
Vol.: (0123456789)

GeroScience 
https://doi.org/10.1007/s11357-025-01722-6

ORIGINAL ARTICLE

Age‑related and dual task‑induced gait alterations 
and asymmetry: optimizing the Semmelweis Study gait 
assessment protocol

Peter Mukli · Mihaly Muranyi · Ágnes Lipecz · Zsofia Szarvas · Tamás Csípő · Anna Ungvari   · 
Mónika Fekete · Vince Fazekas‑Pongor · Anna Peterfi · Ágnes Fehér · Norbert Dosa · Noémi Mózes · 
Csilla Kaposvári · Anna Aliquander · Wei Yi Hung · Dávid Major · Zalan Kaposzta · Attila Matiscsák · 
Gabriella Dörnyei · Zoltan Benyo · Adam Nyul‑Toth · Roland Patai · Boglarka Csik · Rafal Gulej · 
Attila Kallai · Marton Sandor · Peter Varga · Adam G. Tabak · Stefano Tarantini · Róza Ádány · 
Béla Merkely · Anna Csiszar · Andriy Yabluchanskiy · Zoltan Ungvari

Received: 10 April 2025 / Accepted: 26 May 2025 
© The Author(s) 2025

Abstract  Gait alterations are recognized as early 
markers of age-related decline and cognitive impair-
ment. Dual-task assessments, which impose cognitive 
load while walking, provide valuable insights into 
gait control limitations and cognitive-motor interac-
tions in aging populations. This study evaluates age-
related and cognitive load-induced changes in gait 
parameters, with a particular focus on asymmetry, 

and aims to optimize the gait assessment protocol for 
the Semmelweis Study framework. The Semmelweis 
Study is a large-scale workplace cohort investigating 
the determinants of unhealthy aging and promoting 
healthy brain aging by identifying risk factors and 
protective mechanisms influencing vascular, meta-
bolic, and neurocognitive decline. As part of this ini-
tiative, gait analysis is emerging as a critical tool for 
assessing functional aging, detecting early signs of 
mobility and cognitive impairment, and contributing 
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to biological age assessment. A cross-sectional analy-
sis was conducted on adults aged 23 to 87 years using 
a pressure-sensitive walkway system. Participants 
were evaluated under single-task conditions (normal 
walking) and dual-task conditions (walking while 
performing a concurrent cognitive task). Spatiotem-
poral gait parameters, asymmetry indices, and dual-
task costs were analyzed to assess age-related changes 
in gait performance and cognitive-motor interactions. 
Aging was associated with significant reductions in 
gait speed, step length, and stride length, along with 
a corresponding increase in gait asymmetry. Dual-
task conditions exacerbated these alterations, indicat-
ing age-related impairments in cognitive-motor inte-
gration. Asymmetry indices were sensitive to aging 
effects, suggesting their potential as biomarkers for 
functional decline. The dual-task cost on gait was sig-
nificantly greater in older adults, reinforcing the inter-
play between cognitive and motor systems in aging. 
Age-related gait alterations, particularly under cogni-
tive load, underscore the importance of comprehen-
sive gait assessments in aging research. Our findings 
contribute to the optimization of the Semmelweis 
Study gait assessment protocol by identifying key gait 
parameters that capture functional decline and bio-
logical aging. Integrating dual-task gait analysis into 
large-scale epidemiological studies has the potential 

to enhance early detection of brain health decline, 
refine biological age estimation, and guide targeted 
interventions to support healthy aging and neuromo-
tor resilience.

Keywords  Gait asymmetry · Aging · Dual-
task walking · Cognitive load · Gait variability · 
Semmelweis Study · Mobility decline

Introduction

The aging of populations presents an urgent public 
health challenge across the European Union (EU) and 
beyond [1]. Currently, more than 100 million individ-
uals aged 65 and older reside in the EU and the UK, 
with this number projected to increase to nearly 150 
million by 2050. This demographic shift—represent-
ing over 21% of the EU population as of 2025, with 
an expected rise to 29.5% by 2050 [1, 2]—underlines 
the critical need to address age-associated diseases, 
mobility decline, and cognitive impairment to main-
tain independence among older adults. As the elderly 
population grows, the strain on social, healthcare, and 
economic resources will intensify, necessitating com-
prehensive strategies to promote healthy aging and 
extend health span in addition to lifespan.
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Safeguarding the health of aging populations is 
also integral to achieving the Sustainable Develop-
ment Goals (SDGs), ensuring that increased longev-
ity is accompanied by an improved quality of life. 
However, disparities in health outcomes across EU 
member states pose significant challenges to aging-
related public health efforts. For example, Hungary 
faces unique demographic pressures, with projections 
indicating that the percentage of its population aged 
65 and older will rise from 20.3% in 2021 to 27.9% 
by 2050 [3, 4]. The interplay between population 
aging, public health, labor market sustainability, and 
social services highlights the urgent need for a thor-
ough understanding of aging-related health risks and 
the factors contributing to successful aging.

In response to these challenges, Semmelweis 
University in Budapest, Hungary, established the 
Fodor Center for Prevention and Healthy Aging 
and launched a comprehensive initiative to promote 
healthy aging and drive healthcare reform [5]. As 
Hungary’s largest healthcare provider and a leading 
health sciences institution in Central Europe, Sem-
melweis University leverages its resources to tackle 
the complexities of aging through three key compo-
nents: (1) The Semmelweis Study—A longitudinal 
workplace cohort study investigating the determi-
nants of unhealthy aging [6]. (2) The Semmelweis 
Workplace Health Promotion Model Program—A 
structured initiative to promote healthy aging in the 
workplace setting. (3) and a pioneering multidisci-
plinary program in preventive medicine focused on 
primary healthcare reform and early intervention [5]. 
The Semmelweis Study is a prospective cohort study 
targeting all university employees and faculty aged 25 
years and older, encompassing over 12,000 partici-
pants from diverse occupational and socioeconomic 
backgrounds [6]. This study provides a unique oppor-
tunity to assess lifestyle, environmental, and occu-
pational factors contributing to unhealthy aging and 
the genesis and progression of age-related chronic 
diseases. A major focus is to identify vascular and 
metabolic risk factors for cognitive decline, integrat-
ing high-throughput methodologies to assess brain 
health, mobility, and functional aging [6].

Gait, once considered a simple motor activity, is 
now recognized as a complex neuromotor process 
influenced by vascular health, cognitive function, and 

musculoskeletal integrity [7–12]. Emerging evidence 
suggests that gait characteristics can serve as early 
indicators of cognitive decline, neurovascular dys-
function [13–20], and frailty, making gait analysis a 
powerful tool for aging research [15, 20–24]. Among 
gait parameters, gait asymmetry [25–31] and vari-
ability [18, 20, 32–38] have been identified as poten-
tial biomarkers of neurocognitive impairment, with 
greater asymmetry associated with an increased risk 
of cognitive and functional decline. Symmetry in gait 
is an important measure in aging studies, as asymme-
try may reflect underlying neuropathologies, such as 
stokes, cerebral microhemorrhages, lacunar strokes, 
and white matter hyperintensities, which dispropor-
tionately affect one side of the brain [26, 27, 39, 40].

Dual-task gait assessments, which impose cogni-
tive load while walking, provide valuable insights 
into cognitive-motor interactions and serve as a sen-
sitive measure of brain aging [41–43]. Older adults 
often exhibit a greater dual-task cost, characterized 
by slower gait speed among others, reflecting under-
lying deficits in executive function and neural com-
pensation mechanisms [41, 42, 44]. These gait altera-
tions are associated with an elevated risk of falls, 
frailty [25, 43, 45–49], and cognitive impairment, 
underscoring the need for high-throughput, reproduc-
ible gait assessments in large-scale epidemiological 
studies.

As part of the Semmelweis Study, this pilot inves-
tigation focuses on age-related and cognitive load-
induced gait alterations, with a particular emphasis 
on gait asymmetry as a potential marker of functional 
and cognitive aging. By analyzing gait parameters in 
both single-task and dual-task conditions, this study 
aims to optimize the gait assessment protocol for 
future large-scale analyses within the Semmelweis 
Study framework. These findings will contribute to 
refining methodological frameworks for gait assess-
ments in longitudinal studies, enhancing the early 
detection of mobility impairments and cognitive 
decline, and supporting the development of interven-
tions to promote cognitive and neuromotor resilience 
in aging populations. By integrating gait assessment 
into the broader context of brain aging and public 
health, this study provides critical insights into the 
determinants of functional decline and helps shape 
future interventions for healthy aging.
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Materials and methods

Study participants

This cross-sectional study recruited 103 adults span-
ning a wide age range (23–87 years; 45 males). Based 
on widely used cut-off values, participants were cat-
egorized into two age groups. The Younger Adults 
(YA) group included individuals under 65 years of 
age (n = 62, 27 males, 35 females) and encompassed 
both young and middle-aged adults, divided at the 
45-year threshold. The Older Adults (OA) group con-
sisted of participants aged 65 years and older (n = 
41, 18 males, 23 females). All participants under-
went medical history screenings prior to enrollment 
to determine eligibility. Inclusion criteria required 
participants to be able to read and write, possess 
adequate hearing and vision for the assessments, and 
be competent to provide informed consent. Exclusion 
criteria included conditions that could directly impact 
spatiotemporal gait patterns, such as neurological dis-
orders (e.g., Parkinson’s disease, multiple sclerosis); 
musculoskeletal conditions (history of orthopedic 
surgeries or musculoskeletal diseases); and cardio-
vascular or metabolic conditions. To minimize exter-
nal influences on gait performance, participants were 
instructed to abstain from caffeine for at least 6 h 
prior to testing and ensure a minimum of 7 h of sleep 
before functional assessments. Informed consent was 
obtained from all participants before enrollment. The 
study’s procedures and protocols were approved by 
the institutional review boards of the participating 
institutions: the Hungarian Medical Research Council 
(approval number #53,981–2/2023/809) and the Insti-
tutional Review Board of the University of Oklahoma 
Health Sciences Center (approval numbers #8129 and 
#9555).

Measurement protocol

Gait data were acquired using a 20-ft-long pressure-
sensitive electronic mat (ProtoKinetics Zeno™ Walk-
way Gait Analysis System, Havertown, PA, USA), 
which captures both spatial (distance) and tempo-
ral (time-based) parameters of gait as previously 
described [20]. The assessment protocol consisted 
of single-task and cognitive dual-task conditions, 
with participants walking at their self-selected speed, 

wearing their regular shoes, and moving freely with-
out external constraints.

The dual-task condition was designed to evaluate 
the effect of increased cognitive load on gait patterns, 
reflecting the limited attentional resources available 
during simultaneous cognitive engagement. In the 
single-task condition, participants completed five 
walking trials, covering ten passes across the gait 
mat, turning at each end. Following this, the dual-task 
condition was introduced, during which participants 
performed serial subtraction while walking. Specifi-
cally, they were instructed to subtract 7 repeatedly 
from 500, say each number aloud, and continue the 
task even if they recognized an earlier mistake. This 
approach ensured continuous cognitive engagement 
while walking, allowing for the examination of two 
distinct gait patterns within the same participant.

Assessment of gait patterns

Table 1 provides an overview of the gait parameters 
captured by the ProtoKinetics Gait Analysis System, 
derived from raw pressure maps. A comprehensive 
characterization of gait patterns includes spatial and 
temporal profiles as well as key parameters reflect-
ing balance control across different phases of the gait 
cycle.

Temporal parameters include gait speed, cadence, 
step time, and stride time, which provide insights into 
walking efficiency and rhythm. Spatial parameters 
such as step length, stride length, and stride width 
describe the overall geometry of movement. The 
relative durations of gait cycle phases are assessed 
through stance, single support, and dual support 
times, offering critical information about weight dis-
tribution and stability during walking.

Additionally, parameters reflecting balance control 
include integrated pressure, stance center of pressure 
(COP) distance, and single support center of pres-
sure distance. These measures provide insights into 
postural stability and neuromotor control, offering a 
more detailed evaluation of balance across different 
gait phases.

Data analysis

The evaluation of gait began with an initial review 
of the raw data, during which incomplete steps and 
artefactual patterns were identified and removed if 
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confirmed. Following data cleaning, individual-level 
analyses were conducted by computing the arithmetic 
mean for each gait parameter listed in Table 1. Addi-
tionally, two measures of asymmetry were derived for 
each parameter to assess limb-to-limb differences in 
gait patterns.

Asymmetry was quantified using the Ratio Index 
(RI), which was calculated as the ratio of values (X) 
for the two limbs per stride, following Eq.  1. This 
ratio was then averaged across the entire walking trial 
to obtain a representative measure of gait asymmetry.

(1)RI = 100 ∙

|||
|||

1 − exp
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−
|
||||
ln

(
Xright

Xleft

)|
||||

)|||
|||

[%]

Perfect symmetry is indicated by an RI value 
of 0, reflecting equal limb contributions to gait. 
In contrast, an RI value of 100 corresponds to the 
highest possible asymmetry, theoretically represent-
ing a complete imbalance between the two limbs. 
This measure provides a standardized approach to 
quantifying gait asymmetry, allowing for meaning-
ful comparisons across individuals and conditions 
[50].

For the Symmetry Index (SI), the difference 
between the values corresponding to the two limbs 
is normalized to their average within the same 
stride, following Eq. 2. This normalization accounts 
for individual variability in gait parameters and 
provides a scale-independent measure of asymme-
try, facilitating comparisons across participants and 
conditions.

Table 1   Parameters of gait pattern captured by the pressure-sensitive gait mat

Gait parameter name (abbreviation) Definition (measurement unit)

Gait speed The covered distance during a given walking trial divided by time
Cadence The number of steps during a given walking trial divided by time
Step time (SteTim) It refers to the duration of a single step, measured as the time interval between 

the initial contact of one foot and the initial contact of the opposite foot (sec)
Stride time (StrTim) A key parameter capturing the duration of gait cycle: the period of time from 

first contact of one foot, to the following first contact of the same foot (sec)
Step length (SteLen) Step length is the distance between corresponding successive heel points 

of opposite feet, measured parallel to the direction of progression for the 
ipsilateral stride (cm)

Stride length (StrLen) The distance from the heel of one foot to the following heel of the same foot 
(cm)

Stride width (StrW) Stride width is the perpendicular distance between the line connecting the 
two ipsilateral foot heel contacts (stride) with the contralateral heel contact 
between those events (cm)

Stance The stance phase begins when the foot first touches the ground and ends when 
the same foot leaves the ground. This measure is expressed as a percentage 
of gait cycle time spent in the stance phase and averaged between left and 
right foot (%)

Swing The period of time when the foot is not in contact with the ground. It is pre-
sented as a percentage of the gait cycle time (%)

Single support (SSup) The percentage of gait cycle time when only the current foot is in contact with 
the ground (%)

Total double support (TDSup) The percentage of gait cycle time when both feet are in contact with the 
ground during stance phase (%)

Integrated pressure (IntP) The area under the footfall pressure curve during ground contact for the given 
footfall

Stance center of pressure distance (StCOPd) It represents the center of pressure (COP) start to end distance as a percent of 
the maximum foot length

Single support center of pressure distance (SSCOPd) It represents the COP start to end distance in single support as a percent of the 
maximum foot length
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Similar to the Ratio Index, an SI value of 0 indi-
cates perfect left–right symmetry for a given gait 
parameter, reflecting equal contributions from both 
limbs. Conversely, an SI value of 100% represents 
maximal asymmetry. This standardized measure 
allows for quantitative assessment of gait balance 
and enhances comparability across individuals and 
conditions.

Both symmetry parameters, RI and SI, are 
expressed as percentages and take a value of 0 when 
Xleft= Xright , indicating perfect symmetry. While 
in theory, RI = 100% or SI = 100% corresponds to 
maximal asymmetry, these values are can only be 
approximated on empirical data. Extreme values 
occur primarily when X is an outlier, such as when 
one limb’s value is ≈0 or exceeds the contralateral 
value by several magnitudes, which is usually due to 
improperly captured steps rather than true physiologi-
cal asymmetry.

Statistical tests

The normality of data distributions was assessed 
using the Lilliefors test. As the majority of the sam-
ples were not normally distributed, data are presented 
as median (IQR), unless stated otherwise. Given the 
non-normal distribution, rank correlation analyses 
were used to examine the relationship between gait 
parameters and chronological age, treating all varia-
bles as continuous. Spearman correlation coefficients 
were calculated separately for single-task and dual-
task conditions, as well as for dual-task cost, which 
was defined as the arithmetic difference between gait 
parameters recorded under dual-task and single-task 
conditions.

After defining age categories, gait parameters were 
compared between younger and older adults using 
the Mann–Whitney test, except for parameters where 
both groups exhibited normal distributions, in which 
case an unpaired two-tailed t-test was applied. Lev-
ene’s test was used to assess variance homogeneity, 
and Welch’s correction was applied when variances 
were unequal. The effect of dual-task conditions on 
gait parameters was evaluated using the Wilcoxon 
test, unless normality assumptions required for a 

(2)SI = 100 ∙

|
|
|
Xleft−Xright

|
|
|

0.5 ∙
(
Xleft+Xright

) [%]

paired t-test were met. The level of significance was 
set at α = 0.05.

Results

Participants characteristics

Table 2 provides an overview of the sex distributions 
of the study population, along with participants’ edu-
cational background, active medical conditions, and 
medication use. Baseline physiological data, includ-
ing relevant health parameters, are summarized in 
Table  3. These demographic and health character-
istics offer important context for interpreting gait 
performance across age groups and cognitive load 
conditions.

Basic statistics of gait parameters

To evaluate age-related changes in fundamental gait 
characteristics, rank correlation analyses were per-
formed between chronological age and the arithme-
tic mean of gait parameters for each walking session 
of each individual. Additionally, gait parameters 
were compared between younger and older adults, 
with non-parametric descriptive statistics reported in 
Table 4.

Table 2   Demographics data

Characteristics Young 
(n = 62)

Elderly 
(n = 41)

n % n %

Sex
Male 27 26.2 18 17.5
Female 35 34.0 23 22.3
Highest level of education
Academic doctorate degree 17 16.5 5 4.8
Professional doctorate degree 11 10.7 0 0
Master degree 20 19.4 11 10.7
Bachelor degree 11 10.7 15 14.6
Other, no college or university degree 3 2.9 10 9.7
Handedness
Left 7 6.8 4 3.9
Right 55 53.4 37 35.9



GeroScience	

Vol.: (0123456789)

Temporal gait parameters

Among temporal gait parameters (Fig.  1), gait 
speed exhibited the strongest negative correla-
tion with age under both single-task (Spearman’s 
rho =  − 0.3854, p < 0.0001) and dual-task condi-
tions (rho =  − 0.4476, p < 0.0001). As expected, 
gait speed was significantly lower during dual-task 
walking (Wilcoxon test, p < 0.0001) (Fig.  1D). 
Older adults walked at a significantly slower pace 
in both conditions compared to younger adults (p < 
0.0001, unpaired t-test with Welch’s correction).

No significant correlations were found between 
chronological age and other temporal gait variables, 
including cadence (Fig. 1E, F), step time (Fig. 1I, J), 
and stride time (Fig. 1M, N). Likewise, dual-task cost 
of temporal gait parameters did not correlate with age 
(Spearman’s p > 0.05). However, dual-task conditions 
significantly altered all temporal gait parameters in 
both age groups (p < 0.0001, Wilcoxon test).

Spatial gait parameters

Analysis of spatial gait parameters (Fig.  2) revealed 
a strong negative correlation between step length 
and age, observed in both single-task (Fig.  2A, rho 
=  − 0.487, p < 0.0001) and dual-task conditions 
(Fig.  2B, rho =  − 0.533, p < 0.0001). Similar asso-
ciations were found for stride length (Fig.  2E, rho 
=  − 0.467, p < 0.0001; Fig.  2F, rho =  − 0.524, p < 
0.0001). Stride width, however, did not correlate with 
age (p > 0.05).

Interestingly, dual-task cost for step length 
(Fig. 2C, rho =  − 0.319, p = 0.0012) and stride length 
(Fig.  2G, rho =  − 0.324, p = 0.0009) also showed 
significant negative correlations with age, indicating 
a diminished dual-task effect in older adults. Dual-
task cost for stride width exhibited a weak but signifi-
cant association with age (Fig. 2K, rho = 0.198, p = 
0.0471).

Comparison between age groups demonstrated that 
step length and stride length were significantly lower 
in older adults across all conditions (p < 0.0001, 
Mann–Whitney test). Dual-task conditions also had a 
pronounced effect on spatial gait parameters (Fig. 2D, 
H), with significant reductions observed during dual-
task walking (p < 0.0001, Wilcoxon test). Notably, 
stride width was significantly lower during dual-task 
conditions, but only in older adults (Fig.  2L, p = 
0.001, paired t-test).

Gait cycle parameters

The overall duration of the gait cycle (stride time) was 
not significantly associated with chronological age. 
Gait cycle parameters (Fig.  3) demonstrated strong 
age-related changes. Stance phase duration increased 
significantly with age during single-task (Fig.  3A, 
rho = 0.306, p = 0.002) and dual-task conditions 
(Fig. 3B, rho = 0.369, p < 0.0001), at the expense of 
swing phase duration, which decreased accordingly. 

Table 3   Health conditions, medications, and baseline physi-
ological parameters of the study population

Diseases, medications and base-
line physiological measures

Young (n = 
62)

Elderly 
(n = 41)

n % n %

Active diseases*
Hypertension (controlled) 5 4.9 23 22.3
Other cardiovascular diseases 3 2.9 3 2.9
Diabetes mellitus (controlled) 2 1.9 5 4.9
Hypothyroidism 1 1.0 2 2.0
Other metabolic disorder 2 1.9 6 17.6
Psychiatric disease 3 2.9 7 6.8
Neurological disease 2 1.9 3 2.9
Diseases of bones, joints and 

muscle
7 3.9 13 12.5

Other medical conditions 7 6.8 12 11.7
Current smoker** 6 5.8 6 5.8
Medications***
AT1-receptor blocker 1 1.0 6 5.8
ACE-inhibitor 1 1.0 7 6.8
β-blocker 1 1.0 7 6.8
Ca-antagonist 2 1.9 7 6.8
Diuretic 3 2.9 10 9.7
Statin 2 1.9 12 11.7
Estrogen supplement 1 1.0 6 3.9
Thyroid supplement 1 1.0 11 10.7
Other prescribed drugs 22 21.4 26 25.2
Baseline data Mean S.D Mean S.D
Systolic blood pressure (mmHg)* 116.4 12.8 126.3 16.2
Diastolic blood pressure (mmHg) 77.6 10.3 74.9 8.5
Mean arterial blood pressure 

(mmHg)*
90.5 10.7 92.1 8.6

Heart rate (1/min) 66.0 9.8 64.1 13.1
Body mass index (BMI; kg/m2)* 25.3 5.3 26.6 4.3
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Fig. 1   Relationship between age and temporal parameters of 
gait during single and dual task. SteTim: step time, StrTim: 
stride time. Black lines and grey shaded areas on the scatter-
plot represent the trendline and its 95% confidence interval, 
respectively. Box-whisker plots show data for the young (n = 
60) and elderly (n = 41) groups separately in light purple-blue 
and light pink-red, respectively. Blue and red dots denote sta-
tistical outliers. A Gait speed during single task significantly 
decreases with age (Spearman’s p < 0.05). B Gait speed dur-
ing dual task significantly decreases with age (Spearman’s p < 
0.05). C Difference in gait speed between single and dual task, 
as a function of age. D Impact of age group and task condi-
tion on the median of gait speed. E Age-related changes in 
cadence, single task. F Age-related changes in cadence, dual 
task. G Difference in cadence between single and dual task, as 
a function of age. H Impact of age group and task condition on 

the median of cadence. I Age-related changes in mean SteTim, 
single task. J Mean SteTim corresponding to dual task signifi-
cantly increases with age (Spearman’s p < 0.05). K Difference 
in mean SteTim between single and dual task, as a function of 
age. L Impact of age group and task condition on the median 
of mean SteTim. M Age-related changes in mean StrTim, sin-
gle task. N Age-related changes in mean StrTim, dual task. 
O Difference in mean StrTim between single and dual task, 
as a function of age. P Impact of age group and task condi-
tion on the median of mean StrTim. Panels D, H, L and P: 
***p < 0.001: age effect (Mann–Whitney test); ***: p < 0.001: 
age effect (Mann–Whitney test); ****: p < 0.0001: age effect 
(Mann–Whitney test); ##: p < 0.01, task effect (paired t-test); 
####: p < 0.0001, task effect (Wilcoxon-test). On panels A–C, 
E–G, I–K, M–O a linear trendline ± [range] is plotted to cap-
ture linear associations
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Dual-task conditions further emphasized these age-
related changes (Fig. 3C, G, |r|= 0.21, p = 0.035).

As single support is a fraction of the swing phase, 
its age-related changes mirrored those of swing dura-
tion (single-task: Fig.  3I, rho =  − 0.321, p = 0.001; 
dual-task: Fig.  3J, rho =  − 0.39, p < 0.0001). Con-
versely, total double support duration increased with 
age, similar to stance phase (single-task: Fig. 3M, rho 

= 0.323, p = 0.001; dual-task: Fig.  3N, rho = 0.398, 
p < 0.0001).

The dual-single task difference significantly cor-
related with age for both single support (Fig.  3K, 
rho =  − 0.286, p = 0.004) and total double support 
(Fig. 3O, rho = 0.309, p = 0.0017).

Comparisons between age groups revealed sig-
nificant differences in stance and swing phases 

Fig. 2   Relationship between age and height normalized spa-
tial parameters of gait during single and dual task. SteLen: 
step length, StrLen: stride length, StrW: stride width. Black 
lines and grey shaded areas on the scatterplot represent the 
trendline and its 95% confidence interval, respectively. Box-
whisker plots show data for the young (n = 60) and elderly 
(n = 41) groups separately in light purple-blue and light pink-
red, respectively. Blue and red dots denote statistical outliers. 
A Mean SteLen corresponding to single task significantly 
decreases with age (Spearman’s p < 0.05). B Mean SteLen 
corresponding to dual task significantly decreases with age 
(Spearman’s p < 0.05). C Difference in mean SteLen between 
single and dual task significantly decreases with age (Spear-
man’s p < 0.05). D Impact of age group and task condition on 

the mean SteLen. E Mean StrLen corresponding to single task 
significantly decreases with age (p < 0.05). F Mean StrLen 
corresponding to dual task significantly decreases with age 
(Spearman’s p < 0.05). G Difference in mean StrLen between 
single and dual task significantly decreases with age (Spear-
man’s p < 0.05). H Impact of age group and task condition on 
the median of mean StrLen. I Age-related changes in mean 
StrW, single task. J Age-related changes in mean StrW, dual 
task. K Difference in mean StrW between single and dual 
task significantly decreases with age (Spearman’s p < 0.05). L 
Impact of age group and task condition on the median of mean 
StrW. Panels D, H, and L:; ****: p < 0.0001, age effect (Mann–
Whitney test); ##: p < 0.01, task effect (paired t-test); ####: p < 
0.0001, task effect (Wilcoxon test)
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(Fig.  3D, H, single-task: p = 0.005, dual-task: p < 
0.0001, Mann–Whitney test) and single and total 
double support (Fig.  3L, P, single-task: p = 0.003, 
dual-task: p < 0.0001, Mann–Whitney test). Dual-
task conditions had a significant effect on all gait 
cycle parameters in both age groups (p < 0.0001, 
Wilcoxon test).

Balance control parameters

Figure  4 illustrates the relationship between mean 
balance control parameters and age under single- 
and dual-task conditions. Mean integrated pres-
sure showed a slight increase with age (Fig.  4 A), 
which was further emphasized by dual-task walking 
(Fig. 4B, C). However, age groups did not differ sig-
nificantly (p > 0.05). The difference between walk-
ing conditions was significant (p < 0.0001, Wilcoxon 
test), indicating a task-related impact on balance 
control.

Stance COP distance remained stable across age 
groups and task conditions (Fig. 4E, F, G). However, 
single support COP distance showed a significant 
negative correlation with age (Fig. 4I, rho =  − 0.381, 
p < 0.0001; Fig. 4 J, rho =  − 0.473, p < 0.0001), with 
older adults demonstrating shorter COP distances. 
Additionally, the dual-task effect on single support 
COP distance diminished with age (Fig.  4 K, rho 
=  − 0.322, p = 0.001).

Comparing age groups, single support COP dis-
tance was significantly lower in older adults during 
both single-task (p = 0.001) and dual-task conditions 
(p < 0.0001, Mann–Whitney test) (Fig. 4L). Further-
more, dual-task conditions significantly reduced sin-
gle support COP distance in both age groups (p < 
0.0001, Wilcoxon test), highlighting the impact of 
cognitive load on balance control.

Left–right ratio index of gait asymmetry

One of the parameters used to characterize gait asym-
metry was the RI, which quantifies differences in gait 
variables between the left and right legs, as defined 
in Eq. 1. The association between RI and age, as well 
as differences between age groups, was evaluated for 
multiple gait parameters. Descriptive statistics for 
these measures are presented in Table 4.

Temporal gait parameters

The ratio index of step time exhibited a significant 
age-related increase under dual-task conditions 
(Fig.  5B, Spearman’s rho =  − 0.4476, p < 0.0001) 
and was significantly higher among older adults dur-
ing this condition (Fig.  5D, p = 0.028, Mann–Whit-
ney test). However, dual-task cost did not correlate 
with chronological age (p > 0.05). Similar trends 
were observed for the ratio index of stride time 
(Fig. 5E–H), though no significant associations were 
found between age, task condition, or group differ-
ences for this parameter.

Spatial gait parameters

Analysis of RI derived from spatial gait parameters 
(Fig. 6) showed a positive correlation between RI of 
step length and chronological age for both task con-
ditions (Fig. 6A: single task, rho = 0.268, p = 0.007; 
Fig. 6B: dual task, rho = 0.324, p = 0.001). However, 
RI of stride length and RI of stride width did not 
exhibit significant age-related associations. Similarly, 
dual-task cost of RI values for spatial gait parameters 
(step length, stride length, and stride width) did not 
correlate with age (Fig. 6C, G, and K).

When comparing age groups, RI of step length was 
significantly greater in older adults (Fig.  6D, single 
task: p = 0.003; dual task: p = 0.006, Mann–Whit-
ney test). In contrast, stride length and stride width 
did not differ significantly between age groups. Fur-
thermore, RI of spatial gait parameters did not show 
significant differences between single- and dual-task 
conditions in either age group.

Gait cycle parameters

Ratio indices of gait cycle parameters exhibited a 
general tendency to increase with age, but substan-
tial individual variability weakened these correlations 
(Fig.  7). The RI of swing phase increased signifi-
cantly with age during dual-task conditions (Fig. 7B, 
rho = 0.197, p = 0.048), similar to swing phase, 
though these associations were not significant for 
stance phase and under single-task conditions. The 
dual-task effect did not further emphasize the age-
related increase in asymmetry (Fig. 7C and G).

For single support in the single-task condition, RI 
increased with age (Fig.  7I, rho = 0.246, p = 0.013) 



	 GeroScience

Vol:. (1234567890)

and was significantly higher in older adults (Fig. 7L, 
p = 0.016, Mann–Whitney test). In contrast, dou-
ble support only showed a significant task-related 
effect in the younger group (Fig. 7P, p = 0.003, Wil-
coxon test). No significant age-related associations 
were observed in the dual-task cost of gait cycle 
parameters.

Balance control parameters

The relationship between mean RI of balance con-
trol parameters and age during single- and dual-task 

conditions is shown in Fig.  8. RI values calculated 
for mean integrated pressure (Fig.  8A), stance COP 
distance (Fig. 8E), and single support COP distance 
(Fig. 8I) did not vary with age. In case of dual task, 
higher single support COP distance values were 
measured for older participants (Fig. 8J, rho = 0.256, 
p = 0.010). However, dual-task cost varied indepen-
dently from age (Fig. 8C, G, K).

A significant age group effect was observed for 
mean RI of stance COP distance, but only dur-
ing dual-task conditions (Fig.  8L, p = 0.040, 
Mann–Whitney test). Additionally, task effects were 
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significant in older adults for mean RI of integrated 
pressure (Fig.  8D, p = 0.029, Wilcoxon test) and 
single support COP distance (Fig. 8L, p = 0.023).

Symmetry index of gait pattern

To provide a comprehensive characterization of gait 
asymmetry, a Symmetry Index (SI) was calculated 
for each walking session based on Eq. 2, which nor-
malizes the absolute deviation between the left and 
right legs to their sum. The association between SI 
and age, as well as differences between age groups, 
was analyzed using the same approach applied 
for the Ratio Index (RI). Descriptive statistics for 
SI values across gait parameters are presented in 
Table 4.

Temporal gait parameters

None of the temporal gait parameters demon-
strated greater asymmetry in older adults in terms 
of median SI (Fig. 9). There was no significant cor-
relation between age and step time asymmetry in 
either single-task (Fig. 9A, B) or dual-task conditions 
(Fig.  9C). Similarly, stride time asymmetry did not 
exhibit a significant relationship with age (Fig. 9E–G) 
or group differences, indicating that temporal gait 
asymmetry remains stable across aging.

Spatial gait parameters

Analysis of median SI for spatial gait param-
eters (Fig.  10) revealed a strong positive correla-
tion between step length asymmetry and chrono-
logical age, observed in both single-task (Fig.  10A, 
rho = 0.328, p = 0.0008) and dual-task conditions 
(Fig. 10B, rho = 0.284, p = 0.0041). However, stride 
length (Fig.  10E, F) and stride width (Fig.  10I, J) 
asymmetries did not show a significant correlation 
with age (p > 0.05).

When comparing age groups, step length asymme-
try was significantly greater in older adults for both 
single-task (p = 0.0012, Mann–Whitney test) and 
dual-task conditions (p = 0.0184) (Fig.  10D). While 
gait asymmetry tended to increase during dual-task 
walking, this effect was only statistically significant 
for stride length asymmetry in the younger group 
(Fig.  10H, p = 0.0267, Wilcoxon test). Stride width 
asymmetry did not show significant age- or task-
related differences (Fig.  10I–L). Additionally, dual-
task cost did not correlate with age for spatial gait 
parameters.

Gait cycle parameters

The median SI of gait cycle parameters is presented 
in Fig. 11. Swing phase asymmetry exhibited a weak 
but significant correlation with age in dual-task con-
ditions (Fig. 11F, rho = 0.239, p = 0.0161), whereas 
no other gait cycle parameters were significantly 
associated with age.

When comparing age groups, older adults dem-
onstrated greater asymmetry for swing phase 
(Fig. 11H, p = 0.0064, Mann–Whitney test) and sin-
gle support phase (Fig.  11L, p = 0.0138), whereas 

Fig. 3   Relationship between age and gait cycle parameters 
during single and dual task. SSup: single support, TDSup: 
total double support. Black lines and grey shaded areas on 
the scatterplot represent the trendline and its 95% confidence 
interval, respectively. Box-whisker plots show data for the 
young (n = 60) and elderly (n = 41) groups separately in light 
purple-blue and light pink-red, respectively. Blue and red 
dots denote statistical outliers. A Mean stance corresponding 
to single task significantly increases with age (Spearman’s 
p < 0.05). B Mean stance corresponding to dual task signifi-
cantly increases with age (Spearman’s p < 0.05). C Difference 
in mean Stance between single and dual task significantly 
increases with age (Spearman’s p < 0.05). D Impact of age 
group and task condition on the median of stance. E Mean 
swing% corresponding to single task significantly decreases 
with age (Spearman’s p < 0.05). F Mean Swing% correspond-
ing to dual task significantly decreases with age (Spearman’s 
p < 0.05). G Difference in mean swing between single and 
dual task significantly decreases with age (Spearman’s p < 
0.05). H Impact of age group and task condition on the median 
of mean Swing%. I Mean SSup corresponding to single task 
significantly decreases with age (Spearman’s p < 0.05). J 
Mean SSup corresponding to dual task significantly decreases 
with age (Spearman’s p < 0.05). K Difference in mean SSup 
between single and dual task significantly decreases with age 
(Spearman’s p < 0.05). L Impact of age group and task con-
dition on the median of mean SSup. M Mean TDSup corre-
sponding to single task significantly increases with age (Spear-
man’s p < 0.05). N Mean TDSup corresponding to dual task 
significantly increases with age (Spearman’s p < 0.05). (O) 
Difference in mean TDSup between single and dual task signif-
icantly increases with age (Spearman’s p < 0.05). P Impact of 
age group and task condition on the median of mean TDSup. 
Panels D, H, L, and P: *: p < 0.05, **: p < 0.01, ***: p < 0.001 
and ****: p < 0.001, age effect (Mann–Whitney test). ####: p < 
0.0001, task effect (Wilcoxon test)

◂
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other gait cycle parameters remained unaffected. 
Cognitive dual-tasking increased asymmetry in 
several gait cycle parameters, with significant 
effects observed in: (1) Stance phase asymmetry 
in older adults (Fig.  11D, p = 0.0193, Wilcoxon 

test); (2) Swing phase asymmetry in both younger 
(Fig. 11H, p = 0.023) and older adults (p = 0.0048); 
and (3) Single support asymmetry in both younger 
(Fig. 11L, p = 0.0303) and older adults (p = 0.0438).

Fig. 4   Relationship between age and parameters reflecting 
control of balance during single and dual task. IntP: integrated 
pressure, StCOPd: stance center of pressure distance, SSCOPd: 
single support center of pressure distance. Black lines and grey 
shaded areas on the scatterplot represent the trendline and its 
95% confidence interval, respectively. Boxwhisker plots show 
data for the young (n = 60) and elderly (n = 41) groups sepa-
rately in light purple-blue and light pink-red, respectively. 
Blue and red dots denote statistical outliers. (A) Age-related 
changes in mean IntP, single task. (B) Agerelated changes in 
mean IntP, dual task. (C) Difference in mean IntP between 
single and dual task, as a function of age. (D) Impact of age 
group and task condition on the median of mean IntP. (E) Age-
related changes in mean StCOPd, single task. (F) Age-related 
changes in mean StCOPd, dual task. (G) Difference in mean 

StCOPd between single and dual task as a function of age. (H) 
Impact of age group and task condition on the median of mean 
StCOPd. (I) Mean SSCOPd corresponding to dual task sig-
nificantly decreases with age (Spearman’s p <0.05). (J) Mean 
SSCOPd corresponding to dual task significantly decreases 
with age (Spearman’s p <0.05). (K) Difference in mean 
SSCOPd between single and dual task significantly decreases 
with age (Spearman’s p <0.05). Black line and grey shaded 
area represents the trendline and its 95% confidence inter-
val, respectively. (L) Impact of age group and task condition 
on the median of mean SSCOPd. Panels D, H and L:; *** : p 
<0.001 and **** : p <0.0001, age effect (Mann-Whitney test); 
##: p <0.01, task effect (Wilcoxon-test); ####: p <0.0001, task 
effect (Wilcoxon test)
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Balance control parameters

Figure 12 illustrates the relationship between median 
SI of balance control parameters and age under both 
single-task and dual-task conditions. Mean integrated 
pressure asymmetry significantly increased with age, 
but only in the single-task condition (Fig.  12A, rho 
= 0.252, p = 0.011). However, older adults demon-
strated greater asymmetry in the dual-task condition 
(Fig. 12D, p = 0.0382, Mann–Whitney test).

