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Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neurodegenerative disorder
caused by a premutation (PM) of the FMR1 gene on the X chromosome. FXTAS
is characterized by intention tremor, ataxia, and cognitive decline. Age-related
cognitive-behavioral and sensorimotor (i.e., balance and gait) abnormalities are
also present in PM carriers who do not develop FXTAS. Digital biomarkers of
gait and balance have been proposed to be promising markers in characterizing
prodromal changes in FXTAS (i.e., preFXTAS) and identifying age-related changes
in the FMR1 phenotype in those who do not develop FXTAS. In this mini-review,
gait and balance findings in PM carriers are reviewed to highlight potential future
applications. Variability measures of gait and postural sway reveal measurable
impairments in individuals with FXTAS, particularly under conditions challenging
sensory integration or assessing cognitive-motor interactions. However, there
are limited studies quantifying these domains in FMR1 PM carriers without FXTAS,
and there is significant variability in the patient populations assessed (i.e., differing
ages, relative lack of information in females) thus restricting conclusions about
the progression of balance and gait in FXTAS and possible prodromal markers.
Future research should prioritize longitudinal tracking of gait and balance in PM
carriers, along with potential cognitive interactions and the characterization of
sensory contributions to postural control. This mini-review aims to synthesize
current findings on digital balance and gait biomarkers in FMR1 premutation
carriers and to explore their potential utility for early FXTAS detection.
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Introduction

The fragile X messenger ribonucleoprotein 1 (FMRI) gene is essential for healthy neural
development, synaptic plasticity, and nervous system function. In those with a premutation
(PM) expansion of CGG repeats on the FMRI gene (i.e.,55-200 CGG repeats), approximately
40% of male PM carriers and 16% of females over the age of 50 will develop Fragile
X-associated tremor/ataxia syndrome (FXTAS) (Jacquemont et al., 2004). In PM carriers
without diagnosed FXTAS, age-related sensorimotor impairments can occur, including
increased reports of imbalance (Chonchaiya et al.,, 2010; Narcisa et al., 2011) and declines in
balance and gait performance (Liani et al., 2025; O'Keefe et al., 2015; Timm et al., 2024).
However, there is limited information if these balance and gait deficits represent prodromal
markers of FXTAS (i.e., preFXTAS) or whether these are part of the broader age-related PM
phenotypic spectrum.
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Cerebellar degeneration and ataxia are hallmarks of FXTAS
(Hashimoto et al., 2011b; Cohen et al., 2006; Wang et al., 2017), and
currently, the main methods of gait assessment in clinical settings rely
on subjective rating scales. These rating scales are based on examiner
qualitative ratings (e.g., Berg Balance Scale) and have consistently
identified significant impairment in adults with FXTAS (Timm et al.,
2024; O’Keefe et al., 2016; O’Keefe et al., 2021; O’Keefe et al., 2018;
O’Keefe et al., 2015). However, there is evidence that clinical
assessment scales may underestimate the progression in cerebellar
ataxias and severity of gait abnormalities (Schniepp et al., 2016), thus,
may be insensitive to preFXTAS or more subtle age-related changes
that occur in FMRI PM carriers without overt ataxia. In other related
degenerative ataxias, quantitative markers of balance and gait are
sensitive to pre-ataxic disease stages and disease progression (Milne
etal,, 2018; Buckley et al., 2018; Ilg et al., 2007; Marquer et al., 2014).
Yet there are currently only a relatively small number of studies that
have quantified digital biomarkers of gait and balance in PM carriers,
both with and without FXTAS. In addition to cerebellar atrophy,
FMRI1 PM carriers also display widespread cortical degeneration, thus,
there are likely unique features to sensorimotor (i.e., balance and gait)
deficits seen in this population in addition to cerebellar ataxic features
which warrant further investigation and characterization.

Gait and balance disturbances are reported to be the most
disabling features in related disorders (Lowit et al., 2021; Seabury
et al., 2023), thus, digital markers of gait and balance may serve as
ecologically valid markers of disease progression and may serve to
track response to treatment. This mini-review aims to summarize and
synthesize findings investigating the role of FMRI in sensorimotor
function to highlight potential applications of these markers and the
need for further research.

Quantitative balance performance in FMR1
PM carriers

Multiple studies indicate that male and female PM carriers, both
with and without FXTAS, exhibit measurable quiet stance balance (i.e.,
postural control) deficits (Narcisa et al., 2011; O'Keefe et al., 2015;
Aguilar et al., 2008; Allen et al., 2008; Kraan et al., 2013). Balance
control is a complex process dependent on sensory input (i.e., visual,
vestibular, somatosensory), and generation of an appropriate motor
response (Peterka, 2002). As the cerebellum is integral for motor
coordination, FMRI PM carriers likely have motor contributions to
balance deficits. This is supported by findings from O’Keefe et al.
(2015) identifying slower automatic postural response times in
reaction to unexpected anterior-posterior platform translations on
the motor control test in PM carriers both with and without FXTAS
which correlated to worse balance performance. However, this is the
only study to date which attempted to directly quantify relationships
between lower limb motor function and balance.

Typical balance tasks manipulate availability of sensory cues
through removing visual cues (e.g., closing eyes) or making
somatosensory cues unreliable (e.g., standing on a foam surface),
allowing insight into relative sensory contributions for postural
control (Halmdgyi and Curthoys, 2021; Agrawal et al., 2011; Baloh
et al., 1998). Postural sway during balance testing is most often
quantified using movements of center-of-pressure (COP) measured
with a force plate, and multiple metrics can be quantified describing

Frontiers in Aging Neuroscience

10.3389/fnagi.2025.1637819

the displacement, velocity, or frequency of the COP trace, representing
unique aspects of postural control (Shah et al., 2024; Maurer and
Peterka, 2005). Sway can also be assessed in the mediolateral (ML) and
anterior—posterior (AP) planes, rather than across all anatomic planes
simultaneously, and past evidence suggests that ML sway may be a
more sensitive marker of ataxia (Ilg et al., 2020) and predictor of falls
(Maki et al., 1990; Maki et al., 1994).

Prior work suggests that sway velocity is useful in identifying
age-related changes in postural control (Prieto et al., 1996) and
increases are identified in cerebellar ataxia (Galvao et al., 2022; Van de
Warrenburg et al., 2005). Increased overall COP sway velocity (i.e., in
both AP and ML planes) is documented in male and female PM
carriers with FXTAS when standing on a firm surface, with both eyes
open and eyes closed (Narcisa et al., 2011; Aguilar et al., 2008; Allen
etal.,, 2008; Juncos et al., 2011). However, using a similar methodology,
male and female PM carriers without FXTAS were not seen to exhibit
differences in sway velocity in comparison to age-matched healthy
controls (HCs) (Narcisa et al., 2011; Allen et al., 2008), suggesting
insensitivity of sway velocity as a prodromal marker of FXTAS or
subtle changes occurring in postural control dynamics this population.

Sway displacement magnitude, as quantified by a mechanical sway
meter, may also be insensitive to changes in postural sway in PM
carriers without FXTAS. For instance, Kraan et al. (2013), did not
identify differences between female PM carriers without FXTAS
(mean age: 41.32 + 8.03) relative to age-matched female HCs (mean
age: 41.61 + 8.3) during testing on firm surface, eyes open and eyes
closed. However, Birch et al. (2015) identified increased AP and ML
sway using similar methodology in male individuals with FXTAS
relative to both HCs and PM carriers without FXTAS while no
significant differences in sway were identified between HCs to PM
carriers without FXTAS. Importantly, groups differed in age (FXTAS:
66.4 years +/—8.1; PM without FXTAS: 47.8 years +/—14.1), which
limits comparisons between groups as increased sway in anticipated
with increased age (Maki et al., 1994) Further, Birch et al. (2015) only
computed the normalized sway factor across all conditions (i.e., eyes
open and closed, firm and foam surfaces), rather than assessing
quantitative information for each condition independently, limiting
insights into specific sensory contributions to postural control in the
different populations.

One approach to assessing sensory contributions to balance is the
Sensory Organization Test (SOT), which is a standard quantitative
balance assessment which systematically removes or degrades reliable
visual and/or somatosensory cues. For each test condition, SOT
equilibrium scores are provided which quantify maximum AP sway
during each condition relative to theoretic age-adjusted maximum
sway, in order to identify clinically meaningful decreased postural
stability. When using the SOT, O’Keefe et al. (2015) reported
significantly higher sway (i.e., decreased equilibrium score) in all
conditions in male and female individuals with FXTAS (68.3 years
+/—9.38) relative to HCs (56.9 years +/— 12.31). Similarly, Timm et al.
(2024) assessed sway area, root-mean-square distance (RMS), and
jerk, representing sway displacement, variability, and velocity in the
AP and ML planes, using a single lumbar inertial measurement unit
(IMU). Overall, higher sway area, RMS, and jerk were noted for male
and female individuals with FXTAS (mean age 68.55 + 8.31) in
comparison to HCs (mean age 64.0 + 10.45) and PM carriers without
FXTAS (mean age 54.94 + 9.51) during all conditions including eyes-
closed and eyes-open on a firm and foam surface. In both Timm et al.
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(2024) and O’'Keefe et al. (2015), differences between individuals with
FXTAS to both HCs and PM carriers without FXTAS were largest in
conditions with disrupted or removed visual and reliable
proprioceptive sensory information, thus, predominantly relying on
vestibular sensory information. However, in both studies, individuals
with FXTAS were statistically significantly older than controls and PM
carriers without FXTAS, partially reflecting later age of onset of
FXTAS, but potentially impacting results due to the well-documented
impact of age on postural control (Baloh et al., 1995; Baloh et al., 2001).

While significant changes in individuals with FXTAS have been
identified in sway velocity, magnitude, and/or variability, changes in
sway variability, including RMS, have been identified to be more
sensitive to neurodegeneration, and ataxia specifically (Ilg et al., 2020;
[lg etal,, 2024). Wang Z et al. (2019) identified increased ML postural
sway variability (i.e., COP standard deviation), but not AP sway
variability, in male carriers without FXTAS (mean age 61.89 + 7.40),
during eyes open on firm surface testing compared to age-matched
male HCs (mean age 57.64 + 8.92). In FMRI PM carriers without
FXTAS, Timm et al. (2024) also identified increased RMS and O’ Keefe
et al. (2015) identified lower equilibrium scores (i.e., increased sway
magnitude) only during conditions manipulating visual cues on a firm
surface. In both, PM carriers and HCs were well age-matched (i.e.,
there were no statistically significant differences in age) suggesting
changes in processing of visual information relevant for postural
control in FMRI PM carriers unrelated to age alone.

Gait and functional mobility in FMR1 PM
carriers

FXTAS is in part clinically defined by ataxic gait, however,
there is a relative paucity of data assessing gait markers that may
help identify preFXTAS or allow differentiation from other
movement disorders. Lab-based quantification of gait can
be examined using a wide variety of recording technologies
including marker-based systems, electronic gait, mats, and body-
worn IMUs [for review see (Stephen et al.,, 2025; Ilg and Timmann,
2013; Ngo et al., 2023)]. In other neurodegenerative disorders and
cerebellar ataxias, variability of temporal and spatial measures of
gait are strongly related to ataxia severity (Milne et al., 2018;
Buckley et al., 2018; Ilg et al., 2007; Marquer et al., 2014). O’Keefe
etal. (2016) identified differences in spatiotemporal gait parameters
in male and female individuals with FXTAS (mean age
68.78 £ 5.06) relative to HCs (mean age 69.78 £ 5.7) during a
7-meter instrumented Timed Up and Go (i-TUG) at a self-selected
pace. Specifically, individuals with FXTAS displayed overall slower
gait, spent more time in double-leg support, and higher step
variability as quantified using IMUs (O’Keefe et al., 2016). As these
groups were well age-matched, this suggests these markers are
sensitive to disease state rather than anticipated changes with
aging. PM carriers without FXTAS (mean age 67.3 + 7.35) did not
display any significant differences in spatiotemporal gait measures
(O’Keefe et al., 2016), suggesting that significant gait ataxia may
manifest predominantly after cerebellar neurodegenerative changes
accumulate to a critical level. However, a small number of
participants were included for PM carriers without FXTAS (n = 6)
and individuals with FXTAS (n = 7), potentially limiting insights
into disease progression.
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Consistent with other ataxias, gait speed may modulate
performance in individuals with FXTAS (Mirelman et al., 2011; Horak
etal., 2016; Rennie et al., 2018). Robertson-Dick et al. (2023) observed
that during self-selected pace on the 2-min walk test 2MWT), male
and female individuals with FXTAS (mean age 69.14 + 8.12) did not
display any significant changes in gait parameters relative to HCs
(mean age 62.65 * 8.52), despite individuals with FXTAS being older
than HC participants. However, when performing the 2MWT at a
fast-as-possible pace, abnormalities were seen in gait speed, stride
velocity, stride velocity variability, and turn duration relative to
controls (Robertson-Dick et al.,, 2023). In contrast, O'Keefe et al.
(2021) identified reduced stride length and velocity, swing time, and
peak turn velocity and greater double limb support time in individuals
with FXTAS (mean age 65.49 + 8.29) relative to age-matched HCs
(mean age 68.87 + 8.8) for both self-selected and face-paced walking
on a 2MWT. Both Robertson-Dick et al. (2023) and O’ Keefe et al.
(2015) found changes in turn dynamics and movement transitions in
individuals with FXTAS. Individuals with FXTAS exhibited longer
turn durations during the i-TUG and 2MWT (Chonchaiya et al., 20105
Robertson-Dick et al., 2023) and longer turn-to-sit transitions during
the i-TUG (Chonchaiya et al., 2010).

