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Abstract

Background: Functional decline emerges early in Alzheimer’s disease (AD) and may
support clinical staging. However, criterion-referenced thresholds for interpreting the
six-minute walk distance (6MWD) across AD stages are lacking. This study aims to de-
rive sex-specific 6MWD cut-off values to differentiate mild cognitive impairment (MCI)
from moderate AD dementia. Methods: In this cross-sectional study, 233 community-
dwelling adults (128 women) were consecutively recruited from a neurology depart-
ment and classified using IWG-2 criteria (MCI: MMSE ≥ 26; moderate AD dementia:
MMSE 10–19). All participants completed a standardized 6 min walk test (6MWT) fol-
lowing American Thoracic Society guidelines. Receiver operating characteristic (ROC)
analyses were performed overall and by sex, optimal thresholds were selected using
Youden’s index, and diagnostic indices such as area under the curve (AUC), sensi-
tivity, specificity, 95% confidence intervals (CI), likelihood ratios (LR) and odds ratio
(OR) were computed. Results: Overall, participants with moderate AD dementia ex-
hibited substantially lower 6MWD values than those with MCI (313.7 ± 46.5 m vs.
461.2 ± 60.1 m, p < 0.001). The optimal overall threshold was 390 m, yielding an AUC of
0.97, sensitivity of 98.0%, and specificity of 79.4%. Sex-specific thresholds were 389 m in
men (AUC = 0.96, sensitivity = 96.4%, specificity = 79.3%) and 367 m in women (AUC = 0.98,
sensitivity = 97.8%, specificity = 87.7%). Conclusions: The 6MWD demonstrates strong
discriminatory ability between MCI and moderate AD dementia in this sample. Sex-specific
thresholds may support functional staging and monitoring but require internal and external
validation before clinical implementation.
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1. Introduction
Alzheimer’s disease (AD) is a major cause of disability and loss of independence in

older adults worldwide and represents a growing public health challenge [1]. Although AD
is traditionally defined by progressive cognitive decline, converging evidence increasingly
conceptualizes it as a multisystem disorder in which impairments in mobility and functional
exercise capacity emerge early and contribute substantially to adverse outcomes, including
accelerated clinical progression and increased risk of institutionalization [2–4]. Functional
impairments, including reductions in gait performance and walking endurance, reflect
the integrated functioning of neural, cardiometabolic, and musculoskeletal systems and
therefore provide clinically relevant information that complements traditional cognitive
assessments [3,4].

Among feasible functional assessments, the six-minute walk test (6MWT) offers a
simple, low-cost, and reproducible measure of functional exercise capacity with strong
prognostic value in older adults and clinical populations [5,6]. The six-minute walk dis-
tance (6MWD) reflects habitual mobility performance under sustained effort and has been
consistently associated with disability, hospitalization, survival, and quality of life [7].
Importantly, in individuals with mild cognitive impairment (MCI), lower 6MWD has been
linked to reduced independence, poorer memory performance and reduced gray matter
volume in brain regions relevant to neurodegeneration, supporting its sensitivity to early
brain–function relationships [8,9]. These findings suggest that walking endurance may
capture clinically meaningful aspects of functional decline that extend beyond purely
cognitive metrics.

Although previous studies have demonstrated associations between gait-related mea-
sures, cognitive impairment, and neurostructural changes, most investigations have fo-
cused on continuous functional outcomes rather than clinically actionable thresholds [8,9].
Furthermore, gait speed and 6MWD represent complementary yet distinct dimensions of
mobility. Unlike gait speed, which is typically assessed over short distances and primarily
reflects instantaneous locomotor performance, the 6MWD reflects integrated functional
exercise capacity requiring the coordinated interaction of cardiovascular, neuromuscular,
metabolic, and cognitive systems during sustained effort [5–7]. Therefore, establishing
criterion-referenced, sex-specific 6MWD thresholds may provide additional clinical value
for functional staging within the Alzheimer’s disease continuum.

Beyond cognitive disorders, performance-based functional measures (including the
6MWT) have been widely applied across cardiovascular, metabolic, pediatric, and geriatric
populations, where population-specific reference values and criterion-referenced thresholds
are routinely used to improve clinical interpretation and risk stratification. For example,
sex-specific handgrip strength cut-points adjusted for anthropometry have been proposed
to identify cardiovascular risk in older adults [10], and prediction equations for 6MWD
have been developed in obese children to enhance functional assessment accuracy [11].
Similarly, established cut-off points for gait speed and grip strength are embedded within
operational definitions of frailty and cardiometabolic risk evaluation [12]. Collectively,
these examples illustrate the value of criterion-referenced thresholds in translating func-
tional performance measures into clinically meaningful tools that support risk stratification,
interpretation, and individualized decision-making. Despite these advances in other do-
mains, a notable translational gap persists regarding the use of the 6MWT in Alzheimer’s
disease (AD). While normative reference values for 6MWD exist for healthy older adults
and several chronic diseases, criterion-referenced, performance-based functional thresholds
to complement cognitive staging across AD-related clinical phases have not been formally
established. In practice, clinicians can describe 6MWD but cannot easily interpret whether
a given distance corresponds to a clinically meaningful transition between stages such as
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MCI and AD dementia [6]. Criterion-referenced thresholds, including those derived for
the 6MWD, are increasingly implemented across diverse clinical populations to improve
risk stratification and inform clinical decision-making [10,11]. However, such criterion-
referenced, performance-based functional thresholds remain insufficiently established in
the context of cognitive decline. Applying comparable approaches to functional staging
in AD may enhance the clinical interpretability of mobility impairment and support more
individualized monitoring and intervention strategies [13].

This gap is particularly relevant at the transition between MCI and moderate
AD dementia, a critical window during which functional decline accelerates and non-
pharmacological interventions, including structured exercise programs, may still be the
most actionable [13,14]. Accordingly, the present study aimed to derive sex-specific,
criterion-referenced 6MWD cut-off values to differentiate individuals with MCI from
those with moderate AD dementia. We hypothesized that 6MWD would demonstrate
strong discriminatory accuracy and that sex-specific thresholds would improve classi-
fication performance. Establishing clinically interpretable performance thresholds may
provide a practical functional marker that complements cognitive assessment and supports
individualized staging and intervention planning in AD.

2. Materials and Methods
2.1. Study Design

This study employed a cross-sectional observational design aimed at establishing
sex-specific, criterion-referenced cut-off values for 6MWD to discriminate between stages
of AD severity.

2.2. Participants

An a priori sample size estimation was performed to ensure adequate precision for the
primary objective of estimating the AUC for 6MWD in discriminating between MCI and
moderate AD dementia. Based on previous evidence demonstrating moderate-to-strong
associations between 6MWD and cognitive performance as well as structural brain markers
in individuals with MCI [8,9] and considering the established reliability of the 6MWT in
populations with cognitive impairment and early AD [5,6], we conservatively anticipated
an AUC of approximately 0.80–0.85. To estimate an AUC of 0.85 with a two-sided 95%
confidence interval (CI) width not exceeding ±0.07–0.08, assuming a case-to-control ratio
of approximately 1:1, a minimum total sample size of approximately 190–210 participants
was required. The final analyzed sample (n = 233, including 102 participants with moderate
AD dementia and 131 with MCI) therefore provided sufficient precision to yield stable
AUC estimates and reliable diagnostic performance metrics.

Participants were consecutively recruited and classified into two groups according
to established clinical diagnostic criteria: MCI and moderate AD dementia. Eligibility
criteria included a confirmed diagnosis, the ability to ambulate independently, and medical
clearance to perform the 6MWT.

Participants were recruited from the Department of Neurology at Sahloul Hospital
(Sousse, Tunisia) and were categorized into either the MCI or moderate AD dementia
group prior to study enrollment based on previously established clinical diagnoses made
by experienced neurologists in accordance with the International Working Group-2 (IWG-2)
criteria [15]. Following inclusion in the study, all participants underwent standardized
research assessments, including anthropometric measurements, physiological recordings,
and the six-minute walk test (6MWT). These procedures were conducted exclusively for
research purposes and were not used to establish or modify the clinical diagnosis.
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Diagnostic classification was based on comprehensive clinical evaluation, including
cognitive assessment using the Mini-Mental State Examination (MMSE), functional assess-
ment using the Activities of Daily Living scale, and neuroimaging findings when available.
The MMSE was administered by trained neuropsychologists using the validated French
version, and assessors administering cognitive assessments were blinded to the 6MWT
results. The diagnosis of moderate AD dementia was based on the IWG-2 criteria and
supported by clinical evaluation and cognitive assessment. Patients classified as moderate
AD dementia had MMSE scores ranging from 10 to 19, consistent with moderate cognitive
impairment [15].

The diagnosis of mild cognitive impairment (MCI) was also determined according
to the IWG-2 framework. Individuals in this group presented objective cognitive decline
without significant loss of functional independence and scored ≥26 on the MMSE [15].
Participants with intermediate cognitive stages were not included in the present analysis in
order to reduce diagnostic overlap between groups and maximize classification certainty
during threshold derivation.

To ensure group comparability, inclusion criteria for both groups were: age between
65 and 75 years, living independently in a non-institutional setting, normal or corrected-
to-normal vision (including color perception), and the ability to ambulate independently
without assistive devices.

Exclusion criteria applied to both groups included: inability to provide written in-
formed consent; severe cardiovascular disease (e.g., unstable angina, recent myocardial
infarction, uncontrolled arrhythmia) or other medical conditions contraindicating physical
activity; neurological disorders other than Alzheimer’s disease that could affect cognition
or mobility (including major cerebrovascular disease identified by neuroimaging); signifi-
cant musculoskeletal, orthopedic, or rheumatologic conditions impairing gait; peripheral
neuropathy; acute low back or lower-limb pain; use of medications known to significantly
affect exercise capacity or postural control (e.g., beta-blockers, sedatives, anticholinergics);
regular structured aerobic training during the previous six months (assessed via the Inter-
national Physical Activity Questionnaire-Short Form); and severe psychiatric disorders,
including clinically significant depression (Geriatric Depression Scale score > 10).

All participants underwent a comprehensive clinical screening, including assessment
of cardiovascular risk factors (hypertension, diabetes, dyslipidemia) and relevant comor-
bidities, prior to enrollment. Demographic, anthropometric, educational, and clinical data
were collected for all participants. Analyses were stratified by sex to account for known
physiological differences in functional performance.

2.3. Ethics Approval and Informed Consent

The study was conducted in accordance with the principles of the Declaration of
Helsinki and complied with all applicable ethical standards for research involving human
participants. The experimental protocol was reviewed and approved by the Research Ethics
Committee of the Faculty of Medicine of Sousse, Tunisia (approval number: IRB 00008931).

All participants, or their legally authorized representatives when applicable, provided
written informed consent prior to study participation after receiving a full explanation of
the study objectives, procedures, potential risks, and benefits. Participants were informed
of their right to withdraw from the study at any time without consequence. Confidentiality
and anonymity of all collected data were strictly maintained throughout the study.

2.4. Functional Assessment

Functional exercise capacity was assessed using the 6MWT in accordance with Amer-
ican Thoracic Society guidelines [6]. The test was performed indoors on a 40 m straight
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corridor with clearly marked turning points. The six-minutes duration was measured using
digital stopwatch (Accusplit EA1750XLR, Accusplit, Livermore, CA, USA). Participants
walked continuously for six minutes, performing repeated turns at each end of the corridor
according to standardized ATS procedures. Identical testing conditions were maintained for
all participants to minimize measurement variability. Participants received standardized
verbal instructions (“Walk at your own pace, covering as much distance as possible in six
minutes”) and standardized encouragement at each minute (“You are doing well”, “Keep
up the good work”). Participants wore comfortable footwear, and all completed the test
without assistive devices, in accordance with the study eligibility criteria. Height and
weight were measured using digital scale (Healthometer ProPus, Pelstar, Brideview, IL,
USA) and wall-mounted stadiometer (Seca Model 213, Seca, Hamburg, Germany). Testing
was scheduled in the morning (8:00–11:00 a.m.) to minimize circadian variation, and par-
ticipants were asked to take their regular medications as prescribed [16]. Safety stopping
rules included chest pain, severe dyspnea, dizziness, or SpO2 < 85%. All assessors were
trained in 6MWT administration and were blinded to participants’ cognitive classification.

2.5. Physiological Responses

The primary outcome was the 6MWD, expressed in meters. Physiological responses
were recorded using validated instruments: heart rate via polar monitor (Polar H10, Polar
Electro Oy, Kempele, Finland) [17], blood pressure via automated sphygmomanometer
(Omron HEM-7120, Omron Corporation, Kyoto, Japan) [18], and oxygen saturation via
pulse oximeter (Masimo Radical-7, Masimo Corporation, Irvine, CA, USA) [19].

