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Abstract
Essential tremor (ET) is a prevalent movement disorder that impairs gait function, including gait speed - a critical marker of 
mobility disability and adverse outcomes. This meta-analysis aimed to quantify differences in gait speed between individu-
als diagnosed with ET compared to people without a movement disorder diagnosis. Electronic databases were searched for 
studies comparing gait speed in ET patients and controls. Effect sizes were calculated using standardized mean differences 
(Hedges’ g) and pooled using a random-effects model. Eight studies (390 ET, 227 controls) were included. ET patients 
exhibited significantly slower gait speeds than controls. The effect size (Hedges’ g = -1.06, 95% CI -1.47 to -0.65, p < .001) 
indicates a large, clinically significant difference. Substantial study heterogeneity was observed (I2 = 76.9%). These findings 
suggest that gait speed deficits are a significant feature of ET, potentially reflecting cerebellar dysfunction. This highlights 
the need for gait assessment and targeted interventions in ET management to reduce fall risk and improve quality of life. 
Understanding the moderating factors such as medication type and state, disorder severity, and age could provide significant 
benefits in the treatment and management of ET.

Keywords  Cerebellum · Locomotion · Movement disorders · Tremor · Ataxia · Fall risk

Introduction

Essential tremor (ET) is a progressive neurological dis-
order characterized by involuntary rhythmic tremors pre-
dominantly affecting the upper extremities, although it can 
also involve other body regions, including the head, trunk, 
and lower limbs [1–3]. With an estimated prevalence of 
around 1% in the general population, ET is one of the most 
common movement disorders worldwide [4]. However, its 
exact pathophysiology remains unclear with accumulating 
evidence suggesting the involvement of the cerebellum and 
its connections with other brain regions, leading to disrup-
tions in neural circuits responsible for motor control and 
coordination [5–7]. Therefore, studies that examine the 

motor comorbidities of ET are vital to better understand its 
pathophysiology.

The clinical manifestation of ET extends beyond the 
characteristic tremors, with emerging research highlight-
ing impairments in gait and mobility [8–12] leading to an 
increased incidence of falls and fall related injuries [13, 14]. 
Gait is essential for independent ambulation and quality of 
life, but it is also a complex motor task that requires coordi-
nation between multiple neural systems and musculoskeletal 
components [15, 16]. Existing literature has reported various 
gait abnormalities in individuals with ET, including reduced 
gait speed, shorter stride length, and increased stride time 
variability [8, 11, 17]. Gait speed in particular is critical, 
as it has been termed the “sixth vital sign” due to its strong 
associations with functional status, quality of life, and sur-
vival in older adults [18, 19].

Reduced gait speed is linked consistently with increased 
risk of adverse outcomes, including falls, disability, hospi-
talization, and mortality [19–21], and it is also associated 
with cognitive impairment, frailty, and chronic conditions 
such as cardiovascular disease and stroke [19, 22, 23]. 
Therefore, gait speed is being increasingly seen as a sensi-
tive marker of overall health and well-being, integrating 
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various physiological systems, including musculoskeletal, 
neurological, and cardiovascular functions [23, 24].

While individual studies report gait impairments in ET, 
results have been inconsistent with respect to symptom 
severity and the specific parameters that are affected. This 
meta-analysis seeks to quantitatively synthesize existing 
data and (1) to provide a more precise estimate of gait 
speed deficits in ET and their clinical significance, (2) to 
identify knowledge gaps, and (3) to guide future research 
directions. The primary aim of this meta-analysis is to 
evaluate the differences in self-selected gait speed between 
individuals with ET and age-matched controls. Given the 
heterogeneity in the existing literature and the importance 
of gait function, including gait speed, in maintaining inde-
pendence and quality of life, a comprehensive meta-anal-
ysis is warranted to synthesize the available evidence and 
provide a quantitative assessment of gait characteristics in 
individuals with ET compared to healthy controls.

Methods

Search Strategy and Data Extraction

This meta-analysis was conducted according to the 2020 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (PRISMA) guidelines [25]. A comprehen-
sive literature search was conducted in several electronic 
databases through Web of Science (Clavariate) to identify 
studies that reported gait speed measurements in separate 
groups (ET vs control). The search terms included com-
binations of keywords related to gait speed (e.g., “gait 
speed,” “walking speed,” “gait velocity”) and group identi-
fiers (e.g., “Essential Tremor”, “control,” “patient,” “disor-
der”). Studies were included if they (a) reported gait speed 
measurements in individuals that have been diagnosed 
with ET as well as controls and (b) provided sufficient data 
to calculate effect size (e.g., means and standard devia-
tions for each group). Studies were excluded if they were 
formatted as review articles, case reports, or conference 
abstracts (Fig. 1). The PRISMA diagram used in Fig. 1 
was generated using Covidence’s flow diagram tool. Two 
authors (KH, EH) independently screened the titles and 
abstracts of the retrieved records and assessed the full texts 
of potentially eligible studies for inclusion. Disagreements 
were resolved through discussion and consensus. For each 
included study, the following data were extracted: author 
names, publication year, study design, sample characteris-
tics (group labels, sample sizes, age, sex), gait speed, and 
relevant statistical information (means, standard devia-
tions, or other data required for effect size calculation).

Meta‑Analytic Procedures

The primary effect size measure was the standardized mean 
difference (Hedges’ g) in gait speed between groups. For 
studies reporting means and standard deviations, Hedges’ g 
was calculated as the difference between the group means 
divided by the pooled standard deviation, with a correc-
tion factor applied to account for potential bias due to small 
sample sizes [26]. Negative effect sizes indicate slower gait 
speed in the patient group compared to the healthy control 
group. A random-effects meta-analysis model was used to 
combine the effect sizes from individual studies, account-
ing for potential heterogeneity in actual effects across stud-
ies [27]. Heterogeneity was assessed using the Q statistic 
and I² index. Data extracted from each study was stored 
in Microsoft Excel for Microsoft 365 MSO (Version 2403 
Build 16.0.17425.20176) 64-bit. All statistical analyses and 
visualizations in this meta-analysis were conducted in R 
studio (Posit Software, version 2023.12.0, PBC, Build 369) 
using R (version 4.3.1) [28] and the metafor package (ver-
sion 4.6.0) [29].

Results

Search Results

A Total of 452 studies were found in the initial search. After 
removal of duplicates, 180 studies remained (Fig. 1). Using 
the Covidence Systematic Review tool, two reviewers rated 
studies based on exclusion criteria and only studies that 
were agreed upon by both reviewers were included. After 
the abstract and title screening, we were left with seventy-
five studies. Only 8 of these studies ended up being fit for 
data extraction [9, 10, 30–35].

Study Characteristics

The meta-analysis included eight studies with a sample size 
of 617 (227 control and 390 with ET) conducted between the 
years 2001–2022 across the Unites States, Czech Republic, 
and Germany (Table 1). Sample sizes ranged from 24 ET 
patients in Fernandez et al. [31] to 151 in Rao et al. [32]. The 
included studies consistently reported reduced gait speed 
in ET patients compared to controls, with varying degrees 
of impairment. Study designs ranged from simple clinical 
assessments to sophisticated 3D motion capture analyses. 
The mean age of ET participants varied across studies, from 
50.3 ± 21.1 years in Stolze et al. [35] to 86.0 ± 4.6 years in 
Rao et al. [10]. Five studies used overground walking proto-
cols [9, 10, 31, 32, 34], two used treadmill walking [30, 35], 
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and one incorporated both [31]. Six studies assessed both 
normal and tandem gait, while two focused solely on nor-
mal gait. Gait assessment methods varied, including clinical 
rating scales, pressure-sensitive walkways, and 3D motion 
capture systems. Common outcome measures across studies 
were gait speed, step width, and measures of gait variabil-
ity. All studies reported reduced gait speed in ET patients 
compared to controls, with effect sizes ranging from − 0.5 to 
−1.8. Six studies found increased step width in ET patients, 
and five reported increased gait variability. Three studies 
included additional comparison groups: two compared ET 
to Parkinson’s disease [31, 34], and one examined the effects 
of deep brain stimulation in ET patients [30].

Fig. 1   PRISMA diagram

Table 1   Study details

Authors Year Treatment Control

Skinner et al. 2022 24 20
Rao et al. 2013 161 62
Fernandez et al. 2013 24 38
Rao et al. 2011 104 40
Hoskovcová et al. 2013 30 25
Roemmich et al. 2013 11 11
Stolze et al. 2001 25 21
Fasano et al. 2010 11 10
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Meta Analysis

The forest plot in Fig. 2 displays the individual study effect 
sizes and 95% confidence intervals for the difference in gait 
speed between those with ET and controls. The random-
effects meta-analysis revealed a significant overall effect. 
Individuals diagnosed with ET exhibited slower gait speeds 
compared to controls (pooled Hedges’ g = −1.06, 95% CI 
(−1.47, −0.65), p < .001) which is shown in the forest plot 
(Fig. 2). There was evidence of substantial heterogeneity 
across the included studies, as indicated by the Q statistic 
(Q (7) = 22.34, p < .01) and the I² index (76.92%), suggest-
ing that almost 80% of the observed variance in effect sizes 
was due to true heterogeneity rather than random chance. 
While a moderator or meta regression analysis would have 
been useful to further identify study groupings, we did not 
have enough studies to properly perform or interpret these 
tests [36]. To assess potential publication bias, a funnel plot 
was created (Fig. 3). The funnel plot displays the relation-
ship between study effect sizes and their standard errors. In 
the absence of publication bias, the plot should resemble a 
symmetrical inverted funnel. Visual inspection of our funnel 
plot suggests a potential inverted funnel shape forming with 
a peak being reached at around − 0.5 mean difference, and 

error increasing as we move away from this mean difference 
value. The two studies with lowest error also had the highest 
sample size, and were both done in the same lab [10, 32].

Discussion

This meta-analysis provides the first quantitative synthesis 
of gait speed differences between individuals with essen-
tial tremor (ET) and healthy controls. Our primary findings 
were: (1) Individuals with ET exhibit significantly slower 
gait speeds compared to controls, with a large effect size 
(Hedges’ g = −1.06, 95% CI −1.47 to −0.65, p < .001); 
(2) There was substantial heterogeneity across studies (I² 
= 76.92%), indicating variability in the magnitude of gait 
speed alterations among ET populations. Across the eight 
studies included in the analysis, our findings align with and 
extend previous research demonstrating gait abnormalities 
in ET. The large effect size we observed suggests that gait 
speed reduction is a clinically significant feature of ET, con-
sistent with studies reporting various gait impairments in 
this population [8, 11, 37]. The magnitude of gait speed 
deficit observed is comparable to or greater than that seen 
in other neurological disorders, underscoring the importance 

Fig. 2   Forest Plot

Fig. 3   Funnel Plot
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of gait dysfunction in ET [38]. Gait speed relies on the inte-
grated function of multiple physiological systems, includ-
ing musculoskeletal, neuromuscular, cardiopulmonary, 
and cognitive domains [23]. The observed deficits in gait 
speed among those with ET could have several mechanisms 
responsible such as neuromuscular impairments, cortico-
thalamic dysfunction, or cerebellar dysfunction leading to 
increased cognitive/attentional demands for locomotion [8, 
11, 39].

The involuntary rhythmic tremors that characterize ET 
can directly impair the neuromuscular control required for 
smooth, coordinated gait patterns. Tremors affecting the 
lower extremities can disrupt the precise timing and force 
generation needed for proper push-off forces and stance sta-
bility during the gait cycle [3, 10]. Similarly, axial tremors 
of the trunk can compromise dynamic balance and increase 
postural sway while walking [9]. Individuals with ET may 
adopt abnormal gait patterns and biomechanical adjustments 
to compensate for tremors and maintain stability during gait. 
Common compensatory mechanisms include shortening 
stride length, widening the base of support, and adopting a 
stooped, cautious posture [11, 17, 40]. While aimed at prior-
itizing stability over mobility, these altered gait kinematics 
can inadvertently reduce overall gait speed [41].

Our research on ET pathophysiology suggests that cer-
ebellar dysfunction may play a role in explaining these gait 
impairments, although the exact mechanisms remain to 
be fully elucidated. The cerebellum, with its crucial role 
in motor coordination, balance, and movement timing, is a 
key component of gait [42–44]. Neuroimaging studies have 
shown structural and functional abnormalities in the cer-
ebellum of ET patients [6]. While cerebellar dysfunction 
could contribute to the gait speed reductions observed in 
our meta-analysis, it is important to note that our data do 
not directly address this mechanistic hypothesis. These find-
ings further underscore the importance of our research in 
understanding the mechanisms of gait impairments in ET. 
An alternative perspective suggests that ET may primarily 
involve cortico-thalamic dysfunction, with bottom-up modu-
lation from the cerebellar fibers projecting into the ventral 
intermediate nucleus. This view aligns with the observa-
tion that tremor oscillations might be too rapid to be solely 
mediated by cerebellar loops, whereas the slower process of 
ataxia could be more directly influenced by cerebellar func-
tion [35]. Furthermore, ET is increasingly viewed as a net-
work disorder involving disrupted oscillatory activity in the 
cerebello-thalamo-cortical circuit [7, 45]. These pathways 
are critical for the precise timing and execution of motor 
commands. Abnormal activity in this network could affect 
tremor generation and the complex neural control required 
for efficient gait. Emerging research highlights gait’s cogni-
tive and attentional demands as well, particularly in neuro-
logical deficits like tremor [15, 39]. The processes of motor 

planning, updating sensory feedback, allocating attentional 
resources, and implementing online corrections during gait 
rely on integrated neural networks involving cortical and 
subcortical regions [46, 47]. As suggested by our findings, 
the increased cognitive demand of walking for those with ET 
may reflect the need for greater cortical involvement to com-
pensate for dysfunctional automatic control from subcorti-
cal circuits. These central nervous system mechanisms may 
interact with peripheral factors, such as tremors in the lower 
limbs and trunk, to produce the observed gait impairments. 
Further research is needed to clarify the specific contribu-
tions of cerebellar, thalamic, and cortical dysfunction to gait 
impairments in ET.

The mechanisms we’ve identified may interact synergisti-
cally to compound mobility limitations and elevate fall risk 
in those with ET. Reduced gait speed itself is an established 
risk factor for falls, which can precipitate further functional 
decline [23, 48]. The gait slowing observed in ET may sig-
nificantly impair an individual’s ability to respond quickly 
and maintain balance in destabilizing situations. Further-
more, abnormal gait patterns may restrict mechanisms for 
dynamic balance recovery after perturbations [49, 50]. The 
convergence of these gait impairments elevates the pro-
pensity for falls and related injurious events in ET, which 
can catalyze a vicious cycle of increasing frailty, sedentary 
behavior, and accelerated functional deterioration [13, 14, 
51, 52].

Our findings highlight the urgent need for routine gait 
speed monitoring and targeted interventions to improve 
mobility function as prudent fall prevention strategies in 
this clinical population at heightened fall risk. Clinicians 
should consider incorporating gait speed tests into routine 
ET examinations, as this could provide valuable prognos-
tic information and guide treatment decisions. Traditional 
rehabilitation approaches for neurological gait disorders may 
need to be adapted to address the specific challenges faced 
by ET patients. For instance, dual-task training that com-
bines gait exercises with cognitive tasks could help improve 
the allocation of attentional resources during walking, poten-
tially mitigating the cognitive-motor interference observed 
in ET [32]. Fall prevention programs should be tailored to 
address the specific gait impairments identified in ET, such 
as reduced speed and increased variability. Additionally, 
interventions focusing on improving lower limb strength, 
balance, and coordination may be beneficial. Incorporating 
technology like wearable sensors for gait monitoring and 
biofeedback could provide valuable tools for both assess-
ment and intervention in clinical and home settings.

While our findings demonstrate significant gait speed 
deficits in ET, it is important to note that the relationship 
between lower limb tremor and gait difficulties remains 
poorly understood. Lower limb tremor is not commonly 
reported or systematically assessed in clinical settings, 
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which may lead to an underestimation of its prevalence and 
impact on gait. This gap in our understanding has led to 
differing perspectives within the scientific community. One 
view aligns with the recent ‘ET-plus’ classification, which 
suggests that ET can involve a broader spectrum of motor 
and non-motor symptoms beyond the classic upper limb 
tremor [1]. Proponents of this view argue that gait difficul-
ties, as demonstrated in our meta-analysis, would fall under 
this ‘ET-plus’ category, suggesting that they may be part of 
a more systemic manifestation of the disorder rather than 
solely a consequence of lower limb tremor. However, there is 
significant debate surrounding the ‘ET-plus’ concept. Critics 
argue that this classification may lead to an overly broad and 
potentially misleading characterization of ET and contend 
that many of the additional symptoms attributed to ‘ET-plus’ 
may represent comorbidities or age-related changes rather 
than intrinsic features of ET itself. These researchers empha-
size the importance of maintaining a more focused defini-
tion of ET to avoid diagnostic confusion and ensure targeted 
research and treatment approaches [53, 54].

Given these conflicting perspectives, it is crucial for 
future studies to systematically assess lower limb tremor 
alongside gait parameters to elucidate potential relation-
ships and mechanisms. Such research could provide valuable 
insights into whether gait impairments in ET are primar-
ily driven by lower limb tremor, cerebellar dysfunction, or 
other factors. Additionally, longitudinal studies tracking the 
progression of symptoms in ET patients could help clarify 
whether additional features emerge as part of the disease 
process or as separate, albeit potentially related, conditions. 
This ongoing debate underscores the complexity of ET and 
the need for continued rigorous research. A nuanced under-
standing of the relationship between ET and associated 
symptoms is crucial for developing targeted interventions 
to improve gait, reduce fall risk, and enhance overall quality 
of life for individuals with ET. As the field progresses, it will 
be important to critically evaluate new evidence and remain 
open to refining our conceptualization of ET based on robust 
scientific findings. Future studies should aim to systemati-
cally assess lower limb tremor alongside gait parameters 
to elucidate potential relationships and mechanisms. Such 
research could provide valuable insights into whether gait 
impairments in ET are primarily driven by lower limb 
tremor, cerebellar dysfunction, or other factors associated 
with the broader ‘ET-plus’ phenotype. This understanding 
is crucial for developing targeted interventions to improve 
gait and reduce fall risk in individuals with ET.

While pharmacological interventions like propranolol and 
primidone are primarily aimed at reducing tremor ampli-
tude, they may not adequately address gait impairments. The 
significant gait speed deficits revealed in our meta-analysis 
highlight the importance of considering potential impacts on 
gait when planning treatments for ET. While gait may not 

be a primary therapeutic target due to limited gait-specific 
therapies in ET, clinicians should be mindful of how various 
treatments might affect gait and balance. Deep brain stimula-
tion (DBS) of the ventral intermediate nucleus of the thala-
mus has shown promise in improving tremor symptoms, 
but its effects on gait in ET are less clear and sometimes 
contradictory. Fasano et al. [30] reported improvements 
in some gait parameters post-DBS, particularly in patients 
with pre-existing gait ataxia. However, Roemmich et al. [44] 
found that gait actually worsened immediately following 
DBS surgery, potentially due to a microlesion effect. This 
discrepancy highlights the complex relationship between 
tremor control and gait function in ET. Recent research has 
explored alternative DBS targets that might better address 
both tremor and gait symptoms. For instance, Barbe et al. 
[55] investigated the effects of posterior subthalamic area 
stimulation on gait in ET patients, finding potential improve-
ments in both tremor and certain gait parameters. However, 
the long-term effects of such interventions on gait speed 
specifically remain to be fully elucidated.

The magnitude of gait speed deficits observed in our 
meta-analysis (pooled Hedges’ g = −1.06) underscores the 
need for treatment approaches that specifically target gait 
impairments in ET. This might involve combination thera-
pies that address both tremor and gait symptoms. For exam-
ple, coupling traditional pharmacological or surgical inter-
ventions with targeted gait rehabilitation could potentially 
yield better functional outcomes. Emerging non-invasive 
brain stimulation techniques, such as transcranial magnetic 
stimulation (TMS) or transcranial direct current stimulation 
(tDCS), warrant further investigation as potential adjunct 
therapies. These methods could potentially modulate cer-
ebellar activity and improve gait function without the risks 
associated with surgical interventions [56]. Our results also 
highlight the importance of comprehensive outcome assess-
ments in ET treatment studies.

Limitations

While the meta-analytic findings were robust in showing 
an overall effect of ET on gait slowing, there was substan-
tial and statistically significant heterogeneity across stud-
ies (Q = 22.34, p < .01). The high degree of heterogeneity 
(I2 = 76.92%) indicates that a sizeable proportion of the 
observed variance in effect sizes was due to actual between-
study differences rather than sampling variability alone. This 
suggests the presence of unmeasured study-level moderators 
contributing to variability in the effect of ET on gait speed 
across studies. The high degree of heterogeneity observed 
suggests that factors such as disorder severity, age, medi-
cation status, and specific gait assessment protocols may 
significantly influence results. This heterogeneity limits 



The Cerebellum           (2025) 24:11 	 Page 7 of 9     11 

our ability to draw definitive conclusions about the exact 
magnitude of gait speed deficits across all ET patients. For 
instance, patients with more severe axial or lower limb 
tremor might exhibit greater gait speed deficits. Similarly, 
those with longer disorder duration or older age of onset 
might show more pronounced gait impairments due to cumu-
lative neurological changes or age-related factors. Future 
research should aim to identify these potential subgroups 
and their associated characteristics, as this could lead to 
more personalized treatment and rehabilitation approaches. 
Given the small number of included studies (k = 8) and the 
lack of statistical power, we could not systematically evalu-
ate these potential moderating influences through subgroup 
analysis or meta-regression techniques [36]. The funnel plot 
(Fig. 3) provides insight into potential publication bias in our 
meta-analysis with the relative symmetry of the plot suggest-
ing publication bias is unlikely to be a major concern. It is 
important to note that visual interpretation of funnel plots 
can be subjective, especially with a small number of stud-
ies. Therefore, these results should be interpreted cautiously.

Additional limitations of the present work include the 
small number of studies eligible for inclusion and the low 
sample variability, with two studies representing most of the 
sample (Table 1). Further, our analysis focused exclusively 
on the gait speed metric, which, while well-established, may 
only partially capture the multidimensional nature of gait 
impairments linked to ET. All studies included in this analy-
sis were also cross-sectional in nature which limits our abil-
ity to draw conclusions on longitudinal changes in individu-
als with ET. An important limitation of this meta-analysis, 
and indeed of the current literature on gait impairments in 
Essential Tremor (ET), is the lack of patient-reported out-
comes regarding gait and balance. Upon review, one of the 
eight studies included in our analysis explicitly reported on 
subjective patient experiences or comments related to gait 
and balance difficulties [9]. This gap highlights a potential 
disconnect between objectively measured gait parameters 
and patients’ lived experiences of gait and balance impair-
ments. As such, our meta-analysis may not fully capture the 
spectrum of gait-related challenges faced by individuals with 
ET in their daily lives. There may be subtle or context-spe-
cific gait and balance issues that are significant to patients 
but are not adequately detected or quantified by standardized 
gait assessments. This limitation underscores the need for 
future studies to incorporate both objective measures and 
patient-reported outcomes to provide a more comprehensive 
understanding of gait impairments in ET.

Future Directions

Looking ahead, larger-scale meta-analyses with more 
primary studies permit a more granular investigation 
of essential moderators that could explain sources of 

heterogeneity. Such work would enhance our understand-
ing of which patient subgroups or characteristics are 
linked to greater versus lesser gait speed impairments in 
ET. Future studies should aim to standardize gait assess-
ment protocols in ET with comparable methodology (age, 
duration, and severity of tremor etc.) to facilitate more 
direct comparisons and determine how findings might 
change across age groups. Longitudinal studies are needed 
to track the evolution of gait kinematics in ET with addi-
tional measurement of subjective gait and balance expe-
riences. Additionally, research combining gait analysis 
with neuroimaging could provide valuable insights into 
the neural correlates of gait impairments in ET, particu-
larly focusing on cerebellar circuits. This knowledge could 
guide more personalized prognostic estimates and targeted 
interventions. The evaluation of therapeutic approaches 
designed to improve gait speed represents another critical 
area for future randomized trials and meta-analyses in this 
population.

Conclusion

In summary, this meta-analysis demonstrates ET’s clear 
and negative impact on gait speed compared to healthy 
controls. The pooled effect size highlights clinically 
meaningful mobility impairments, likely contributing to 
downstream disability, falls, and loss of independence 
often observed in this group [13]. While future larger-
scale meta-analytic work is needed to delineate key mod-
erating factors, identify high-risk subgroups, and evaluate 
therapeutic interventions, the current findings reinforce 
gait speed as an essential clinical marker and potential 
treatment target for preserving mobility and function in 
patients diagnosed with ET.
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