Opverall, while significant changes in gait have been consistently
seen in individuals with FXTAS, the longitudinal progression of gait
performance has not been characterized, limiting the ability to use
these biomarkers to track response to future interventions. There is a
dearth of studies investigating changes in digital biomarkers in gait
performance in PM carriers without a FXTAS diagnosis, limiting
insight into the preFXTAS phenotype and broader deficits that may
be noted as part of age-related FMRI PM progression.

Cognitive interactions with motor and
balance performance

Multiple brain regions including the prefrontal cortex, cerebellum,
and cerebellar-cortical pathways subserve both cognitive and motor
function (Stuart et al., 2019; Mihara et al., 2008) and demonstrate
degeneration in individuals with FXTAS (Brunberg et al., 2002;
Hashimoto et al., 2011a; Yang et al., 2013; Adams et al., 2007; Filley
et al,, 2015). Executive function and information processing deficits
are often identified in PM carriers (Jacquemont et al., 2004; Hagerman
and Hagerman, 2021) which may reflect dysfunctional frontal
networks (Grigsby et al., 2008). As the middle cerebellar peduncles
transmit both cognitive and motor information from the frontal lobe
to the cerebellum degeneration in this pathway which is common in
FXTAS (Famula et al., 2018) may underlie the associations between
cognitive decline and motor performance. Several studies point to an
interaction between cognitive and sensorimotor function in PM
carriers (Timm et al., 2024; O’Keefe et al., 2021; O’Keefe et al., 2018;
Kraan et al., 2013) and other neurodegenerative disorders (Wong
etal., 2023; Kim and Fraser, 2022). In individuals with FXTAS, slower
processing speed, as assessed using the Symbol Digit Modalities test
(SDMT), and poorer response inhibition and attention as quantified
by the Behavioral Dyscontrol Scale IT (BDS-II), was strongly associated
with gait speed, slower transitions (e.g., sit-to-stand), and turn
velocity. Further, the number of falls was correlated to slower
processing speed and poorer response inhibition in individuals with
FXTAS (O’Keefe et al., 2018). In FMRI carriers without FXTAS,
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reduced response inhibition (i.e., lower BDS-II score) was correlated
to reduced stride velocity and slower transitions for both sit-to-stand
and turn-to-sit (O’'Keefe et al., 2018). Likewise, reduced working
memory using the Letter-Number Sequencing task was associated
with slower gait and increased gait variability (Kraan et al., 2014).
However, in PM carriers without FXTAS associations to processing
speed were not identified (O’'Keefe et al., 2018). These findings suggest
that the interaction between sensorimotor function and cognition
may be more pronounced only after identifiable FXTAS symptoms
are present.

Dual-task (DT)interference, in which one performs a motor and
cognitive task simultaneously and leading to prefrontal cortex
activation (Stuart et al., 2019; Pochon et al., 2001) can lead to decreases
in balance and gait performance in PM carriers (O'Keefe et al., 2021;
Kraan et al,, 2013; Robertson-Dick et al., 2023) and have been
proposed to serve as markers of preFXTAS (Timm et al., 2024).
Difficulty during DT gait and balance conditions in PM carriers may
reflect the known prefrontal cortical and cerebellar neurodegeneration
and loss of white matter in frontal-cerebellar circuitry (Hashimoto
et al,, 2011b; Brunberg et al., 2002; Hashimoto et al., 2011a; Adams
etal,, 2007). DT interference decreases gait speed and increases double
support time in PM carriers, both with and without FXTAS, relative
to HCs (O’Keefe et al., 2021; Robertson-Dick et al., 2023; Kraan et al.,
2014; Timm et al., 2024). However, some studies have not found a
significant increase in DT interference on spatiotemporal gait
parameters in both PM carriers with and without FXTAS (O'Keefe
etal, 2021; Timm et al., 2024). Sex differences may also play a role in
ability to identify DT deficits, as males with FXTAS, but not females,
displayed larger impact of concurrent DT on peak turn velocity
(O’Keefe et al., 2021).

When assessing balance, during DT conditions, increased AP and
ML sway magnitude was seen in female PM carriers without FXTAS
with eyes open on firm and foam surfaces relative to HC (Kraan et al.,
2013). Additionally, increased RMS sway was identified in male and
female PM carriers with and without FXTAS when standing on a firm
surface with eyes closed (Timm et al., 2024). Similarly, O’Keeffe et al.
(2020) found decreased sway complexity for AP but not ML sway in
female PM carriers without FXTAS while performing a DT with eyes
open on a firm surface, suggesting a less complex and adaptable sway
pattern (O'Keeffe et al., 2019). Increases in sway in DT conditions have
been found to be correlated to both CGG length and age (Kraan et al.,
2013), suggesting possible age- and genetic- risk profiles for changes
in sway. As changes in postural sway were not identified during single-
task conditions in both of these studies (Kraan et al., 2013; O'Keeffe
2019), this
adaptive mechanisms.

et al, suggests an inefficiency in cerebellar

Genetic and neuroanatomical correlates

The extent of sensorimotor dysfunction in FMRI PM carriers
appears to be modulated by genetic and neuroanatomical factors.
CGG repeat expansion has been most commonly quantified, and
overall, CGG repeats linearly correlate with balance outcomes (i.e.,
higher CGG repeat counts are associated with worse balance
performance) (O'Keefe et al., 2015; Birch et al., 2015; O'Keeffe et al.,
2019; Wang X. et al., 2019). Overall performance on the SOT (i.e.,

Frontiers in Aging Neuroscience

10.3389/fnagi.2025.1637819

composite equilibrium score) and reduced performance on
conditions with predominant vestibular contributions were
predicted by advancing age, male sex, increased CGG repeat size,
and reduced X activation of the normal allele in females. In a
cerebellar imaging study, Birch et al. (2015) reported that male PM
carriers with smaller cerebellar volumes had significantly greater
postural sway. Moreover, they identified that this relationship
between higher CGG repeat counts and increased sway was
mediated by cerebellar volume loss (Birch et al., 2015). CGG repeat
length has been identified to be negatively correlated to the
adaptability of postural sway, more so under DT conditions,
suggesting more rigid, less complex sway patterns (O Keeffe et al.,
2019), hinting at a genotype-phenotype gradient even in preFXTAS
or the age-related FMRI PM phenotype.