2.6. Statistical Analysis

Descriptive statistics were used to summarize participant characteristics and are
presented as means ± standard deviations for continuous variables and frequencies with
percentages for categorical variables. The normality of data distribution was assessed using
the Shapiro–Wilk test.

Group comparisons between participants with MCI and moderate AD dementia were
performed using independent-samples t-tests for normally distributed continuous variables
and Mann–Whitney U tests for non-normally distributed variables. Comparisons of categor-
ical variables were conducted using the chi-square test. Effect sizes were calculated using
Cohen’s d for continuous variables to quantify the magnitude of between-group differences.

All analyses were additionally stratified by sex to account for known physiological
differences in functional performance.

To determine optimal 6MWD thresholds for discriminating disease stages, receiver
operating characteristic (ROC) curve analyses were performed separately for men and
women. Diagnostic performance was evaluated by calculating sensitivity and specificity
with 95% confidence intervals (CIs) using the Wilson score method, area under the curve
(AUC) with 95% CIs, odds ratios (ORs) with 95% CIs, and positive and negative likelihood
ratios (LR+ and LR−). LR+ was calculated as sensitivity/(1 − specificity), and LR− as
(1 − sensitivity)/specificity. Optimal cut-off values were identified using Youden’s in-
dex, which maximizes the sum of sensitivity and specificity and is appropriate when
false-positive and false-negative classifications are considered similarly consequential for
functional staging support [20]. Because the objective of the present study was to derive
preliminary criterion-referenced functional thresholds intended to support functional stag-
ing, internal validation procedures such as bootstrap resampling or cross-validation were
not prespecified within the original analytical framework.

All statistical analyses were performed using IBM SPSS Statistics (SPSS Inc., Chicago,
IL, USA, version 26.0). A two-tailed p-value < 0.05 was considered statistically significant.
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3. Results
Participant Characteristics

Table 1 presents the demographic, anthropometric, educational, and clinical char-
acteristics of participants stratified by disease stage (MCI vs. moderate AD dementia)
and sex.

Table 1. Basic descriptive statistics of the study participants, characterized by sex (N = 233). Baseline
characteristics of the study participants.

Variables Overall MCI Overall
Moderate AD Male MCI Male

Moderate AD Female MCI Female
Moderate AD

Age (year) 67.1 ± 5.6 70.5 ± 3.6 69.3 ± 6.5 71.3 ± 3.6 65.4 ± 4.0 69.8 ± 3.5

ES/p-value 0.11/0.43 0.38/<0.05 1.23/<0.001

Height (m) 1.64 ± 0.09 1.64 ± 0.08 1.69 ± 0.10 1.71 ± 0.06 1.59 ± 0.06 1.59 ± 0.05

ES/p-value 0.00/0.99 −0.24/0.23 0.00/0.99
MCI: Mild Cognitive Impairment; AD: Alzheimer disease; ES: effect size.

Overall, participants with moderate AD dementia had significantly longer disease
duration and fewer years of education than those with MCI, with large effect sizes
(ES > 1.2, p < 0.001).

Age did not differ significantly between groups in the overall sample; however, sex-
specific analyses revealed that women with moderate AD dementia were significantly older
than women with MCI (ES = 1.23, p < 0.001). BMI was significantly higher in the moderate
AD dementia group in the overall sample (ES = 0.76, p < 0.001), whereas height and weight
showed only small and inconsistent differences across sex-stratified analyses.

Table 2 summarizes functional performance during the 6MWT and associated physio-
logical responses.

Table 2. Six-minute walk test descriptive statistics of the study participants, characterized by sex
(N = 233). Six-minute walk test performance and physiological responses.

Variables Overall
MCI

Overall
Moderate AD Male MCI Male

Moderate AD Female MCI Female
Moderate AD

6MWD (m) 461.2 ± 60.1 313.7 ± 46.5 481.4 ± 61.3 333.1 ± 40.7 445.1 ± 54.3 297.2 ± 45.0

ES/p-value −2.87/<0.001 −2.72/<0.001 −2.97/<0.001

Resting systolic BP 121.5 ± 10.8 127.2 ± 11.4 123.6 ± 5.8 132.9 ± 9.0 119.7 ± 13.3 122.4 ± 11.0

ES/p-value −0.11/0.40 1.27/<0.001 0.23/0.19
MCI: Mild Cognitive Impairment; AD: Alzheimer disease; ES: effect size.

The 6MWD was markedly lower in participants with moderate AD dementia than
in those with MCI in the overall sample (313.7 ± 46.5 m vs. 461.2 ± 60.1 m; ES = −2.87;
p < 0.001), as well as in men (333.1 ± 40.7 m vs. 481.4 ± 61.3 m; ES = −2.72; p < 0.001) and
women (297.2 ± 45.0 m vs. 445.1 ± 54.3 m; ES = −2.97; p < 0.001). Resting systolic and
diastolic blood pressure were significantly higher in men with moderate AD dementia than
in men with MCI (both p < 0.001). The maximum heart rate during the test was lower in
the moderate AD dementia group in the overall sample (p < 0.05). Differences in oxygen
saturation were statistically significant in selected comparisons, with effect sizes ranging
from 0.36 to 2.16.

Table 3 presents the ROC-derived cut-off values for 6MWD according to sex.
In the overall sample, the optimal threshold was 390 m, yielding an AUC of 0.97
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(95% CI: 0.95–0.99), sensitivity of 98.0% (95% CI: 93.4–99.6), specificity of 79.4% (95% CI:
70.1–86.7), LR+ of 4.76 (95% CI: 3.21–7.05), and LR− of 0.03 (95% CI: 0.01–0.09). In men, the
optimal threshold was 389 m, with an AUC of 0.96 (95% CI: 0.93–0.99), sensitivity of 96.4%
(95% CI: 87.9–99.5), specificity of 79.3% (95% CI: 64.7–89.1), LR+ of 4.66 (95% CI: 2.63–8.25),
and LR− of 0.05 (95% CI: 0.01–0.17). In women, the optimal threshold was 367 m, with an
AUC of 0.98 (95% CI: 0.96–1.00), sensitivity of 97.8% (95% CI: 92.3–99.7), specificity of 87.7%
(95% CI: 77.2–94.1), LR+ of 7.96 (95% CI: 4.15–15.28), and LR− of 0.03 (95% CI: 0.01–0.10).

Table 3. Receiver operating curve cut-offs for 6MWD to predict ad severity, characterized by sex
(N = 233). ROC-derived cut-off values for 6MWD according to sex.

Group AUC (95% CI) p-Value Cut-Off Sensitivity Specificity LR+ LR− OR Youden

Overall 0.97 (0.95–0.99) <0.001 390 98.0 79.4 4.76 0.03 88.7 0.77

Male 0.96 (0.93–0.99) <0.001 389 96.4 79.3 4.66 0.05 81.4 0.76

Female 0.98 (0.96–1.00) <0.001 367 97.8 87.7 7.96 0.03 113.9 0.855
AUC: area under the curve; LR: likelihood ratios; OR: odds ratios.

Figure 1 visually illustrates the ROC curves corresponding to the analyses reported in
Table 3, including the overall sample (Figure 1A), men (Figure 1B), and women (Figure 1C).

Figure 1. Cont.
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Figure 1. ROC curves of 6MWD for detecting AD severity in the overall sample (A), men (B),
and women (C). ROC curves of 6MWD for detecting Alzheimer’s disease severity. Blue dashed
line = 6MWD performance; green solid line = chance diagonal.

All curves are positioned close to the upper-left corner of the ROC space, confirm-
ing excellent diagnostic performance of the 6MWD. The steep initial slope reflects high
sensitivity, while the broad area under the curve highlights strong overall accuracy.

Sex-specific curves show slight differences in shape, with the female ROC curve
demonstrating the highest AUC, consistent with the superior specificity and odds ratio
observed in Table 3.

4. Discussion
The present study aimed to derive sex-specific, criterion-referenced cut-off values

for 6MWD to discriminate between individuals with MCI and those with moderate AD
dementia. The findings demonstrate that 6MWD is strongly associated with disease stage,
with substantial between-group differences and strong discriminatory accuracy in both
men and women. The large effect sizes and high AUC values indicate that walking
endurance captures clinically meaningful stage-related differences in functional capacity.
Previous studies have demonstrated that mobility and gait-related performance measures
are sensitive to cognitive decline and may differentiate between stages of neurodegenerative
disease progression [21,22]. Importantly, the derived sex-specific thresholds provide a
practical and interpretable framework for translating continuous performance data into
clinically relevant functional categories.

The derived sex-specific 6MWD cut-off values may be interpreted as criterion-
referenced functional markers reflecting stage-related differences in AD severity. Rather
than serving as standalone diagnostic tools, these thresholds may complement cognitive
assessment by enhancing the clinical interpretability of mobility impairment. This inte-
grative approach is supported by recent research indicating that motor and gait-related
markers provide additional clinical information beyond cognitive testing alone [23]. Such
performance-based markers could assist in functional staging and in identifying individu-
als who may benefit most from targeted non-pharmacological interventions, particularly
structured exercise programs. Recent randomized controlled trials and systematic reviews
have shown that structured physical exercise improves cognitive function and functional
capacity in individuals with mild cognitive impairment [24,25].

The present findings are also consistent with broader efforts to derive criterion-
referenced functional thresholds for clinically meaningful classification in other populations.
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For example, sex-specific handgrip strength thresholds have been proposed for cardio-
vascular risk stratification in older adults [26], and population-specific 6MWD equations
have been developed in pediatric populations to improve functional interpretation [11].
Extending this framework to Alzheimer’s disease is clinically relevant because mobility-
related markers are increasingly recognized as useful complements to cognitive assessment
in identifying stage-related decline and dementia risk. In this context, the current study
contributes by translating 6MWD from a continuous performance outcome into sex-specific
functional cut-offs that may support staging decisions when interpreted alongside standard
clinical assessment.

Several factors beyond cognitive status may also contribute to variability in 6MWD
and should be considered when interpreting the proposed thresholds. Functional exercise
capacity in older adults is influenced by a complex interplay of cardiovascular fitness,
musculoskeletal integrity, body composition, habitual physical activity, psychological
factors such as depressive symptoms and motivation, medication use, and the presence of
comorbid conditions [5–12]. Moreover, 6MWD is known to be affected by demographic
and anthropometric characteristics, including age, body composition, and other individual
factors [27]. Consequently, the lower 6MWD observed among participants with moderate
AD dementia may reflect not only disease-related cognitive and motor dysfunction but
also broader health-related factors that frequently accompany advancing disease severity.
In the present cohort, the higher BMI observed among participants with moderate AD
dementia further highlights the potential contribution of metabolic factors to functional
decline. Therefore, the proposed thresholds should be interpreted as pragmatic, unadjusted
functional staging aids within comparable clinical contexts rather than disease-specific
indicators independent of these influences.

Emerging evidence suggests that interventions targeting metabolic health, including
nutritional optimization and modulation of the gut microbiota, may positively influence
anthropometric and functional outcomes in individuals with metabolic disorders [28].
Whether similar approaches could contribute to preserving mobility and functional capacity
in older adults with cognitive impairment warrants further investigation. Future studies
incorporating multivariable approaches are needed to determine the extent to which
6MWD contributes unique discriminatory value beyond these potentially confounding
factors, to externally validate the proposed cut-offs, and to evaluate their robustness and
transportability across diverse clinical settings.

4.1. Baseline Characteristics and Clinical Context

The baseline characteristics provide important clinical context for interpreting the
functional findings. Participants with moderate AD dementia had a markedly longer
disease duration than those with MCI, which supports the internal coherence of the stage
classification and is consistent with the expected progression from prodromal to more
advanced clinical states. The lower educational attainment observed in the moderate AD
dementia group may also be relevant in light of the cognitive reserve framework, whereby
fewer years of education are associated with reduced resilience to neuropathological
burden and earlier clinical manifestation of impairment [29]. The age difference observed
in women, but not in the overall sample, further suggests that sex-specific trajectories of
functional decline may warrant consideration. Finally, the higher BMI observed in the
more severe group may reflect reduced habitual mobility and lower energy expenditure
with advancing disease, although this interpretation should remain cautious given the
cross-sectional design.
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4.2. Magnitude of Functional Decline

The very large reduction in 6MWD observed in moderate AD dementia represents
the central finding of the study. In practical terms, the between-group difference exceeded
145 m in the overall sample and was similarly pronounced in men and women, indicating a
substantial loss of functional exercise capacity with advancing disease stage. This difference
is considerably larger than established values for the minimal detectable change and the
minimal clinically important difference for the 6MWT in older adults, which typically range
from 30 to 50 m [30,31]. Such a magnitude strongly supports the clinical relevance of the
observed functional impairment and indicates that the between-group difference cannot be
attributed simply to test–retest variability or measurement error, particularly that previous
work has shown that the 6MWT is a reliable measure in individuals with AD and other
older-adult populations [3].

Mechanistically, this marked decline in walking endurance likely reflects the combined
impact of multiple interacting factors, including motor slowing, impaired executive control,
reduced dual-task capacity, lower cardiorespiratory and metabolic reserve, and diminished
ability to sustain effort over time. This interpretation is biologically plausible given prior
evidence linking lower 6MWD to poorer memory performance and reduced gray matter
volume in older adults with MCI [8,9]. From a psychofunctional perspective, diminished
6MWD may also signify deficits in effort management, motivation, and motor–cognitive
integration, without overrelying on reductionist mechanistic explanations or making un-
supported causal claims [3]. Together, these considerations suggest that walking endurance
in AD is not merely a peripheral motor outcome but a complex, integrative marker of
brain–body health.

4.3. Cardiovascular and Physiological Responses

The cardiovascular findings should be interpreted cautiously but may offer additional
insight into stage-related functional decline. Men with moderate AD dementia exhibited
higher resting systolic and diastolic blood pressure, while the overall moderate AD de-
mentia group showed a lower peak heart rate during the 6MWT. Although autonomic
function was not directly measured, these patterns may be compatible with altered cardio-
vascular regulation, potentially reflecting a disruption in sympathetic–parasympathetic
balance, or reduced physiological engagement during exertion. Although alterations
in autonomic regulation have been reported in neurodegenerative diseases, including
Alzheimer’s disease [32], autonomic function was not directly assessed in the present study.
Therefore, the observed cardiovascular differences should be interpreted cautiously and
may reflect multiple physiological and behavioral factors associated with disease severity
rather than specific autonomic mechanisms.

This attenuated cardiovascular response may also indicate diminished central drive
or effort regulation, consistent with prior research highlighting impairments in cognitive–
motor integration and effort-related processes in neurodegenerative conditions [3].

By contrast, oxygen saturation remained relatively stable, suggesting that the marked
reduction in walking performance is unlikely to be primarily driven by impaired pulmonary
gas exchange [32]. Instead, these findings support the interpretation that limitations in
6MWD are more likely attributable to central, neuromotor, and integrative functional im-
pairments rather than respiratory constraints per se [33]. Taken together, these observations
reinforce the view that functional decline in AD reflects a complex interplay between
physiological, neurological, and behavioral mechanisms.
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4.4. Discriminatory Accuracy and Threshold Interpretation

The ROC analyses indicate strong discriminatory performance of the 6MWD for
differentiating MCI from moderate AD dementia in this cohort. The AUC values of
0.96–0.98, together with LR+ values above 4 and LR− values close to 0.03, suggest that
the proposed thresholds may meaningfully alter post-test probability and therefore have
practical value in clinical staging. The higher specificity observed in women further
supports the relevance of sex-specific thresholds rather than a single pooled cut-off. At
the same time, these findings should be interpreted with caution, as the very high AUC
values may partly reflect the relatively clear stage separation and sample characteristics of
this single-center cohort. Accordingly, these thresholds should be regarded as promising
staging-support tools rather than definitive diagnostic criteria, pending replication and
validation in independent samples.

The exceptionally high AUC values should not be interpreted as evidence that walking
performance alone fully captures Alzheimer’s disease severity. Rather, the 6MWD appears
to reflect an important functional dimension associated with disease stage while remaining
influenced by multiple physiological, behavioral, and clinical factors.

The use of Youden’s index to determine optimal cut-offs is well established in diagnos-
tic research, as it maximizes the combined sensitivity and specificity when false-positive
and false-negative classifications are considered equally consequential [20]. In this context,
the reported likelihood ratios (LR+ > 4 and LR− < 0.05) further support the clinical utility
of the proposed thresholds by indicating a meaningful shift in post-test probability, thereby
facilitating interpretation of functional decline in clinical practice [34].

These findings are also consistent with existing literature demonstrating the feasibility
and reliability of the 6MWT in AD populations and its associations with cognitive and
neurostructural measures in MCI. Importantly, the present study extends prior work by
translating continuous functional performance into criterion-referenced, sex-specific staging
thresholds, thereby enhancing the clinical interpretability of mobility impairment within
the AD continuum.

4.5. Strengths and Limitations

This study has several notable strengths. First, it included a relatively well-
characterized clinical sample of individuals with MCI and moderate AD dementia, di-
agnosed according to established criteria, which enhances internal validity. Second, the
use of a standardized and widely implemented functional assessment (6MWT) increases
the clinical feasibility and translational relevance of the findings. Third, the derivation of
sex-specific thresholds and the reporting of comprehensive diagnostic performance indices
provide a structured and clinically interpretable framework for functional staging.

Nonetheless, several limitations should be acknowledged. Because of the cross-
sectional design, the present findings demonstrate discriminatory ability between pre-
defined diagnostic groups rather than longitudinal disease progression. Consequently, the
proposed thresholds cannot be interpreted as indicators of transition between disease stages,
predictors of future cognitive or functional decline, or markers of disease progression over
time. Participants with intermediate cognitive stages were not included in the present
analysis in order to reduce diagnostic overlap between groups and improve classification
certainty during threshold derivation. However, this approach may have increased separa-
tion between diagnostic categories and contributed to the high discriminatory performance
observed. Accordingly, the proposed thresholds should be interpreted as distinguishing
MCI from moderate AD dementia rather than adjacent stages within the Alzheimer’s
disease continuum, which may limit their applicability to broader clinical populations.
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Although major mobility-limiting conditions were considered during participant
selection, residual confounding cannot be excluded. Cardiovascular disease, musculoskele-
tal disorders, sarcopenia, physical activity level, depressive symptoms, medication use,
and other comorbidities may have influenced 6MWD independently of cognitive status.
Moreover, age, BMI, educational attainment, and other demographic and anthropomet-
ric characteristics are known to affect walking performance. Although these variables
were considered descriptively, the present analyses were not adjusted for them. Therefore,
future studies should determine whether 6MWD remains an independent discriminator
after adjustment for these and other clinically relevant covariates using multivariable
analytical approaches.

Participants were recruited from a single tertiary-care hospital, which may limit gener-
alizability and contribute to spectrum bias. Differences in educational attainment, disease
duration, cardiovascular burden, and other population characteristics may influence the
stability and transportability of the proposed thresholds across populations with differ-
ent ethnic, cultural, clinical, and healthcare backgrounds. Furthermore, because disease
staging was primarily based on cognitive criteria, part of the observed discrimination may
reflect differences in overall health status and comorbid burden rather than disease-specific
mechanisms alone.

Finally, the proposed cut-off values were derived and evaluated within the same
cohort and have not undergone formal internal or external validation. Internal validation
procedures, such as bootstrap resampling or cross-validation, were not prespecified within
the original analytical framework and therefore were not performed. Consequently, the
proposed thresholds should be interpreted within the context of the present cohort and
considered as preliminary and hypothesis-generating until confirmed through rigorous
internal and external validation studies prior to routine clinical implementation.

4.6. Clinical Implications and Future Directions

From a clinical perspective, the 6MWT offers a feasible, low-cost, and scalable as-
sessment that can be implemented in outpatient, rehabilitation, and community-based
settings. The proposed sex-specific thresholds may help clinicians identify individuals
whose walking endurance is disproportionately reduced relative to their cognitive clas-
sification and who may benefit from closer monitoring or targeted non-pharmacological
interventions, particularly structured exercise and mobility-focused rehabilitation. This is
especially relevant during the transition from MCI to moderate AD dementia, a stage at
which preventive and supportive interventions may still be particularly actionable [12,14].
In addition, because exercise-based interventions have shown benefits for cognition and
executive function in individuals with MCI [24,25], these thresholds may assist in identify-
ing patients for timely supportive programs and in monitoring functional trajectories over
time. Nevertheless, the proposed cut-offs should be interpreted within the broader clinical
picture and should complement, rather than replace, comprehensive neuropsychological
and functional evaluation.

The present findings may also provide a foundation for future longitudinal investiga-
tions. Because mobility decline often accompanies disease progression, repeated assessment
of 6MWD may represent a simple and clinically meaningful marker for monitoring func-
tional deterioration over time. Determining whether changes in 6MWD predict conversion
from MCI to dementia or subsequent loss of independence may further enhance its clini-
cal utility.

Future research should validate these sex-specific thresholds in independent cohorts
and across broader clinical settings, including memory clinics, community samples, and
biomarker-characterized populations. Internal validation procedures, such as bootstrap
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resampling or cross-validation, should also be conducted to evaluate the robustness of the
proposed cut-offs. Prospective longitudinal studies are needed to determine whether these
thresholds predict conversion from MCI to dementia, progression of functional dependence,
falls, hospitalization, or institutionalization.

Furthermore, comparisons with complementary functional markers, including gait
speed, Timed Up and Go performance, dual-task walking, and balance measures, may
help clarify the role of 6MWD within multidimensional functional staging frameworks.
Future studies should also evaluate whether the discriminatory value of 6MWD persists
within multivariable prediction frameworks incorporating demographic, anthropomet-
ric, cardiovascular, and cognitive variables. Logistic regression approaches may provide
complementary information by estimating disease-stage probabilities while assessing
calibration, discrimination, and transportability across independent cohorts [21–25]. Nutri-
tional factors may also contribute to mobility performance in older adults with cognitive
impairment [35]. Whether strategies targeting metabolic health and mobility preservation
influence functional trajectories across the AD continuum remains to be determined.

5. Conclusions
In conclusion, the 6MWD demonstrated strong discrimination between individuals

with MCI and moderate AD dementia in this cohort, and sex-specific thresholds enhanced
classification performance. These findings support the potential of 6MWD as a practical,
performance-based functional staging aid in AD. However, because the proposed cut-offs
were derived in a single cross-sectional sample, they should be regarded as preliminary and
hypothesis-generating until confirmed through rigorous internal and external validation
procedures. Future longitudinal and multicenter studies should determine whether these
thresholds predict disease progression and functional outcomes and whether integrating
6MWD with complementary mobility and clinical variables improves generalizability and
clinical utility.

Author Contributions: Conceptualization: I.B.A., E.M., A.A. and M.E.; methodology: I.B.A., E.M.,
A.A., M.B.B. and M.E.; formal analysis: I.B.A., E.M. and A.A.; investigation: I.B.A.; writing—original
draft: I.B.A., E.M. and A.A.; writing—review and editing: all authors. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding. The authors, M. Elloumi and M. Ben Brahim,
would like to thank Prince Sultan University for the support and for paying the APC.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Research Ethics Committee of the Faculty of Medicine of Sousse,
Tunisia (IRB 00008931; approved on 16 May 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. World Health Organization. Dementia; World Health Organization: Geneva, Switzerland, 2023.
2. Buchman, A.S.; Yu, L.; Boyle, P.A.; Shah, R.C.; Wilson, R.S.; Bennett, D.A. Total daily physical activity and the risk of Alzheimer

disease and cognitive decline in older adults. Neurology 2012, 78, 1323–1329. [CrossRef]
3. Montero-Odasso, M.; Verghese, J.; Beauchet, O.; Hausdorff, J.M. Gait and cognition: A complementary approach to understanding

brain function and the risk of falling. J. Am. Geriatr. Soc. 2012, 60, 2127–2136. [CrossRef] [PubMed]
4. Albers, M.W.; Gilmore, G.C.; Kaye, J.; Murphy, C.; Wingfield, A.; Bennett, D.A.; Zhang, L.I. At the interface of sensory and motor

dysfunctions and Alzheimer’s disease. Alzheimer’s Dement. 2015, 11, 70–98. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm15145374

https://doi.org/10.1212/WNL.0b013e3182535d35
https://doi.org/10.1111/j.1532-5415.2012.04209.x
https://www.ncbi.nlm.nih.gov/pubmed/23110433
https://doi.org/10.1016/j.jalz.2014.04.514
https://www.ncbi.nlm.nih.gov/pubmed/25022540
https://doi.org/10.3390/jcm15145374


J. Clin. Med. 2026, 15, 5374 14 of 15

5. Enright, P.L. The six-minute walk test. Respir. Care 2003, 48, 783–785. [CrossRef] [PubMed]
6. ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories. ATS statement: Guidelines for the

six-minute walk test. Am. J. Respir. Crit. Care Med. 2002, 166, 111–117. [CrossRef] [PubMed]
7. Studenski, S.; Perera, S.; Patel, K.; Rosano, C.; Faulkner, K.; Inzitari, M.; Guralnik, J. Gait speed and survival in older adults. JAMA

2011, 305, 50–58. [CrossRef] [PubMed]
8. Grande, G.; Triolo, F.; Nuara, A.; Welmer, A.-K.; Fratiglioni, L.; Vetrano, D.L. Measuring gait speed to better identify prodromal

Alzheimer’s disease. Neurology 2019, 93, e572–e582. [CrossRef] [PubMed]
9. Makizako, H.; Shimada, H.; Doi, T.; Park, H.; Yoshida, D.; Suzuki, T. Six-minute walking distance is associated with cognitive

function and gray matter volume in older adults with mild cognitive impairment. J. Alzheimer’s Dis. 2013, 33, 913–921. [CrossRef]
[PubMed]

10. Sagat, P. Reference standards for the 6-min walk test in Croatian older adults. Front. Physiol. 2023, 14, 1226585. [CrossRef]
[PubMed]

11. Makni, E.; Elloumi, A.; Ben Brahim, M.; Moalla, W.; Tabka, Z.; Chamari, K.; Elloumi, M. Six-minute walk distance equation in
children and adolescents with obesity. Acta Paediatr. 2020, 32, 2729–2737. [CrossRef] [PubMed]

12. Livingston, G.; Huntley, J.; Sommerlad, A.; Ames, D.; Ballard, C.; Banerjee, S.; Brayne, C.; Burns, A.; Cohen-Mansfield, J.; Cooper,
C.; et al. Dementia prevention, intervention, and care: 2020 report of the Lancet Commission. Lancet 2020, 396, 413–446. [CrossRef]
[PubMed]

13. Rule, P.D.; Trammell, V.L.; Hill, P.L.; Pearlstein, J.G.; Willroth, E.C. A scoping review and synthesis of the literature on the relation
between mobility impairment and cognitive impairment. Disabil. Rehabil. 2025, 47, 4287–4296. [CrossRef] [PubMed]

14. Yu, F.; Vock, D.M.; Zhang, L.; Salisbury, D.; Nelson, N.W.; Chow, L.S.; Smith, G.E.; Barclay, T.R.; Dysken, M.W.; Wyman, J.F.
Aerobic exercise in early Alzheimer’s disease: The FIT-AD SMART randomized controlled trial. Alzheimer’s Dement. 2024, 20,
123–134. [CrossRef] [PubMed]

15. Dubois, B.; Feldman, H.H.; Jacova, C.; Hampel, H.; Molinuevo, J.L.; Blennow, K.; DeKosky, S.T.; Gauthier, S.; Selkoe, D.; Bateman,
R.; et al. Advancing research diagnostic criteria for Alzheimer’s disease: The IWG-2 criteria. Lancet Neurol. 2014, 13, 614–629.
[CrossRef] [PubMed]

16. Paillard, T.; Noé, F.; Bru, N.; Couderc, M.; Debove, L. The impact of time of day on the gait and balance control of Alzheimer’s
patients. Chronobiol. Int. 2016, 33, 161–168. [CrossRef] [PubMed]

17. Chung, V.; Chopin, L.; Karadayi, J.; Grèzes, J. Validity of the Polar H10 for continuous measures of heart rate and heart rate
synchrony analysis. Sensors 2026, 26, 855. [CrossRef] [PubMed]

18. Zhang, P.; Li, X.; Fang, Z.; Lu, Y.; Cui, J.; Du, X.; Hu, R. Smartphone Application-Supported Validation of Three Automatic Devices
for Self-Measurement of Blood Pressure According to the European Society of Hypertension International Protocol Revision 2010:
The Omron HEM-7120, Yuwell YE680A and Cofoe KF-65B. Blood Press. Monit. 2021, 26, 435–440. [CrossRef] [PubMed]

19. Blanchet, M.A.; Martin, L.; Dupont, H.; Lefebvre, J. Accuracy of multiple pulse oximeters in stable critically ill patients:
Comparison with arterial oxygen saturation. Respir. Care 2023, 68, 565–574. [CrossRef] [PubMed]

20. Ruopp, M.D.; Perkins, N.J.; Whitcomb, B.W.; Schisterman, E.F. Youden Index and optimal cut-point estimated from observations
affected by a lower limit of detection. Biom. J. 2008, 50, 419–430. [CrossRef] [PubMed]

21. Arriagada Masse, F.A.; Bherer, L.; Beauchet, O.; Annweiler, C.; Montero-Odasso, M. Six-month change in gait speed to discriminate
between older adults with mild cognitive impairment and Alzheimer disease. Aging Clin. Exp. Res. 2022, 34, 3047–3054.

22. Beauchet, O.; Allali, G.; Sekhon, H.; Verghese, J.; Guilain, S.; Steinmetz, J.P.; Montero-Odasso, M. Motoric cognitive risk syndrome:
Definition, diagnosis, and clinical implications. Ageing Res. Rev. 2023, 84, 101822.

23. Montero-Odasso, M.; van der Velde, N.; Martin, F.C.; Petrovic, M.; Tan, M.P.; Ryg, J.; Aguilar-Navarro, S.; Alexander, N.B.; Becker,
C.; Blain, H.; et al. World guidelines for falls prevention and management for older adults: A global initiative. Age Ageing 2022,
51, afac205. [CrossRef] [PubMed]

24. Northey, J.M.; Cherbuin, N.; Pumpa, K.L.; Smee, D.J.; Rattray, B. Exercise interventions for cognitive function in adults with mild
cognitive impairment: A systematic review and meta-analysis. Br. J. Sports Med. 2023, 57, 433–441.

25. Chen, F.T.; Etnier, J.L.; Chan, K.H.; Chiu, P.K.; Hung, T.M.; Chang, Y.K. Effects of exercise training interventions on executive
function in older adults with mild cognitive impairment: A systematic review and meta-analysis. J. Sport Health Sci. 2024, 13,
50–62. [CrossRef] [PubMed]

26. Sagat, P.; Bartik, P.; Gonzalez, P.P.; Knjaz, D. Criterion-referenced standards of handgrip strength for identifying the presence of
hypertension. Int. J. Environ. Res. Public Health 2023, 20, 6900. [CrossRef] [PubMed]

