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Abstract: Background: Screening cognitive impairment is complex and not an appliance for early
screening. Gait performance is strongly associated with cognitive impairment. Objectives: We aimed to
explore gait indicators that could potentially screen cognitive dysfunction. Methods: A total of 235 subjects
were recruited from June 2021 to June 2022. Four gait tasks, including the walking test, the timed
“Up & Go” test (TUG), foot pressure balance (FPB), and one-legged standing with eyes closed test
(OLS-EC), were performed. Moreover, in the walking test, participants were instructed to walk at
their usual pace for the single-gait test. For the dual-task tests, participants walked at their usual
pace while counting backward from 100 by 1s. The data were analyzed by the independent sample
t-test, univariate and multivariate logistic regression, a linear trend, stratified and interaction analysis,
the receiver operating characteristic (ROC) curve, and Pearson’s correlations. Results: Among the
235 participants, 81 (34.5%) were men and 154 (65.5%) were women. The mean age of participants
was 72 £ 7.836 years. The control, MCI, mild AD, and severe AD groups had means of 71, 63,
71, and 30, respectively. After adjusting for age, sex, education, and body mass index (BMI), the
dual-task toe-off-ground angle (TOA) (odds ratio (OR) = 0.911, 95% confidence interval (CI): 0.847,
0.979), single-task TOA (OR = 0.904, 95% CI: 0.841-0.971), and the timed “Up & Go” time (TUGT)
(OR =1.515, 95% CI: 1.243-1.846) were significantly associated with an increased risk of cognitive
impairment. In addition, the trend test and stratified analysis results had no significant differences
(all p > 0.05). The area under the roc curve (AUC) values of TOA in the dual-task and TUGT were
0.812 and 0.847, respectively. Additionally, TOA < 36.75° in the dual-task, TOA < 38.90° in the
single-task, and TUGT > 9.83 seconds (s) are likely to indicate cognitive impairment. The cognitive
assessment scale scores were significantly correlated with TOA (all r > 0.3, p < 0.001) and TUGT (all
r > 0.2), respectively. Conclusion: TOA and TUGT scores are, in some circumstances, associated with
cognitive impairment; therefore, they can be used as simple initial screenings to identify patients
at risk.

Keywords: cognitive impairment; gait parameters; toe-off ground angle; timed “Up & Go” test

1. Introduction

Cognitive impairment is a common syndrome that encompasses a spectrum varying
from mild cognitive impairment (MCI) to dementia, and MCI is considered to be an
intermediate condition between “normal aging” and dementia [1]. MCI signifies a decline
in cognitive function beyond typical aging without impacting functional activities [2]. The
annual conversion rate to dementia is approximately 10% to 15% [3]. Dementia is a leading
cause of disability and dependence in older adults, which affects their physical and mental
health and places an economic and caregiving burden on society [4]. At the same time,
the global prevalence of dementia is increasing as the proportion of older adults in the
population increases [5]. To our knowledge, Alzheimer’s disease (AD) accounts for 60-70%
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of all dementia disorder cases and has become one of the deadliest diseases worldwide [6,7].
Therefore, the identification of MCI and early AD is needed to enable pharmacological
treatment to slow the progression of dementia [8-10].

The clinic diagnosis of cognitive impairment may be extensive, involving medical
history, physical examination, neuropsychological tests, blood tests, and neuroimaging [11].
However, the above methods are invasive, time-consuming, expensive, and not applicable
for early screening. At the same time, some cognitive screening tools have some shortcom-
ings, for example, Mini-Mental State Examination (MMSE) may miss patients in the early
stage of cognitive impairment [12]. Moreover, most screening tools depending on language
will be affected by education and age [13]. Therefore, noninvasive, less time-consuming,
and low-cost methods to enhance early cognitive impairment screening have been called
for [14].

Gait, as a behavioral characteristic of human walking, requires the cooperation of
multiple systems, including the brain, nerves, bones, muscles and joints [15]. A safe and
effective gait is closely related to the human health process across the life span [16] and
is a predictor for cognitive decline [17-19]. Due to their robust clinical measurement
characteristics, gait speed and stride length are widely used to evaluate, identify, and
predict cognitive-related diseases [20-22]. However, gait speed [23] or stride length [24]
are nonspecific variables that affect sensitivity and specificity if cognitive impairment is
evaluated solely. Moreover, gait parameters are multidimensional [15]; one gait index thus
cannot be used to summarize the characteristics of all diseases. Notably, recent studies
have found that relevant indicators of gait rhythm, such as time domain (TD) and time-
dependent spectral features (PSDTD), also provide advanced clinical method support for
the identification of neurodegenerative diseases (NDD) [25]. Therefore, there is an urgent
need to explore gait indicators for evaluating patients with cognitive impairment from
multiple perspectives.

Recent studies have shown that cognitive impairment may be essential for elderly
individuals suffering from abnormal balance [26,27]. The worsening of balance function
parallels the severity of cognitive impairment. Therefore, we hypothesize that some rep-
resentative indicators of the balance function test can be used to distinguish and screen
cognitive impairment. As far as we know, the balance tests include the timed “Up &
Go” test (TUG) [28], one-legged standing with eyes closed test (OLS-EC) [29] and foot
pressure balance test (FPB) [30]. Among them, the TUG is one of the most useful evaluation
methods in the health care field, because it is temporally and spatially efficient and contains
various motion elements [28]. In addition, a recent study has confirmed the accuracy of
this measurement method using an algorithm for calculating TUG phase and quantitative
parameters by identifying leg movement and muscle contraction using an inertial and an
electromyography sensor [28]. Similarly, the OLS-EC is suitable for large-scale population
screening due to its easy operation and high sensitivity. The FPB, which measures the pres-
sure distribution between the plantar and the supporting surface, can facilitate researchers’
study of the problems of balance, falling, and gait dysfunction from various angles and is an
ideal tool for evaluating the current balance ability. At the same time, an increasing number
of studies have adopted the dual-task gait paradigm, which requires subjects to walk while
completing additional cognitive tasks [31]. Patients with cognitive impairment have an
insufficient cognitive reserve and impaired ability to allocate attention and executive and
visuospatial function in the dual-task paradigm, which can be used to more sensitively
reflect pathological gait features [16,32]. Therefore, we have included single- and dual-task
gait tests in walking to find new indicators to distinguish cognitive impairment.

In our present study, the walking and balance tests were combined to describe the gait
characteristics of patients with cognitive impairment and normal cognition. At the same
time, correlation analysis was performed between neuropsychological scales and the gait indi-
cators. We hope it provides vital support for screening and diagnosing cognitive impairment.



Brain Sci. 2023, 13, 154

30f19

2. Methods

This study was a cross-sectional study. Patients were recruited from the Memory Clinic,
Department of Geriatrics, The First Affiliated Hospital of Chongqing Medical University,
from June 2021 to April 2022. The study protocol was approved by the Medical Ethics
Committee of The First Affiliated Hospital of Chongqing Medical University (approval
number: 20212901; time of ethics approval: 10 May 2021).

2.1. Study Subjects

Inclusion criteria included the following: (1) 60 years and older; (2) ability to walk
back and forth for 8 m independently; and (3) agreement to participate in this study. The
exclusion criteria of all subjects included the following: (1) present in the stressed state;
(2) comorbid severe cardiopulmonary diseases such as heart failure, myocardial infarction,
or emphysema; (3) motor system dysfunction (such as osteoarthritis or knee/hip joint
disease); (4) using neuropsychiatric drugs; and (5) refusal to participate in this study. First,
the participants were divided into control, MCI, mild AD, and moderate AD groups. Next,
we divided them into cognitive normal (control group) and impairment groups to perform
regression modelling.

2.2. Data Collection

Information about age, sex, height, weight, and education was recorded. Participants
were divided into two age groups: young older (<70 years) and old older (>70 years) [33].
Education status was classified as higher (>9 years of education) and lower (1-9 years of
education) [34]. