific
CGG repeat length was performed using commercially avail-
able kits (Asuragen, Inc., Austin, TX, USA).

FMRI premutation carriers underwent a T2-weighted
MRI scan (repetition time =6350 ms; echo time =100 ms;
flip angle = 120°; field of view =256 X 156 X256 mm?>; 78
axial slices; voxel size=1X2 X2 mm; no gap) to test for
the presence of hyperintensities within the middle cerebel-
lar peduncle (i.e., the MCP sign), cerebral atrophy or other
cerebral or cerebellar-brainstem alterations associated with
FXTAS (Jacquemont et al. 2003; Shelton et al. 2017; Wang
et al. 2017a). T2-weighted scans were analyzed by a trained
neuroradiologist with expertise in diseases of aging.

FMRI premutation carriers completed a structured neuro-
logical exam administered by a neurologist with expertise in
ataxia and movement disorders in aging. This exam included
evaluations of movement and gait as well as administra-
tion of the International Cooperative Ataxia Rating Scale
(ICARS) (Schmitz-Hiibsch et al. 2006). The ICARS is com-
prised of 19 sections examining postural and gait distur-
bances, ataxia, dysarthria and oculomotor functions. Higher
scores indicate more severe neuromotor issues. The ICARS
has been validated previously for diagnosis in patients with
focal cerebellar lesions (Schoch et al. 2007) and Friedreich’s
ataxia (Schmitz-Hiibsch et al. 2006).

Experimental protocol

In addition to clinical and genetic testing, all participants
performed (1) a steady isometric force control task with
the index finger at 20% MVC during which surface EMG
recordings were acquired and (2) a single-step initiation task
with two adjacent and synchronized AMTI force platforms.
The experimental session lasted ~ 1.5 h. Before the experi-
mental session, we familiarized participants with the tasks
and asked them to perform practice trials.

Experimental arrangement
Force control task

Participants sat on a chair in a darkened room facing a
27-inch Dell LCD monitor (Dell Inc., Dallas, TX, USA;
resolution: 1920 x 1080; refresh rate: 120 Hz) located 0.6 m
away at eye level. The monitor displayed lines representing
the target force and the force produced by the index fin-
ger abduction (Fig. 1a). All participants affirmed that they
could see the display clearly. The shoulder of the participant
was abducted at ~45° with ~90° elbow flexion. The forearm
rested on a customized arm brace. The dominant hand rested
on a custom hand device with an adjustable plate and the
middle, ring, and little digits secured (Fig. 1a). This arrange-
ment allowed only isometric abduction of the index finger,
which was produced primarily by the contraction of the
first dorsal interosseous (FDI) muscle (Chao 1989; Li et al.
2003). Participants performed (1) a maximal voluntary con-
traction (MVC) task and (2) an isometric force task. Detailed
information about these tasks is as follows.

Table 2 Clinical and radiological features for each FMRI premutation carrier

ID  Clinical findings Radiological findings Speech  Kinetic  Oculomotor  Posture/gait Total CGG repeats
1% Kinetic tremor, mild cer- ns 0 2 0 5 7 99
ebellar features
2% Kinetic tremor, gait ataxia ~MCP sign, generalized WM 1 2 2 7 12 85
lesion, cerebral atrophy (type
3)
3* ns ns 0 0 1 3 4 60
4> Kinetic tremor ns 0 0 0 2 2 63
5% Kinetic tremor, gait ataxia ~ Cerebral atrophy (type 1) 0 1 0 4 5 81
6 Kinetic tremor Cerebral WM hyperintensity 0 1 0 1 2 62
7*b  Kinetic tremor, gait ataxia  Did not receive MRI 0 3 0 5 8 58
8 ns Cerebral WM hyperintensity 0 0 0 1 1 68

Total: total score for speech, kinetic, oculomotor, and posture/gait

ns no significant findings, MCP middle cerebellar peduncle, WM white matter

4Showed clinical/radiological indications of possible, probable, or definite FXTAS

"Male participants
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Fig. 1 Schematic of the experi- a
mental set-up for the force

control and step initiation tasks.

a Force control task. Par-

ticipants performed isometric
contractions with their index

finger. The solid black line rep-

resents the force exerted by the
participant, whereas the solid

gray line represents the target

force. We isolated the partici-

pants’ middle, ring, and little

finger to allow only abduction

of the index finger. We recorded

the force output and muscle

activity from the FDI muscle.

b Step initiation task. Partici- pd
pants stepped forward with their
right or left foot from one force
platform to the second force
platform at a comfortable speed
and distance. We recorded COP
data to calculate the step length,
duration, and velocity

20% MVC -

5s

U

)

Force
Sensor

MVC task Prior to the isometric force task, we measured
each participant’s index finger MVC for their dominant
hand. During the MVC task, participants increased their
index finger force from baseline to their maximum and then
maintained the maximal force for~5 s. Participants com-
pleted three trials with 1-min rest between trials.

Isometric force task The goal of the force control task was to
trace a target with the force output of index finger abduction
(Fig. 1a). The target force for each participant was normal-
ized to 20% of his or her MVC value. The visual feedback
displayed on the monitor was the participant’s force (rep-
resented by solid gray line in Fig. 1a) relative to the target
(represented by solid black line in Fig. 1a). We instructed
participants to gradually increase their force to match the
target force within 2 s and maintain their force on the target
(20% MVC) as accurately and as consistently as possible
for 17 s. Participants performed three trials. The rest time
between each trial was 1 min.

Force measurement The abduction force of the index fin-
ger was recorded with a one-dimensional force transducer
(100 1b Miniature Beam Load Cell, Interface Inc., PA,
USA), which was installed on the hand plate (Fig. 1a). The
force signal was sampled at 20 kHz with the Bagnoli-16
SEMG System (Delsys, Inc., Boston, MA, USA).

Motor unit recording To determine the modulation of the
motor neuron pool, we used the Delsys decomposition sys-
tem that could identify and record the action potentials from
multiple motor units using a specialized surface EMG elec-
trode (dEMG; Delsys, Boston, MA, USA). The dEMG is
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made up of five pins (0.5 mm diameter; Fig. 1a) and records
four surface EMG signals. The EMG signals were sampled
at 20 kHz and stored on a computer. The EMG signals were
then decomposed into single-motor unit action potentials
using the Delsys decomposition algorithm, which has been
shown to be reliable during isometric contractions (Nawab
et al. 2010).

Single-step initiation task

Participants completed trials during which they took one
full step forward from one force platform to an adjacent
force platform (Fig. 1b). Data collection started by request-
ing participants to stand side-by-side on the posterior force
platform. After 3-5 s of quiet stance, individuals received
an auditory cue of either “right” or “left” to prompt them
to lead the step with their right or left foot. Individuals then
stepped forward onto the anterior force platform at a com-
fortable speed and magnitude. To finish the trial, partici-
pants needed to have both feet resting on the anterior plate
in a side-by-side foot position for three additional seconds.
The direction of the auditory cue was randomized across
trials, and the timing was randomly presented within 3-5 s
after the experimenter confirmed that the participant was
neutrally standing on the posterior platform. Three success-
ful trials were collected for each participant. Each trial was
followed by 10 s of rest. To characterize stepping behavior,
we focused on the transition period beginning with the heel
strike of the lead leg on the anterior platform and ending
with the lifting of the toe of the trail leg from the poste-
rior force platform. This transition phase was examined to
determine the rate at which individuals propel their body
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movement in the AP direction during stepping (Gantchev
et al. 1996; Burleigh-Jacobs et al. 1997).

Data analysis

We analyzed data using custom-written programs in
MATLAB.

Force variability

Force data were analyzed over a segment of 8 s (11-19 s) in
the middle of each 17-s trial. Variability was quantified as
the coefficient variation (CV) of force, which is calculated
by dividing the standard deviation of the time series by the
mean force output. CV was measured using the detrended
force signal. Detrending the force signal removes the linear
trend from the force output and eliminates any drift (i.e., as
a participant fatigues over the course of a trial), which could
influence the quantification of force variability.