Accumulating evidence links elevated FMRI mRNA to motor
phenotypes, as those with higher mRNA levels tend to have earlier or
more severe FXTAS symptoms (O’ Keeffe et al., 2019). Associations
between mRNA and gait have yet to be quantified. Only one study to
date has assessed associations between FMRI mRNA to postural sway
and failed to identify a significant association between sway in PM
carriers; however, this study examined FMRI mRNA levels collapsed
across both patients with and without FXTAS, potentially limiting
insights into differing phenotypic expression.

Potential role of vestibular dysfunction

As neural control of motor performance is dependent on sensory
input, changes in sensory processing may contribute to balance
decline. Particularly, vestibular dysfunction could theoretically play a
role in balance deficits as there is higher rate of dizziness reported in
female PM carriers relative to HCs (Chonchaiya et al., 2010; Wheeler
etal, 2014; Smith et al., 2012). PM carriers with and without FXTAS
show the largest changes in postural control performance when visual
and somatosensory cues are absent (O'Keefe et al., 2015; Timm et al.,
2024), suggesting impaired neural control when using vestibular
SEensory cues.

Direct clinical evidence of peripheral vestibular system
dysfunction in FMR1 PM carriers or FXTAS has yet to be examined.
Further evidence for vestibular involvement in FMRI carriers comes
from FXTAS mouse models, which show clear deficits in vestibulo-
ocular reflex (VOR) function (Foote et al., 2016). In one inducible PM
mouse model, the gain of the VOR was significantly reduced which
emerged alongside the hallmark cerebellar intranuclear inclusions of
FXTAS (Foote et al.,, 2016). As the middle cerebellar peduncles also
transmit sensory information, including vestibular afferent
information, to the cerebellum, these findings may suggest inability to
use vestibular cues or may suggest overt vestibular dysfunction.
However, no studies to date have assessed vestibular function in
PM carriers.

A case series by Tak et al. (2024) suggests potential central
vestibular involvement due to development of vestibular migraine in
three middle-aged female PM carriers. Each of these women
experienced new-onset vertigo near menopause, and two reported
progressive balance difficulties following vestibular migraine onset
which improved or resolved with migraine intervention (Tak et al.,
2024). FMRP, the product of the FMRI gene, has been suggested to
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modulate calcitonin gene-related peptide (CGRP) signaling (Mitchell
et al,, 2023), which plays a significant role in the pathophysiology of
migraines (Russo et al., 2014), thus, prevalence of vestibular migraine
and related vestibular impairments in PM carriers warrants
further investigation.

Overall, while direct vestibular testing in FXTAS is scarce,
multiple lines of evidence—from balance tests, rare clinical cases, and
animal models—converge to implicate vestibular pathway dysfunction
as part of the FXTAS phenotype. Future research using vestibular
diagnostics in PM carriers and individuals with FXTAS will be crucial
to confirm these speculations.

Conclusion

Research to date consistently suggests that quantifiable digital
biomarkers of gait and balance variability and function can
be identified in PM carriers with and without FXTAS. Overall, PM
carriers show subtle deficits in balance and cognitive-motor
integration under challenging conditions, which may serve as
markers of preFXTAS. When sensory contributions to balance
performance are considered, vestibular pathways are often
implicated due to decreased performance on balance tasks with
predominant vestibular contributions (e.g., vision denied,
compliant surface). Changes to cognitive function and associated
links to postural control and fall history (Buracchio et al., 2011;
Blackwood et al., 2016) may further exacerbate motor instability
and contribute to an increased risk of falls in FXTAS (O’'Keefe
et al., 2018; Moser et al., 2021).

Given the relatively small number of studies investigating
these sensorimotor changes, the potential role of vestibular
function, gait, and balance as biomarkers for preFXTAS or
tracking FXTAS disease progression is unknown. Future research
should build on these foundational studies with larger longitudinal
cohorts, direct vestibular assessments, and quantifying age, sex,
and genetic interactions. Identifying reliable digital biomarkers of
balance and gait in FMR1 premutation carriers could revolutionize
early intervention strategies, particularly if combined with
cognitive and sensory profiles. Large-scale longitudinal studies
with diverse cohorts are essential to validate these markers and
guide personalized treatment approaches.

References

Adams, J. S., Adams, P. E., Nguyen, D., Brunberg, J. A., Tassone, F.,, Zhang, W., et al.
(2007). Volumetric brain changes in females with fragile X-associated tremor/ataxia
syndrome (FXTAS). Neurology 69,851-859.doi: 10.1212/01.wnl.0000269781.10417.7b

Agrawal, Y., Carey, ]. P, Hoffman, H. ], Sklare, D. A., and Schubert, M. C. (2011). The
modified Romberg balance test: normative data in US adults. Otol. Neurotol. 32,
1309-1311. doi: 10.1097/MAQO.0b013e31822e5bee

Aguilar, D, Sigford, K. E., Soontarapornchai, K., Nguyen, D. V., Adams, P. E., Yuhas, ]. M.,
etal. (2008). A quantitative assessment of tremor and ataxia in FMRI premutation carriers
using CATSYS. Am. J. Med. Genet. A 146A, 629-635. doi: 10.1002/ajmg.a.32211

Allen, E. G., Juncos, J., Letz, R., Rusin, M., Hamilton, D., Novak, G., et al. (2008).
Detection of early FXTAS motor symptoms using the CATSYS computerised
neuromotor test battery. J. Med. Genet. 45, 290-297. doi: 10.1136/jmg.2007.054676

Baloh, R. W,, Enrietto, J., Jacobson, K. M., and Lin, A. (2001). Age-related changes in
vestibular function: a longitudinal study. Ann. N. Y. Acad. Sci. 942, 210-219. doi:
10.111 1/j.1749—6632.2001.tb03747.x

Baloh, R. W,, Jacobson, K. M., Beykirch, K., and Honrubia, V. (1998). Static and
dynamic Posturography in patients with vestibular and cerebellar lesions. Arch. Neurol.
55, 649-654. doi: 10.1001/archneur.55.5.649

Frontiers in Aging Neuroscience

05

10.3389/fnagi.2025.1637819

Author contributions

LM: Writing draft, NM:
Conceptualization, Writing - review & editing. JL-C: Writing - review

original Investigation.
& editing. MK: Investigation, Conceptualization, Funding acquisition,
Writing - review & editing, Supervision, Writing - original draft.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. MK received research
support from the NIDCD (K01DC021147). NM received support
from NIDCD (R21DC020257).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Baloh, R. W,, Spain, S., Socotch, T. M., Jacobson, K. M., and Bell, T. (1995).
Posturography and balance problems in older people. J. Am. Geriatr. Soc. 43, 638-644.
doi: 10.1111/§.1532-5415.1995.tb07198.x

Birch, R. C., Hocking, D. R., Cornish, K. M., Menant, J. C., Georgiou-Karistianis, N.,
Godler, D. E,, et al. (2015). Preliminary evidence of an effect of cerebellar volume on
postural sway in FMRI premutation males. Genes Brain Behav. 14, 251-259. doi:
10.1111/gbb.12204

Blackwood, J., Shubert, T., Forgarty, K., and Chase, C. (2016). Relationships between
performance on assessments of executive function and fall risk screening measures in
community-dwelling older adults. J. Geriatr. Phys. Ther. 39, 89-96. doi:
10.1519/JPT.0000000000000056

Brunberg, J. A., Jacquemont, S., Hagerman, R. J., Berry-Kravis, E. M., Grigsby, I,
Leehey, M. A,, et al. (2002). Fragile X premutation carriers: characteristic MR imaging
findings of adult male patients with progressive cerebellar and cognitive dysfunction.
AJNR Am. ]. Neuroradiol. 23, 1757-1766.

Buckley, E., Mazza, C., and McNeill, A. (2018). A systematic review of the gait
characteristics associated with cerebellar Ataxia. Gait Posture 60, 154-163. doi:
10.1016/j.gaitpost.2017.11.024

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1637819
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1212/01.wnl.0000269781.10417.7b
https://doi.org/10.1097/MAO.0b013e31822e5bee
https://doi.org/10.1002/ajmg.a.32211
https://doi.org/10.1136/jmg.2007.054676
https://doi.org/10.1111/j.1749-6632.2001.tb03747.x
https://doi.org/10.1001/archneur.55.5.649
https://doi.org/10.1111/j.1532-5415.1995.tb07198.x
https://doi.org/10.1111/gbb.12204
https://doi.org/10.1519/JPT.0000000000000056
https://doi.org/10.1016/j.gaitpost.2017.11.024

Moore et al.

Buracchio, T. J., Mattek, N. C., Dodge, H. H., Hayes, T. L., Pavel, M., Howieson, D. B.,
et al. (2011). Executive function predicts risk of falls in older adults without balance
impairment. BMC Geriatr. 11, 1-7. doi: 10.1186/1471-2318-11-74

Chonchaiya, W., Nguyen, D., Au, J., Campos, L., Berry-Kravis, E., Lohse, K., et al.
(2010). Clinical involvement in daughters of men with fragile X-associated tremor ataxia
syndrome. Clin. Genet. 78, 38-46. doi: 10.1111/j.1399-0004.2010.01448 x

Cohen, S., Masyn, K., Adams, J., Hessl, D., Rivera, S., Tassone, F, et al. (2006).
Molecular and imaging correlates of the fragile X-associated tremor/ataxia syndrome.
Neurology 67, 1426-1431. doi: 10.1212/01.wnl.0000239837.57475.3a

Famula, J. L., McKenzie, F, McLennan, Y. A., Grigsby, J., Tassone, E, Hessl, D., et al.
(2018). Presence of middle cerebellar peduncle sign in FMRI1 premutation carriers
without tremor and ataxia. Front. Neurol. 9:695. doi: 10.3389/fneur.2018.00695

Filley, C. M., Brown, M. S., Onderko, K., Ray, M., Bennett, R. E., Berry-Kravis, E., et al.
(2015). White matter disease and cognitive impairment in FMR1 premutation carriers.
Neurology 84, 2146-2152. doi: 10.1212/WNL.0000000000001612

Foote, M., Arque, G., Berman, R. E, and Santos, M. (2016). Fragile X-associated
tremor/ataxia syndrome (FXTAS) motor dysfunction modeled in mice. Cerebellum 15,
611-622. doi: 10.1007/s12311-016-0797-6

Galvio, A. F, Lemos, T., Martins, C. P, Horsczaruk, C. H. R,, Oliveira, L. A. S., and
Ferreira, A. d. S. (2022). Body sway and movement strategies for control of postural
stability in people with spinocerebellar ataxia type 3: a cross-sectional study. Clin.
Biomech. 97:105711. doi: 10.1016/j.clinbiomech.2022.105711

Grigsby, J., Brega, A. G., Engle, K., Leehey, M. A., Hagerman, R. J., Tassone, E, et al.
(2008). Cognitive profile of fragile X premutation carriers with and without fragile
X-associated  tremor/ataxia syndrome. Neuropsychology 22, 48-60. doi:
10.1037/0894-4105.22.1.48

Hagerman, R, and Hagerman, P. (2021). Fragile X-associated tremor/ataxia
syndrome: pathophysiology and management. Curr. Opin. Neurol. 34, 541-546. doi:
10.1097/WCO.0000000000000954

Halmagyi, G. M., and Curthoys, L. S. (2021). Vestibular contributions to the Romberg
test: testing semicircular canal and otolith function. Eur. J. Neurol. 28, 3211-3219. doi:
10.1111/ene.14942

Hashimoto, R., Javan, A. K., Tassone, F.,, Hagerman, R. J., and Rivera, S. M. (2011a). A
voxel-based morphometry study of grey matter loss in fragile X-associated tremor/ataxia
syndrome. Brain 134, 863-878. doi: 10.1093/brain/awq368

Hashimoto, R., Srivastava, S., Tassone, E, Hagerman, R. ], and Rivera, S. M. (2011b).
Diffusion tensor imaging in male premutation carriers of the fragile X mental retardation
gene. Mov. Disord. 26, 1329-1336. doi: 10.1002/mds.23646