27. Cazzoletti, L.; Zanolin, M.E.; Dorelli, G.; Ferrari, P.; Dalle Carbonare, L.G.; Crisafulli, E.; Alemayohu, M.A.; Olivieri, M.; Verlato,
G.; Ferrari, M. Six-minute walk distance in healthy subjects: Reference standards from a general population sample. Respir. Res.
2022, 23, 83. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm15145374

https://doi.org/10.4187/respcare.03480783
https://www.ncbi.nlm.nih.gov/pubmed/12890299
https://doi.org/10.1164/ajrccm.166.1.at1102
https://www.ncbi.nlm.nih.gov/pubmed/12091180
https://doi.org/10.1001/jama.2010.1923
https://www.ncbi.nlm.nih.gov/pubmed/21205966
https://doi.org/10.1212/WNL.0000000000007895
https://www.ncbi.nlm.nih.gov/pubmed/31292225
https://doi.org/10.1159/000354189
https://www.ncbi.nlm.nih.gov/pubmed/24052797
https://doi.org/10.3389/fphys.2023.1226585
https://www.ncbi.nlm.nih.gov/pubmed/37601636
https://doi.org/10.1111/apa.15286
https://www.ncbi.nlm.nih.gov/pubmed/32259303
https://doi.org/10.1016/S0140-6736(20)30367-6
https://www.ncbi.nlm.nih.gov/pubmed/32738937
https://doi.org/10.1080/09638288.2024.2449392
https://www.ncbi.nlm.nih.gov/pubmed/39804027
https://doi.org/10.1002/alz.13021
https://www.ncbi.nlm.nih.gov/pubmed/36951251
https://doi.org/10.1016/s1474-4422(14)70090-0
https://www.ncbi.nlm.nih.gov/pubmed/24849862
https://doi.org/10.3109/07420528.2015.1124885
https://www.ncbi.nlm.nih.gov/pubmed/26785632
https://doi.org/10.3390/s26030855
https://www.ncbi.nlm.nih.gov/pubmed/41682372
https://doi.org/10.1097/MBP.0000000000000547
https://www.ncbi.nlm.nih.gov/pubmed/34001755
https://doi.org/10.4187/respcare.10582
https://www.ncbi.nlm.nih.gov/pubmed/36596654
https://doi.org/10.1002/bimj.200710415
https://www.ncbi.nlm.nih.gov/pubmed/18435502
https://doi.org/10.1093/ageing/afac205
https://www.ncbi.nlm.nih.gov/pubmed/36178003
https://doi.org/10.1016/j.jshs.2022.11.003
https://www.ncbi.nlm.nih.gov/pubmed/36351545
https://doi.org/10.3390/ijerph20196900
https://www.ncbi.nlm.nih.gov/pubmed/37835170
https://doi.org/10.1186/s12931-022-02003-y
https://www.ncbi.nlm.nih.gov/pubmed/35382813
https://doi.org/10.3390/jcm15145374


J. Clin. Med. 2026, 15, 5374 15 of 15

28. Perna, S.; Ilyas, Z.; Giacosa, A.; Gasparri, C.; Peroni, G.; Faliva, M.A.; Rigon, C.; Naso, M.; Riva, A.; Petrangolini, G.; et al. Is
probiotic supplementation useful for the management of body weight and other anthropometric measures in adults affected
by overweight and obesity with metabolic related diseases? A systematic review and meta-analysis. Nutrients 2021, 13, 666.
[CrossRef] [PubMed]

29. Nelson, M.E.; Jester, D.J.; Petkus, A.J.; Andel, R. Cognitive reserve, Alzheimer’s neuropathology, and risk of dementia: A system-
atic review and meta-analysis. Neurobiol. Aging 2021, 31, 233–250. [CrossRef] [PubMed]

30. Bohannon, R.W. Minimal clinically important difference for grip strength: A systematic review. J. Phys. Ther. Sci. 2015, 31, 75–78.
[CrossRef] [PubMed]

31. Puhan, M.A.; Chandra, D.B.; Mosenifar, Z.; Ries, A.L.; Guyatt, G.H. The minimal important difference of the six-minute walk test
in chronic obstructive pulmonary disease patients. Am. J. Respir. Crit. Care Med. 2008, 177, 709–714. [CrossRef] [PubMed]

32. Singh, S.; Singh, D.; Ansari, A.H.; Singh, S. Autonomic nervous system dysregulation in neurodegenerative diseases: Bridging
brain and heart. Prog. Brain Res. 2025, 294, 47–73. [CrossRef] [PubMed]

33. Holland, A.E.; Spruit, M.A.; Troosters, T.; Puhan, M.A.; Pepin, V.; Saey, D.; McCormack, M.C.; Carlin, B.W.; Sciurba, F.C.; Pitta, F.;
et al. An official European Respiratory Society/American Thoracic Society technical standard: Field walking tests in chronic
respiratory disease. Eur. Respir. J. 2014, 44, 1428–1446. [CrossRef] [PubMed]

34. McGee, S. Simplifying likelihood ratios. J. Gen. Intern. Med. 2002, 17, 47–650. [CrossRef] [PubMed]
35. Rondanelli, M.; Faliva, M.A.; Peroni, G.; Infantino, V.; Gasparri, C.; Iannello, G.; Perna, S.; Riva, A.; Petrangolini, G.; Tartara,

A. Essentiality of Manganese for Bone Health: An Overview and Update. Nat. Prod. Commun. 2021, 16, 1934578X211016649.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcm15145374

https://doi.org/10.3390/nu13020666
https://www.ncbi.nlm.nih.gov/pubmed/33669580
https://doi.org/10.1007/s11065-021-09478-4
https://www.ncbi.nlm.nih.gov/pubmed/33415533
https://doi.org/10.1589/jpts.31.75
https://www.ncbi.nlm.nih.gov/pubmed/30774209
https://doi.org/10.1164/rccm.200707-1083OC
https://www.ncbi.nlm.nih.gov/pubmed/18202349
https://doi.org/10.1016/bs.pbr.2025.04.010
https://www.ncbi.nlm.nih.gov/pubmed/40681226
https://doi.org/10.1183/09031936.00150314
https://www.ncbi.nlm.nih.gov/pubmed/25359355
https://doi.org/10.1046/j.1525-1497.2002.10750.x
https://www.ncbi.nlm.nih.gov/pubmed/12213147
https://doi.org/10.1177/1934578X211016649
https://doi.org/10.3390/jcm15145374

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Ethics Approval and Informed Consent 
	Functional Assessment 
	Physiological Responses 
	Statistical Analysis 

	Results 
	Discussion 
	Baseline Characteristics and Clinical Context 
	Magnitude of Functional Decline 
	Cardiovascular and Physiological Responses 
	Discriminatory Accuracy and Threshold Interpretation 
	Strengths and Limitations 
	Clinical Implications and Future Directions 

	Conclusions 
	References