EMG signal decomposition

EMG data were analyzed over a segment of 8 s (11-19 s) in
the middle of each 17 s trial. The dEMG electrode recorded
four surface EMG signals that were decomposed into action
potentials of single-motor units using the dEMG decom-
position algorithm (Nawab et al. 2010). The outcome of
this algorithm provided motor unit trains that included: (1)
the number of motor units; (2) the action potential shapes
of each identified motor unit; and (3) the firing instances
(spikes) of action potentials of each identified motor unit.
This outcome was validated (95% accuracy) using the
decompose—synthesize—decompose—compare test (Nawab
et al. 2010). Detailed information of the algorithm is
described elsewhere (Nawab et al. 2010).

Motor unit selection

We selected five motor units to normalize the number of
motor units that would be compared across individuals (Park
et al. 2016). The number of spikes, which relates to the num-
ber of motor units recorded, influences the quantification of
parameters of interest (e.g., mean discharge rate). Therefore,
from each trial the following five recorded motor units were
selected: (1) the first recruited motor unit (MU1), which
represents the smallest motor unit in the pool; (2) the last
recruited motor unit (MUS5), which represents the largest
motor unit in the pool; (3) the motor unit recruited in the
middle of the pool (MU3, middle between MU1 and MUS),
which represents the average motor unit recruited during
the task; (4) the motor unit in the middle between MU1 and
MU3 (MU?2), which represents the lower threshold motor
units; and (5) the motor unit in the middle between MU3 and

MUS (MU4), which represents the higher threshold motor
units. The selection of these five motor units was essential
because the number of motor units recorded varies randomly
with trial. Thus, selecting five motor units is an essential
methodological adjustment to compare the motor neuron
pool activity across trials and populations.

Mean discharge rate of multiple motor units

The mean discharge rate of multiple motor units (motor neu-
ron pool) was quantified from the selected five motor units.
The mean discharge rate was quantified as the average of
the inter-spike interval, which reflects the time between two
consecutive spikes.

COP velocity during the transition phase of stepping

All kinetic data were down sampled to 100 Hz and low pass
filtered using a fourth-order double-pass Butterworth filter
with a cut-off frequency of 6 Hz. The COP time series for
each force platform were derived from force and moment
data consistent with prior studies (Winter 1995). The net
COP time series in the AP direction were derived from
COPs and the vertical ground reaction force (vGRF) of both
plates (Winter 1995; Wang et al. 2012). The “body weight
transfer” phase was examined and defined as the interval
between the first heel strike of the lead leg on the anterior
force plate and the lifting of the toe of the trail leg off of the
posterior plate. The heel strike of individuals’ stepping leg
was marked as the time point at which vGRF of the anterior
plate first exceeded and remained above zero for >0.2 s. The
lifting of the toe of the trail leg was marked as the time point
at which vGRF of the posterior (starting) plate dropped to
and remained at zero for >0.2 s. To determine the maximum
velocity of the body weight transfer, the first derivative of
the net COP, time series was examined and the maximum
value was selected. Therefore, peak velocity was analyzed to
determine the rate at which individuals could shift their body
weight during stepping movements that often are compro-
mised in patients with ataxia (Burleigh-Jacobs et al. 1997;
Fernandez et al. 2013).

Statistical analysis

We used an independent ¢ test to compare CV of force, mean
discharge rate of multiple motor units, and COP velocity
between the FMRI premutation and control groups. We used
linear regression models to determine the following: (1) the
association between the CV of force and mean discharge rate
of multiple motor units; and (2) the association between the
CV of force/mean discharge rate of multiple motor units and
COP velocity during stepping transition. The goodness-of-fit
of the model was given by the squared multiple correlations

@ Springer



2274

Experimental Brain Research (2019) 237:2269-2278

(R?), Durbin—Watson statistic (DW), and part correlation
coefficients that demonstrate the unique contribution of each
predictor to the criterion variable. Analyses were performed
with the IBM SPSS Statistics 25.0 statistical package (IBM
Corp., Armonk, NY, USA). The alpha level for all statistical
tests was set at 0.05 after Bonferroni correction. Data are
reported as mean + SD in the text and mean + standard error
of the mean in the figures.
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Fig.2 Force control and motor unit activity. a FMRI premutation
carriers exhibited greater force variability during steady force con-
tractions compared with healthy controls (P=0.04). b FMRI premu-

Results
Motor control and motor unit activity

FMRI premutation carriers showed greater force variabil-
ity (1.79+1.36 vs. 0.66 £0.36%; t=2.26, P=0.04; Fig. 2a)
and a lower mean discharge rate of multiple motor units
(92.72+11.40 vs. 125.49+19.91%; t=— 4.04, P=0.001;
Fig. 2b) during index finger force contractions compared
with healthy controls. Greater force variability was asso-
ciated with reduced mean discharge rate of multiple
motor units across all participants (R”=0.50, DW =0.85,
P=0.002; Fig. 3a). Force variability (1.82 +1.33 vs.

~ 150
<
[
a2 T
s
*
s 100 -
]
©
14
[
2
®© 50 4
K=
Q
2
[a)
c
3
s 0- T
FMR1 Control

tation carriers exhibited lower mean discharge rates of multiple motor
units compared with healthy controls (P=0.001)
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Fig.3 Correlation between force control and motor unit activity. a
Greater force variability was significantly related to lower mean dis-
charge rates of multiple motor units (R?=0.50, P=0.002). b There
was no significant difference in force variability between FMRI pre-
mutation carriers with FXTAS (+) and those without FXTAS (-)
(P=0.96). Difference in force variability between FMRI premuta-
tion carriers with FXTAS (+) and controls was significant (P =0.04)
and that between FMRI premutation carriers without FXTAS (-)
showed a certain trend toward significance (P=0.08). ¢ There was
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no significant difference in motor unit discharge rate between FMRI
premutation carriers with FXTAS (+) and those without FXTAS (-)
(P=0.90). Difference in motor unit discharge rate between FMRI
premutation carriers with FXTAS (+) and controls (P=0.02) and
between FMRI premutation carriers without FXTAS (-) and controls
(P=0.01) was significant. Asterisk indicates significant difference
between the groups (P <0.05). Ash indicates a significance level of
0.08



Experimental Brain Research (2019) 237:2269-2278

2275

1.76 £ 1.59%; t=— 0.05, P=0.96; Fig. 3b) and mean dis-
charge rate (92.17 +£15.72 vs. 93.28 +7.42%; t=— 0.13,
P =0.90; Fig. 3c) were not significantly different between
FMRI premutation carriers with FXTAS and those with-
out FXTAS. Difference in force variability between FMRI
premutation carriers with FXTAS and healthy controls was
significant (f=2.38, P=0.04) and that between FMRI pre-
mutation carriers without FXTAS and healthy controls was
at the margin of statistical significance (=1.94, P=0.08).
Mean discharge rate was significantly different between
FMRI premutation carriers with FXTAS and healthy con-
trols (r=— 2.90, P=0.02) and between FMRI premutation
carriers without FXTAS and healthy controls (r=— 3.07,
P=0.01). Force variability was greater in older premutation
carriers (r=0.50, P=0.21), and mean discharge rate was
lower in older carriers (r=— 0.56, P=0.15), though neither
of these relationships were significant.