Horak, E B., Mancini, M., Carlson-Kuhta, P, Nutt, J. G., and Salarian, A. (2016).
Balance and gait represent independent domains of mobility in Parkinson disease. Phys.
Ther. 96, 1364-1371. doi: 10.2522/ptj.20150580

Ilg, W,, Golla, H., Thier, P, and Giese, M. A. (2007). Specific influences of cerebellar
dysfunctions on gait. Brain J. Neurol. 130, 786-798. doi: 10.1093/brain/awl376

Ilg, W, Milne, S., Schmitz-Hiibsch, T., Alcock, L., Beichert, L., Bertini, E., et al. (2024).
Quantitative gait and balance outcomes for Ataxia trials: consensus recommendations
by the Ataxia global initiative working group on digital-motor biomarkers. Cerebellum
23, 1566-1592. doi: 10.1007/s12311-023-01625-2

Ilg, W., Seemann, J., Giese, M., Traschiitz, A., Schols, L., Timmann, D., et al. (2020).
Real-life gait assessment in degenerative cerebellar ataxia: toward ecologically valid
biomarkers. Neurology 95, €1199-€1210. doi: 10.1212/WNL.0000000000010176

Ilg, W,, and Timmann, D. (2013). Gait ataxia--specific cerebellar influences and their
rehabilitation. Mov. Disord. 28, 1566-1575. doi: 10.1002/mds.25558

Jacquemont, S., Hagerman, R. J., Leehey, M. A, Hall, D. A, Levine, R. A,
Brunberg, J. A., et al. (2004). Penetrance of the fragile X-associated tremor/ataxia
syndrome in a premutation carrier population. JAMA 291, 460-469. doi:
10.1001/jama.291.4.460

Juncos, J. L., Lazarus, J. T., Graves-Allen, E., Shubeck, L., Rusin, M., Novak, G., et al.
(2011). New clinical findings in the fragile X-associated tremor ataxia syndrome
(FXTAS). Neurogenetics 12, 123-135. doi: 10.1007/s10048-010-0270-5

Kim, H., and Fraser, S. (2022). Neural correlates of dual-task walking in people with
central neurological disorders: a systematic review. J. Neurol. 269, 2378-2402. doi:
10.1007/s00415-021-10944-5

Kraan, C. M., Hocking, D. R., Georgiou-Karistianis, N., Metcalfe, S. A.,
Archibald, A. D,, Fielding, ., et al. (2013). Cognitive-motor interference during postural
control indicates at-risk cerebellar profiles in females with the FMRI premutation.
Behav. Brain Res. 253, 329-336. doi: 10.1016/j.bbr.2013.07.033

Kraan, C. M., Hocking, D. R, Georgiou-Karistianis, N., Metcalfe, S. A.,
Archibald, A. D, Fielding, J., et al. (2014). Age and CGG-repeat length are associated
with neuromotor impairments in at-risk females with the FMRI premutation. Neurobiol.
Aging 35, 2179.e7-2179.e13. doi: 10.1016/j.neurobiolaging.2014.03.018

Liani, V,, Torrents, C., Rolleri, E., Yusoff, N. A., Likhitweerawong, N., Moore, S., et al.
(2025). Premutation females with preFXTAS. Int. J. Mol. Sci. 26:2825. doi:
10.3390/ijms26062825

Lowit, A., Greenfield, J., Cutting, E., Wallis, R., and Hadjivassiliou, M. (2021).
Symptom burden of people with progressive ataxia, and its wider impact on their friends

Frontiers in Aging Neuroscience

10.3389/fnagi.2025.1637819

and relatives: a cross-sectional study. AMRC Open Res. 3:28. doi:

10.12688/amrcopenres.13036.1

Maki, B. E., Holliday, P. ], and Fernie, G. R. (1990). Aging and postural control: a
comparison of spontaneous-and induced-sway balance tests. J. Am. Geriatr. Soc. 38, 1-9.
doi: 10.1111/§.1532-5415.1990.tb01588.x

Maki, B. E., Holliday, P. J., and Topper, A. K. (1994). A prospective study of postural
balance and risk of falling in an ambulatory and independent elderly population. J.
Gerontol. 49, M72-M84. doi: 10.1093/geron;j/49.2.M72

Marquer, A., Barbieri, G., and Pérennou, D. (2014). The assessment and treatment of
postural disorders in cerebellar ataxia: a systematic review. Ann. Phys. Rehabil. Med. 57,
67-78. doi: 10.1016/j.rehab.2014.01.002

Maurer, C., and Peterka, R. J. (2005). A new interpretation of spontaneous sway
measures based on a simple model of human postural control. . Neurophysiol. 93,
189-200. doi: 10.1152/jn.00221.2004

Mihara, M., Miyai, I., Hatakenaka, M., Kubota, K., and Sakoda, S. (2008). Role of the
prefrontal cortex in human balance control. Neurolmage 43, 329-336. doi:
10.1016/j.neuroimage.2008.07.029

Milne, S. C., Murphy, A., Georgiou-Karistianis, N., Yiu, E. M., Delatycki, M. B., and
Corben, L. A. (2018). Psychometric properties of outcome measures evaluating decline
in gait in cerebellar ataxia: a systematic review. Gait Posture 61, 149-162. doi:
10.1016/j.gaitpost.2017.12.031

Mirelman, A., Gurevich, T, Giladi, N., Bar-Shira, A., Orr-Urtreger, A., and
Hausdorff, J. M. (2011). Gait alterations in healthy carriers of the LRRK2 G2019S
mutation. Ann. Neurol. 69, 193-197. doi: 10.1002/ana.22165

Mitchell, M. E., Cook, L. C., Shiers, S., Tavares-Ferreira, D., Akopian, A. N., Dussor, G.,
et al. (2023). Characterization of fragile X mental retardation protein expression in
human nociceptors and their axonal projections to the spinal dorsal horn. J. Comp.
Neurol. 531, 814-835. doi: 10.1002/cne.25463

Moser, C., Schmitt, L., Schmidt, J., Fairchild, A., and Klusek, J. (2021). Response
inhibition deficits in women with the FMR1 Premutation are associated with age and
fall risk. Brain Cogn. 148:105675. doi: 10.1016/j.bandc.2020.105675

Narcisa, V., Aguilar, D., Nguyen, D. V., Campos, L., Brodovsky, J., White, S., et al.
(2011). A quantitative assessment of tremor and Ataxia in female FMR1 Premutation
carriers using CATSYS. Curr. Gerontol. Geriatr. Res. 2011:484713. doi:
10.1155/2011/484713

Ngo, T., Pathirana, P. N., Horne, M. K., Corben, L. A., Harding, I. H., and
Szmulewicz, D. J. (2023). Technological evolution in the instrumentation of ataxia
severity measurement. IEEE Access 11,14006-14027. doi: 10.1109/ACCESS.2023.3243178

O’Keefte, C., Dominguez, M. C., O’Rourke, E., Lynch, T., and Reilly, R. B. (2020).
Decreased Theta Power Reflects Disruption in Postural Control Networks of Fragile X
Premutation Carriers. Annual International Conference of the IEEE Engineering in
Medicine and Biology Society. IEEE Engineering in Medicine and Biology Society.
Annual  International Conference, 2020,  2845-2848. doi: 10.1109/
EMBC44109.2020.9176289

O’Keefe, J. A., Guan, J., Robertson, E., Biskis, A., Joyce, J., Ouyang, B, et al. (2021). The
effects of dual task cognitive interference and fast-paced walking on gait, turns, and falls
in men and women with FXTAS. Cerebellum 20,212-221. doi: 10.1007/s12311-020-01199-3

O’Keefe, J. A., Robertson, E. E., Ouyang, B., Carns, D., McAsey, A, Liu, Y,, et al.
(2018). Cognitive function impacts gait, functional mobility and falls in fragile
X-associated tremor/ataxia syndrome. Gait Posture 66, 288-293. doi:
10.1016/j.gaitpost.2018.09.005

O’Keefe, J. A., Robertson-Dick, E., Dunn, E. J,, Li, Y., Deng, Y., Fiutko, A. N, et al.
(2015). Characterization and early detection of balance deficits in fragile X Premutation
carriers with and without fragile X-associated tremor/Ataxia syndrome (FXTAS).
Cerebellum 14, 650-662. doi: 10.1007/s12311-015-0659-7

O’Keefe, J. A., Robertson-Dick, E. E., Hall, D. A., and Berry-Kravis, E. (2016). Gait
and functional mobility deficits in fragile X-associated tremor/ataxia syndrome.
Cerebellum 15, 475-482. doi: 10.1007/s12311-015-0714-4

O’Keeffe, C., Taboada, L. P,, Feerick, N., Gallagher, L., Lynch, T., and Reilly, R. B.
(2019). Complexity based measures of postural stability provide novel evidence of
functional decline in fragile X premutation carriers. J. Neuroeng. Rehabil. 16:87. doi:
10.1186/512984-019-0560-6

Peterka, R. J. (2002). Sensorimotor integration in human postural control. J.
Neurophysiol. 88, 1097-1118. doi: 10.1152/jn.2002.88.3.1097

Pochon, J. B, Levy, R,, Poline, J. B., Crozier, S., Lehéricy, S., Pillon, B., et al. (2001). The
role of dorsolateral prefrontal cortex in the preparation of forthcoming actions: an fMRI
study. Cereb. Cortex 11, 260-266. doi: 10.1093/cercor/11.3.260

Prieto, T. E., Myklebust, J. B., Hoffmann, R. G., Lovett, E. G., and Myklebust, B. M.
(1996). Measures of postural steadiness: differences between healthy young and elderly
adults. LE.E.E. Trans. Biomed. Eng. 43, 956-966. doi: 10.1109/10.532130

Rennie, L., Lofgren, N., Moe-Nilssen, R., Opheim, A., Dietrichs, E., and Franzén, E.
(2018). The reliability of gait variability measures for individuals with Parkinson’s disease
and healthy older adults - the effect of gait speed. Gait Posture 62, 505-509. doi:
10.1016/j.gaitpost.2018.04.011

Robertson-Dick, E. E., Timm, E. C,, Pal, G., Ouyang, B., Liu, Y., Berry-Kravis, E., et al.
(2023). Digital gait markers to potentially distinguish fragile X-associated tremor/ataxia

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1637819
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/1471-2318-11-74
https://doi.org/10.1111/j.1399-0004.2010.01448.x
https://doi.org/10.1212/01.wnl.0000239837.57475.3a
https://doi.org/10.3389/fneur.2018.00695
https://doi.org/10.1212/WNL.0000000000001612
https://doi.org/10.1007/s12311-016-0797-6
https://doi.org/10.1016/j.clinbiomech.2022.105711
https://doi.org/10.1037/0894-4105.22.1.48
https://doi.org/10.1097/WCO.0000000000000954
https://doi.org/10.1111/ene.14942
https://doi.org/10.1093/brain/awq368
https://doi.org/10.1002/mds.23646
https://doi.org/10.2522/ptj.20150580
https://doi.org/10.1093/brain/awl376
https://doi.org/10.1007/s12311-023-01625-2
https://doi.org/10.1212/WNL.0000000000010176
https://doi.org/10.1002/mds.25558
https://doi.org/10.1001/jama.291.4.460
https://doi.org/10.1007/s10048-010-0270-5
https://doi.org/10.1007/s00415-021-10944-5
https://doi.org/10.1016/j.bbr.2013.07.033
https://doi.org/10.1016/j.neurobiolaging.2014.03.018
https://doi.org/10.3390/ijms26062825
https://doi.org/10.12688/amrcopenres.13036.1
https://doi.org/10.1111/j.1532-5415.1990.tb01588.x
https://doi.org/10.1093/geronj/49.2.M72
https://doi.org/10.1016/j.rehab.2014.01.002
https://doi.org/10.1152/jn.00221.2004
https://doi.org/10.1016/j.neuroimage.2008.07.029
https://doi.org/10.1016/j.gaitpost.2017.12.031
https://doi.org/10.1002/ana.22165
https://doi.org/10.1002/cne.25463
https://doi.org/10.1016/j.bandc.2020.105675
https://doi.org/10.1155/2011/484713
https://doi.org/10.1109/ACCESS.2023.3243178
https://doi.org/10.1109/EMBC44109.2020.9176289
https://doi.org/10.1109/EMBC44109.2020.9176289
https://doi.org/10.1007/s12311-020-01199-3
https://doi.org/10.1016/j.gaitpost.2018.09.005
https://doi.org/10.1007/s12311-015-0659-7
https://doi.org/10.1007/s12311-015-0714-4
https://doi.org/10.1186/s12984-019-0560-6
https://doi.org/10.1152/jn.2002.88.3.1097
https://doi.org/10.1093/cercor/11.3.260
https://doi.org/10.1109/10.532130
https://doi.org/10.1016/j.gaitpost.2018.04.011