No significant age-related or group effects 
were found for stance COP distance asymmetry 
(Fig.  12E–H). In contrast, single support COP dis-
tance asymmetry exhibited a strong age-related cor-
relation during dual-task conditions (Fig.  12J, rho 
= 0.2824, p = 0.0042), whereas no such relationship 
was observed in single-task walking. Dual-task cost 
for this parameter also showed a statistically sig-
nificant positive association with age (Fig. 12K, rho 
= 0.2015, p = 0.0434).

Comparing age groups, single support COP dis-
tance asymmetry was significantly greater in older 
adults during dual-task conditions (Fig.  12L, p = 
0.0467). Furthermore, within the older adult group, 
asymmetry was significantly higher in dual-task than 
in single-task conditions (p = 0.0315, Wilcoxon test), 
suggesting that cognitive load disproportionately 
affects balance asymmetry in aging individuals.

Discussion

This study provides a comprehensive analysis of 
age-related and cognitive load-induced gait altera-
tions, with a particular focus on gait asymmetry, 
using Ratio Index (RI) and Symmetry Index (SI) 
metrics. Our findings demonstrate that gait asym-
metry increases with age, particularly in spatial and 
balance-related parameters, and that cognitive load 
exacerbates these asymmetries. These results under-
score the importance of integrating dual-task gait 

Fig. 5   Relationship between age and mean ratio index (RI) of 
temporal gait parameters during single and dual task. SteTim: 
step time, StrTim: stride time. Black lines and grey shaded 
areas on the scatterplot represent the trendline and its 95% con-
fidence interval, respectively. Box-whisker plots show data for 
the young (n = 60) and elderly (n = 41) groups separately in 
light purple-blue and light pink-red, respectively. Blue and red 
dots denote statistical outliers. A Age-related changes in mean 
RI(SteTim), single task. B Mean RI(SteTim) corresponding 
to dual task significantly increases with age (Spearman’s p < 

0.05). C Difference in mean RI(SteTim) between single and 
dual task, as a function of age. D Impact of age group and task 
condition on the median of mean RI(SteTim). E Age-related 
changes in mean RI(StrTim), single task. F Mean RI(StrTim) 
corresponding to dual task significantly increases with age 
(Spearman’s p < 0.05). G Difference in mean RI(StrTim) 
between single and dual task, as a function of age. H Impact 
of age group and task condition on the median of mean 
RI(StrTim). Panel D: *p < 0.05: age effect (Mann–Whitney 
test)
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assessments into aging research and highlight gait 
asymmetry as a potential biomarker of functional and 
cognitive decline.

Implications for the Semmelweis Study

This pilot investigation serves as an essential step 
in optimizing the gait assessment protocol for large-
scale longitudinal analyses within the Semmelweis 
Study framework, ensuring the integration of objec-
tive mobility assessments into the study’s broader 

efforts to investigate aging-related functional decline 
and cognitive health trajectories. The findings provide 
valuable insights into age-related gait asymmetries 
and confirm the feasibility of using high-throughput 
gait analysis tools to detect early mobility and cog-
nitive decline. Given the Semmelweis Study’s focus 
on healthy brain aging [51], the implementation of 
dual-task gait analysis presents a unique opportu-
nity to identify individuals experiencing accelerated 
aging and those at increased risk for functional and 
cognitive impairments at an early stage. By refining 

Fig. 6   Relationship between age and mean ratio index (RI) 
of spatial gait parameters during single and dual task. SteLen: 
step length, StrLen: stride length, StrW: stride width. Black 
lines and grey shaded areas on the scatterplot represent the 
trendline and its 95% confidence interval, respectively. Box-
whisker plots show data for the young (n = 60) and elderly 
(n = 41) groups separately in light purple-blue and light pink-
red, respectively. Blue and red dots denote statistical outliers. 
A Mean RI(SteLen) corresponding to dual task significantly 
increases with age (Spearman’s p < 0.05). B Mean RI(SteLen) 
corresponding to dual task significantly increases with age 
(Spearman’s p < 0.05). C Difference in mean RI(SteLen) 

between single and dual task, as a function of age. D Impact 
of age group and task condition on the median of mean 
RI(SteLen). E Age-related changes in mean RI(StrLen), single 
task. F Age-related changes in mean RI(StrLen), dual task. G 
Difference in mean RI(StrLen) between single and dual task, 
as a function of age. H Impact of age group and task condition 
on the median of mean RI(SteLen). I Age-related changes in 
mean StrW, single task. J Age-related changes in mean StrW, 
dual task. K Difference in mean StrW between single and dual 
task, as a function of age. L Impact of age group and task con-
dition on the median of mean StrW. Panel D: **: p < 0.01, age 
effect (Mann–Whitney test)
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Fig. 7   Relationship between age and mean ratio index (RI) of 
gait cycle parameters during single and dual task. SSup: sin-
gle support, TDSup: total double support. Black lines and grey 
shaded areas on the scatterplot represent the trendline and its 
95% confidence interval, respectively. Box-whisker plots show 
data for the young (n = 60) and elderly (n = 41) groups sepa-
rately in light purple-blue and light pink-red, respectively. Blue 
and red dots denote statistical outliers. A Age-related changes 
in mean RI(Stance), single task. B Mean RI(Stance) corre-
sponding to dual task significantly increases with age (Spear-
man’s p < 0.05). C Difference in mean RI(Stance) between 
single and dual task, as a function of age. D Impact of age 
group and task condition on the median of mean RI(Stance). 
E Age-related changes in mean RI(Swing), single task. F 
Mean RI(Swing) corresponding to dual task significantly 

increases with age (Spearman’s p < 0.05). G Difference in 
mean RI(Swing) between single and dual task, as a func-
tion of age. H Impact of age group and task condition on the 
median of mean RI(Swing). I Mean RI(SSup) corresponding 
to single task significantly increases with age (Spearman’s p < 
0.05). J Age-related changes in mean RI(SSup), dual task. K 
Difference in mean RI(SSup) between single and dual task, 
as a function of age. L Impact of age group and task condi-
tion on the median of mean RI(SSup). M Age-related changes 
in mean RI(TDSup), single task. N Age-related changes in 
mean RI(TDSup), dual task. O Difference in mean RI(TDSup) 
between single and dual task, as a function of age. P Impact 
of age group and task condition on the median of mean 
RI(TDSup). Panels H and L: *: p < 0.05, age effect (Mann–
Whitney test). #: p < 0.05, task effect (Wilcoxon test)
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the methodological framework for gait assessments, 
this study lays the foundation for integrating spati-
otemporal gait parameters, asymmetry indices, and 
cognitive-motor interactions into routine functional 
evaluations within the Semmelweis Study. The abil-
ity to quantify gait asymmetry across a large, diverse 
workplace cohort will enable the investigation of lon-
gitudinal changes in mobility [52] and their relation-
ship to vascular health, metabolic risk factors, and 

cognitive function—all of which are central priorities 
of the Semmelweis Study’s aging research agenda. 
Furthermore, this study highlights step length asym-
metry as a potential marker of aging-related motor 
decline, suggesting that gait-based screening tools 
could be developed to identify subclinical neurovas-
cular and musculoskeletal impairments. These find-
ings align with the broader mission of the Semmel-
weis Study to develop early intervention strategies 

Fig. 8   Relationship between age and mean ratio index (RI) 
parameters reflecting control of balance during single and 
dual task. IntP: integrated pressure, StCOPd: stance center of 
pressure distance, SSCOPd: single support center of pressure 
distance. Black lines and grey shaded areas on the scatterplot 
represent the trendline and its 95% confidence interval, respec-
tively. Box-whisker plots show data for the young (n = 60) and 
elderly (n = 41) groups separately in light purple-blue and light 
pink-red, respectively. Blue and red dots denote statistical out-
liers. A Age-related changes in mean RI(IntP), single task. B 
Age-related changes in mean RI(IntP), dual task. C Difference 
in mean RI(IntP) between single and dual task, as a function of 
age. D Impact of age group and task condition on the median 

of mean RI(IntP). E Age-related changes in mean RI(StCOPd), 
single task. F Age-related changes in mean RI(StCOPd), dual 
task. G Difference in mean RI(StCOPd) between single and 
dual task, as a function of age. H Impact of age group and 
task condition on the median of mean RI(StCOPd). I Age-
related changes in mean RI(SSCOPd), single task. J Mean 
RI(SSCOPd) corresponding to dual task significantly increases 
with age (Spearman’s p < 0.05). K Difference in mean 
RI(SSCOPd) between single and dual task, as a function of 
age. L Impact of age group and task condition on the median 
of mean RI(SSCOPd). Panels D and L: *: p < 0.05, age effect 
(Mann–Whitney test). #: p < 0.05, task effect (Wilcoxon test)
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for preserving functional independence and prevent-
ing age-related disability in the workforce. Given 
the study’s emphasis on workplace health promo-
tion, incorporating gait analysis into periodic health 
assessments for Semmelweis University employees 
could offer a novel approach to tracking mobility and 
cognitive health over time. The identification of gait-
related biomarkers could also support personalized 
preventive measures, such as tailored exercise pro-
grams, workplace modifications, or cognitive-motor 
training interventions, aimed at reducing fall risk and 
enhancing neuromotor resilience in aging employees.

Age‑related changes in gait performance

Consistent with previous studies, we observed a sig-
nificant decline in gait speed, step length, and stride 
length with age, with older adults walking signifi-
cantly slower than younger adults [53–56]. This 
decline was particularly pronounced under dual-
task conditions, supporting the idea that aging is 

associated with reduced gait adaptability and dimin-
ished cognitive-motor integration. The strong nega-
tive correlation between age and gait speed, one of 
the most widely recognized indicators of functional 
mobility, reinforces its role as a key predictor of fall 
risk, frailty, and cognitive decline [36, 53–55, 57–62].

Beyond mobility impairment, slower gait speed 
has been established as a robust predictor of mortal-
ity and late-life cognitive decline, independent of 
traditional risk factors [57, 61, 63–67]. Longitudinal 
studies have demonstrated that declining gait speed 
precedes the onset of dementia and correlates with 
cortical atrophy, subclinical cerebrovascular pathol-
ogy, and reduced executive function [53, 58, 63, 
64]. The association between gait speed and cogni-
tive decline likely reflects shared neurophysiological 
pathways, including frontostriatal and corticospinal 
network deterioration, which compromise both motor 
control and cognitive processing. Additionally, vascu-
lar aging, white matter hyperintensities, and cerebral 
microinfarcts—all linked to gait slowing—further 

Fig. 9   Relationship between age and median symmetry index 
(SI) of temporal gait parameters during single and dual task. 
SteTim: mean step time, StrTim: mean stride time. Black 
lines and grey shaded areas on the scatterplot represent the 
trendline and its 95% confidence interval, respectively. Box-
whisker plots show data for the young (n = 60) and elderly 
(n = 41) groups separately in light purple-blue and light pink-
red, respectively. Blue and red dots denote statistical outliers. 
A Age-related changes in median SI(SteTim), single task. B 

Age-related changes in median SI(SteTim), dual task. C Dif-
ference in median SI(SteTim) between single and dual task, as 
a function of age. D Impact of age group and task condition 
on the median of median SI(SteTim). E Age-related changes 
in median SI(StrTim), single task. F Age-related changes 
in median SI(StrTim), dual task. G Difference in median 
SI(StrTim) between single and dual task, as a function of age. 
H Impact of age group and task condition on the median of 
median SI(StrTim)
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reinforce the role of gait speed as an early marker of 
neurovascular dysfunction [14, 15, 19, 20, 24, 39, 
40, 68–73]. Interestingly, stride width did not exhibit 
significant age-related changes, suggesting that pos-
tural control adjustments may compensate for other 
mobility impairments in aging individuals. However, 
dual-task cost for stride width was significantly asso-
ciated with age, indicating that cognitive load affects 
lateral stability more in older adults. This may reflect 
an increased reliance on postural control mechanisms 

to maintain balance under cognitively demanding 
conditions.

Given its predictive value, gait speed measure-
ment, along with other age-sensitive gait parameters, 
will be integrated into routine functional assessments 
within the Semmelweis Study to identify individuals 
at risk for accelerated aging, mobility decline, and 
cognitive impairment [7, 8]. Tracking longitudinal 
changes in gait speed across a large, well-character-
ized workplace cohort will enable the integration of 

Fig. 10   Relationship between age and median symmetry 
index (SI) of height normalized spatial gait parameters dur-
ing single and dual task. SteLen: step length, StrLen: stride 
length, StrW: stride width. Black lines and grey shaded areas 
on the scatterplot represent the trendline and its 95% confi-
dence interval, respectively. Box-whisker plots show data for 
the young (n = 60) and elderly (n = 41) groups separately in 
light purple-blue and light pink-red, respectively. Blue and red 
dots denote statistical outliers. A Median SI(SteLen) corre-
sponding to single task significantly increases with age (Spear-
man’s p < 0.05). B Median SI(SteLen) corresponding to dual 
task significantly increases with age (Spearman’s p < 0.05). C 
Difference in median SI(SteLen) between single and dual task, 

as a function of age. D Impact of age group and task condition 
on the median of median SI(SteLen). E Age-related changes 
in mean SI(StrLen), single task. F Age-related changes in 
mean SI(StrLen), dual task. G Difference in mean SI(StrLen) 
between single and dual task, as a function of age. H Impact 
of age group and task condition on the median of median 
SI(SteLen). I Age-related changes in median SI(StrW), single 
task. J Age-related changes in median SI(StrW), dual task. K 
Difference in median SI(StrW) between single and dual task, 
as a function of age. L Impact of age group and task condi-
tion on the median of median SI(StrW). Panels D and H: *p < 
0.05: age effect (Mann–Whitney test); **: p < 0.01: age effect 
(Mann–Whitney test); #: p < 0.05 (Wilcoxon test)
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Fig. 11   Relationship between age and median symmetry 
index (SI) of gait cycle parameters during single and dual task. 
SSup: single support, TDSup: total double support. Black 
lines and grey shaded areas on the scatterplot represent the 
trendline and its 95% confidence interval, respectively. Box-
whisker plots show data for the young (n = 60) and elderly 
(n = 41) groups separately in light purple-blue and light pink-
red, respectively. Blue and red dots denote statistical outliers. 
A Age-related changes in median SI(Stance), single task. B 
Age-related changes in median SI(Stance), dual task. C Dif-
ference in median SI(Stance) between single and dual task, as 
a function of age. D Impact of age group and task condition 
on the median of median SI(Stance). E Age-related changes 
in median SI(Swing), single task. F Median SI(Swing) corre-
sponding to dual task significantly increases with age (Spear-

man’s p < 0.05). G Difference in median SI(Swing) between 
single and dual task, as a function of age. H Impact of age 
and task condition on the median of median SI(Swing). I 
Age-related changes in median SI(SSup), dual task. J Age-
related changes in median SI(SSup), dual task. K Difference 
in median SI(SSup) between single and dual task, as a func-
tion of age. L Impact of age group and task condition on the 
median of median SI(SSup). M Age-related changes in median 
SI(TDSup), single task. N Age-related changes in median 
SI(TDSup), dual task. O Difference in median SI(TDSup) 
between single and dual task, as a function of age. P Impact 
of age group and task condition on the median of median 
SI(TDSup). Panels D and H: *p < 0.05: age effect (Mann–
Whitney test); #: p < 0.01, task effect (Wilcoxon-test); ##: p < 
0.01, task effect (Wilcoxon test)
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gait metrics into physiology-based biological age 
indices, providing crucial insights into aging trajecto-
ries. This approach could enhance our understanding 
of the determinants of unhealthy aging, inform pre-
ventive strategies, and guide the development of per-
sonalized interventions aimed at preserving cognitive 
and motor function.

Gait asymmetry has been recognized as a sensi-
tive marker of brain health and cognitive dysfunction, 

and our findings provide further evidence supporting 
its relevance in aging [25, 29–31, 39]. Among spatial 
gait parameters, step length asymmetry exhibited a 
strong positive correlation with age across both sin-
gle- and dual-task conditions, whereas stride length 
and stride width asymmetries remained largely unaf-
fected. Similarly, asymmetry in temporal gait param-
eters and gait cycle components did not demonstrate 
consistent age-related effects, suggesting that step 

Fig. 12   Relationship between age and median symmetry index 
(SI) parameters reflecting control of balance during single and 
dual task. IntP: integrated pressure, StCOPd: stance center of 
pressure distance, SSCOPd: single support center of pressure 
distance. Black lines and grey shaded areas on the scatterplot 
represent the trendline and its 95% confidence interval, respec-
tively. Box-whisker plots show data for the young (n = 60) 
and elderly (n = 41) groups separately in light purple-blue and 
light pink-red, respectively. Blue and red dots denote statisti-
cal outliers. A Age-related changes in median SI(IntP), single 
task. B Median SI(IntP) corresponding to dual task signifi-
cantly increases with age (Spearman’s p < 0.05). C Difference 
in median SI(IntP) between single and dual task, as a func-
tion of age. D Impact of age group and task condition on the 

median of median SI(IntP). E Age-related changes in median 
SI(StCOPd), single task. F Age-related changes in median 
SI(StCOPd), dual task. G Difference in median SI(StCOPd) 
between single and dual task, as a function of age. H Impact 
of age group and task condition on the median of median 
SI(StCOPd). I Age-related changes in median SI(SSCOPd), 
single task. J Median SI(SSCOPd) corresponding to dual 
task significantly increases with age (Spearman’s p < 0.05). 
K Difference in median SI(SSCOPd) between single and dual 
task significantly increases with age (Spearman’s p < 0.05). 
L Impact of age group and task condition on the median of 
median SI(SSCOPd), Panels D and L: *: p < 0.05, age effect 
(Mann–Whitney test). #: p < 0.05, task effect (Wilcoxon test)



GeroScience	

Vol.: (0123456789)

length asymmetry may be the most relevant indica-
tor of functional decline in aging populations. This 
pattern likely reflects subtle impairments in neuro-
muscular coordination and sensorimotor processing, 
which may precede more overt mobility limitations. 
Notably, dual-task cost did not correlate with age for 
gait cycle parameters, indicating that asymmetry in 
basic gait cycle components develops independently 
of cognitive load.

Dual-task walking is widely used to assess cog-
nitive-motor interference, and our results confirm 
that cognitive load exacerbates gait alterations, par-
ticularly in older adults [39, 41, 74]. As expected, 
dual-task conditions significantly affected gait speed, 
cadence, and stride length in both age groups, reflect-
ing the expected cost of divided attention [39, 41]. 
However, dual-task cost did not correlate with age 
for many other gait parameters, suggesting that the 
impact of cognitive load on gait may not be univer-
sally age-dependent but rather influenced by indi-
vidual variability in cognitive-motor integration and 
reserve.

These findings provide important insights for 
the gait analysis strategy of the Semmelweis Study, 
emphasizing the need to evaluate both single- and 
dual-task gait conditions to differentiate age-related 
changes from cognitive load effects. The fact that 
certain gait parameters remain relatively unaffected 
by dual-tasking suggests that a targeted selection of 
gait metrics, particularly those linked to asymmetry 
and variability, may offer the most sensitive indica-
tors of cognitive-motor interactions in aging popula-
tions. Integrating dual-task gait assessments into the 
Semmelweis Study’s longitudinal framework will 
allow for early identification of individuals at risk 
for cognitive decline and functional impairment [39, 
41], further reinforcing the study’s role in advancing 
preventive strategies for healthy aging. Our findings 
align with preclinical and clinical studies linking gait 
asymmetry to underlying cerebrovascular pathol-
ogy, including white matter hyperintensities, cer-
ebral microbleeds, and clinical and subclinical stroke 
lesions [26, 27, 29, 31, 39, 40]. These structural 
brain alterations may contribute to impaired inter-
hemispheric communication and reduced neuromotor 
control, resulting in greater limb-to-limb variability 
in gait mechanics. Given the established connection 
between vascular aging and cognitive impairment 
[75–82], our results further support the use of gait 

asymmetry as an early indicator of neurovascular 
dysfunction. Integrating gait asymmetry assessments 
into longitudinal studies, such as the Semmelweis 
Study, could enhance early detection of cerebrovascu-
lar abnormalities and aid in the identification of indi-
viduals at risk for functional decline and cognitive 
deterioration. Tracking asymmetry patterns over time 
may help distinguish transient compensatory changes 
from progressive neurovascular dysfunction, enabling 
timely interventions to mitigate mobility decline and 
cognitive impairment. Additionally, by integrating 
gait analysis with vascular, metabolic, and neuro-
cognitive assessments [16], the Semmelweis Study 
can provide a more comprehensive understanding of 
how systemic aging processes influence mobility and 
cognitive health. This approach could help identify 
modifiable risk factors, paving the way for targeted 
interventions, workplace health programs, and life-
style modifications aimed at preserving functional 
independence in aging populations.

Several limitations should be considered when 
interpreting the findings of this pilot study. First, 
this pilot study employed a cross-sectional design, 
limiting our ability to infer causal relationships 
between aging, gait alterations, and cognitive 
decline. Future longitudinal analyses within the 
Semmelweis Study will be critical for understand-
ing how gait asymmetry and other gait alterations 
evolve over time and whether they can reliably pre-
dict functional and cognitive decline. Second, our 
study focused on spatiotemporal gait parameters, 
but additional kinematic and kinetic analyses may 
provide deeper mechanistic insights into the origins 
of gait asymmetry in aging. Incorporating neuroim-
aging techniques to assess brain structural and func-
tional correlates of gait asymmetry could further 
elucidate the neural mechanisms underlying age-
related gait changes.

In conclusion, this study highlights the impor-
tance of gait asymmetry and cognitive load effects as 
key indicators of age-related decline in brain health, 
reinforcing their relevance for aging research and 
clinical assessments. Our findings demonstrate that 
step length asymmetry serves as a robust marker of 
functional decline in aging individuals. Additionally, 
the strong association between gait speed and aging 
aligns with its role as a predictor of frailty, cogni-
tive impairment, and mortality [7, 8, 57, 83], further 
emphasizing the need for objective gait assessments 
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in the Semmelweis Study. As part of the Semmelweis 
Study framework, this pilot investigation establishes 
a standardized methodology for high-throughput gait 
analysis, ensuring its integration into longitudinal 
assessments of neurovascular and cognitive health. 
By incorporating dual-task gait metrics and asymme-
try indices, this approach enables the early identifica-
tion of individuals at risk for functional and cognitive 
decline, providing a foundation for targeted interven-
tions to support healthy aging. Future research within 
the Semmelweis Study will focus on tracking gait 
asymmetry patterns over time, evaluating their pre-
dictive value for neurodegenerative and cerebrovascu-
lar changes, and integrating multimodal approaches—
including neuroimaging, metabolic profiling, and 
vascular assessments—to develop a comprehensive 
framework for understanding mobility and cogni-
tive aging. Additionally, there is a need to expand the 
Semmelweis Study gait analysis pipeline by incorpo-
rating novel gait metrics such as gait variability [18, 
32, 84–87] and entropy s [20, 88–94], which provide 
deeper insights into locomotor control, adaptability, 
and neuromuscular stability in aging populations. 
These insights not only enhance our understanding 
of age-related gait changes but also inform workplace 
health promotion programs, fall prevention strategies, 
and personalized intervention models.
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