Single-step initiation task

FMRI premutation carriers exhibited reduced velocity of
their body weight transfer during stepping compared with
healthy controls (156.62 +26.24 vs. 191.86 + 18.83 cm/s;
P2.95, P=0.01; Fig. 4a). Body weight transfer velocity
was not significantly different between FMRI premuta-
tion carriers with FXTAS and those without FXTAS
(152.85+25.12 vs. 160.40+30.61 cm/s; t=— 0.38,
P=0.72; Fig. 4b). Difference in body weight trans-
fer velocity between FMRI premutation carriers with
FXTAS and healthy controls was significant (t=— 2.95,
P=0.02) and that between FMR] premutation carriers
without FXTAS and healthy controls approached signifi-
cance (t=— 2.14, P=0.06). There were no significant

240 1

180 - *
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60 -

Body Weight Transfer Velocity (cm/s)

FMR1 Control

Fig.4 COP velocity during the transition phase of stepping. a FMR]
premutation carriers exhibited lower COP velocity during the transi-
tion phase of stepping compared with healthy controls (P=0.01).
b There was no significant difference in stepping COP velocity
between FMRI premutation carriers with FXTAS (4) and those
without FXTAS (-) (P=0.72). Difference in stepping COP velocity

correlations between force variability (P =0.67) or motor
unit properties (P =0.72) and body weight transfer veloc-
ity during stepping. None of our motor control measures
were associated with CGG repeat length (CV of force:
P =0.82; mean discharge rate: P=0.90) or ICARS scores
(CV of force: P=0.57; mean discharge rate: P=0.49).
Body weight transfer velocity was not significantly cor-
related with age (r=— 0.20, P=0.64). However, subtle
effects of age may be present due to limited power (rela-
tively smaller samples).

Discussion

In this study, we aimed to determine whether older FMR1
premutation carriers exhibit impaired force control dur-
ing finger abduction and during stepping compared with
healthy individuals. We found that finger force variability
was greater in FMR1 premutation carriers than in healthy
controls and was not associated with ICARS scores sug-
gesting that motor issues are present in older premutation
carriers regardless of the degree to which they demonstrate
clinical features of FXTAS. FMRI premutation carriers
also exhibited reduced COP velocity during stepping com-
pared with healthy controls indicating that multiple motor
systems are impacted during aging in premutation carriers.
These results provide novel evidence that older individu-
als with FMRI premutations exhibit impaired functional
motor control abilities regardless of whether clinical or
radiological signs of FXTAS are present and independent
of CGG repeat length.
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between FMRI premutation carriers with FXTAS (+) and controls
was significant (P=0.02) and that between FMRI premutation car-
riers without FXTAS (-) showed a certain trend toward significance
(P=0.06). Asterisk indicates significant difference between the
groups (P <0.05). Ash indicates a significance level of 0.06
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Force control in FMR1 premutation carriers

A major finding in this study was that individuals with
FMRI premutations exhibited greater finger abduction force
variability compared with healthy individuals. These results
provide new quantitative data indicating that sensorimotor
processes are affected in older premutation carriers. In the
context of our finding that force control is not associated
with ICARS scores, these results also suggest that functional
deficits of force control emerge independent of the pres-
ence of clinical signs of FXTAS. This hypothesis is further
supported by our finding that force control and CGG repeat
length were not associated with premutation carriers despite
increased CGG repeat length conferring greater risk sus-
ceptibility for FXTAS (Tassone et al. 2007). Few known
studies have examined force control in older FMRI pre-
mutation carriers, though subclinical cognitive issues have
been documented in older premutation carriers (Hagerman
2002). Our finding that FMR1 premutations are associated
with deficits in steady force control during aging indicates
that sensorimotor systems also are disrupted and they may
deteriorate regardless of the presence of FXTAS. Our find-
ings also indicate that reduced force control may serve as an
important indicator of FXTAS prior to the disease process
becoming clinically detectable. It is possible that motor con-
trol differences between FMRI premutation carriers with
FXTAS and those without FXTAS are evident, but that they
were not detected based on our relatively smaller sample.
In the context of the significant sensorimotor and clinical
heterogeneity of FXTAS, larger studies of aging premuta-
tion carriers are needed to determine the extent to which
our measures may represent general or more disease-specific
markers in FMRI premutation carriers.

Our finding of increased force variability in premuta-
tion carriers raises the important question of what are the
underlying central and peripheral mechanisms contributing
to greater force variability in FMRI premutation carriers.
Force variability may be greater in FMRI premutation car-
riers because the motor command that activates the mus-
cle may be different. Our results demonstrate that FMR]
premutation carriers exhibit greater force variability likely
because the mean discharge rate of multiple motor units
is slower compared with healthy controls (Onushko et al.
2013; Park et al. 2016), as demonstrated in Fig. 2. The sig-
nificance of a slower discharge rate of motor units is that it
makes signals less deterministic (Person and Kudina 1972;
Matthews 1996; Vaillancourt et al. 2002), which increases
force variability (Taylor et al. 2003; Park et al. 2016). Our
results showing a strong relationship between reduced mul-
tiple motor unit discharge rate and greater force variability is
consistent with prior findings on healthy adults and indicates
that greater force variability in FMRI premutation carriers
reflects a less deterministic motor unit signal implicating
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altered central-to-peripheral mechanisms of force control
(Figs. 2 and 3). The altered characteristics of motor unit
discharge rate in FMRI premutation carriers could be clini-
cally important as a target for therapies aimed at addressing
deterioration of motor control in aging premutation carriers,
and potentially as a sensitive marker of degeneration.

Single-step initiation in FMR1 premutation carriers

Another important finding was that, independent of ICARS-
rated features and CGG repeat length, individuals with
FMRI premutation alleles exhibited impaired performance
during single-step initiation. Specifically, FMRI premuta-
tion carriers showed reduced velocity of their body weight
transfer during the transition phase of walking. While prior
studies have indicated that gait disturbances are evident in
patients with FXTAS (Brunberg et al. 2002; Jacquemont
et al. 20044, b; Ziihlke et al. 2004), we demonstrate that step-
ping issues are associated with aging in premutation carriers
prior to or independent of FXTAS. Longitudinal studies are
needed to determine whether these measures of stepping
may reflect prodromal indicators of FXTAS.

One of the interests of this study was to determine
whether altered force control properties (force control or
motor unit activity) relate to impaired stepping perfor-
mance. However, we did not find any significant associa-
tion between reduced ability to control force variability and
stepping issues in premutation carriers or controls. These
findings suggest that individuals use different muscles and
different control mechanisms to support manual motor force
control and stepping performance, and that these distinct
mechanisms each are affected in older premutation carri-
ers. For instance, our index finger force control task simply
required a single-dimensional control of force because the
arrangement of the task (see the method section) allowed
only abduction of the index finger, which was produced pri-
marily by the FDI muscle contraction (Chao 1989; Li et al.
2003). However, relative to the force control task, stepping
performance requires more complex control mechanisms
involving the coordination of multiple distinct joints and
muscles as well as the integration of distinct sensorimotor
processes, including anticipatory postural adjustments and
sensory feedback guided adjustments (Duysens et al. 2000).
Our findings indicate that central motor commands or mul-
tiple motor unit mechanisms controlling single-dimensional
force control are disrupted in FMRI. Further, the coordina-
tion of distinct motor control processes that are required for
more complex gross motor tasks such as stepping also is
compromised. These distinct motor control processes appear
to be independently affected, suggesting that FMRI premu-
tations contribute to the deterioration of multiple motor con-
trol systems during aging.
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Limitations

Our participants were limited to middle-aged and older
adults. Thus, it is not clear whether our findings extend to
younger premutation carriers. The small sample size and
cross-sectional design limit our ability to determine if any
participants have gone on to develop FXTAS. Larger cohort
longitudinal studies are needed to assess the value of func-
tional motor control measurements for prognosis and disease
tracking. Since both penetrance and severity of FXTAS are
lower in women carriers, studies of sex effects on functional
motor abilities in aging premutation carriers are warranted.

Conclusion

In summary, we provide novel evidence that individuals
with FMRI premutations exhibit deficits in force control
and stepping. To our knowledge, the findings from this study
present the first evidence that older FMRI gene premutation
carriers, with or without FXTAS, exhibit impaired abilities
to perform functional motor control tasks.
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