Moore et al.

syndrome, Parkinson’s disease, and essential tremor. Front. Neurol. 14:14. doi:
10.3389/fneur.2023.1308698

Russo, A., Marcelli, V., Esposito, E, Corvino, V., Marcuccio, L., Giannone, A., et al.
(2014). Abnormal thalamic function in patients with vestibular migraine. Neurology 82,
2120-2126. doi: 10.1212/WNL.0000000000000496

Schniepp, R., Schlick, C., Pradhan, C., Dieterich, M., Brandt, T., Jahn, K., et al. (2016).
The interrelationship between disease severity, dynamic stability, and falls in cerebellar
ataxia. J. Neurol. 263, 1409-1417. doi: 10.1007/s00415-016-8142-z

Seabury, J., Alexandrou, D., Dilek, N., Cohen, B., Heatwole, J., Larkindale, J., et al.
(2023). Patient-reported impact of symptoms in Friedreich Ataxia. Neurology 100,
€808-€821. doi: 10.1212/WNL.0000000000201598

Shah, V. V,, Muzyka, D., Jagodinsky, A., McNames, J., Casey, H., El-Gohary, M., et al.

(2024). Digital measures of postural sway quantify balance deficits in spinocerebellar
Ataxia. Mov. Disord. 39, 663-673. doi: 10.1002/mds.29742

Smith, L. E., Barker, E. T., Seltzer, M. M., Abbeduto, L., and Greenberg, J. S. (2012).
Behavioral phenotype of fragile X syndrome in adolescence and adulthood. Am. J.
Intellect. Dev. Disabil. 117, 1-17. doi: 10.1352/1944-7558-117.1.1

Stephen, C. D., Parisi, E, Mancini, M., and Artusi, C. A. (2025). Editorial: Digital biomarkers
in movement disorders. Front. Neurol. 16:1600018. doi: 10.3389/fneur.2025.1600018

Stuart, S., Alcock, L., Rochester, L., Vitorio, R., and Pantall, A. (2019). Monitoring
multiple cortical regions during walking in young and older adults: dual-task response and
comparison challenges. Int. J. Psychophysiol. 135, 63-72. doi: 10.1016/j.ijpsycho.2018.11.006

Tak, Y., Tassone, F, and Hagerman, R. J. (2024). Case series: vestibular migraines in
fragile X Premutation carriers. J. Clin. Med. 13:504. doi: 10.3390/jcm13020504

Timm, E. C,, Purcell, N. L., Ouyang, B., Berry-Kravis, E., Hall, D. A., and O’Keefe, J. A.
(2024). Potential prodromal digital postural sway markers for fragile X-associated

Frontiers in Aging Neuroscience

07

10.3389/fnagi.2025.1637819

tremor/Ataxia syndrome (FXTAS) detected via dual-tasking and sensory manipulation.
Sensors 24:2586. doi: 10.3390/524082586

Van de Warrenburg, B. P. C., Bakker, M., Kremer, B. P. H., Bloem, B. R,, and
Allum, J. H. J. (2005). Trunk sway in patients with spinocerebellar ataxia. Mov. Disord.
20, 1006-1013. doi: 10.1002/mds.20486

Wang, J. Y., Hessl, D., Hagerman, R. J., Simon, T. J., Tassone, E, Ferrer, E., et al.
(2017). Abnormal trajectories in cerebellum and brainstem volumes in carriers of the
fragile X premutation. Neurobiol. Aging 55, 11-19. doi:
10.1016/j.neurobiolaging.2017.03.018

Wang, Z., Khemani, P, Schmitt, L. M., Lui, S., and Mosconi, M. W. (2019). Static and
dynamic postural control deficits in aging fragile X mental retardation 1 (FMR1) gene
premutation carriers. J. Neurodev. Disord. 11:2. doi: 10.1186/s11689-018-9261-x

Wang, X., Strobl, R., Holle, R, Seidl, H., Peters, A., and Grill, E. (2019). Vertigo
and dizziness cause considerable more health care resource use and costs: results
from the KORA FF4 study. J. Neurol. 266, 2120-2128. doi:
10.1007/s00415-019-09386-x

Wheeler, A. C., Bailey, D. B. Jr., Berry-Kravis, E., Greenberg, J., Losh, M., Mailick, M.,
et al. (2014). Associated features in females with an FMR1 premutation. J. Neurodev.
Disord. 6:30. doi: 10.1186/1866-1955-6-30

Wong, P-L., Cheng, S.-J., Yang, Y.-R., and Wang, R.-Y. (2023). Effects of dual task
training on dual task gait performance and cognitive function in individuals with
Parkinson disease: a Meta-analysis and Meta-regression. Arch. Phys. Med. Rehabil. 104,
950-964. doi: 10.1016/j.apmr.2022.11.001

Yang, J.-C., Chan, S.-H., Khan, S., Schneider, A., Nanakul, R., Teichholtz, S., et al.
(2013). Neural substrates of executive dysfunction in fragile X-associated tremor/ataxia
syndrome (FXTAS): a brain potential study. Cereb. Cortex 23, 2657-2666. doi:
10.1093/cercor/bhs251

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1637819
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fneur.2023.1308698
https://doi.org/10.1212/WNL.0000000000000496
https://doi.org/10.1007/s00415-016-8142-z
https://doi.org/10.1212/WNL.0000000000201598
https://doi.org/10.1002/mds.29742
https://doi.org/10.1352/1944-7558-117.1.1
https://doi.org/10.3389/fneur.2025.1600018
https://doi.org/10.1016/j.ijpsycho.2018.11.006
https://doi.org/10.3390/jcm13020504
https://doi.org/10.3390/s24082586
https://doi.org/10.1002/mds.20486
https://doi.org/10.1016/j.neurobiolaging.2017.03.018
https://doi.org/10.1186/s11689-018-9261-x
https://doi.org/10.1007/s00415-019-09386-x
https://doi.org/10.1186/1866-1955-6-30
https://doi.org/10.1016/j.apmr.2022.11.001
https://doi.org/10.1093/cercor/bhs251

	Biomarkers of balance and gait deficits in FMR1 premutation carriers: a mini-review
	Introduction
	Quantitative balance performance in FMR1 PM carriers
	Gait and functional mobility in FMR1 PM carriers
	Cognitive interactions with motor and balance performance
	Genetic and neuroanatomical correlates
	Potential role of vestibular dysfunction

	Conclusion

	References

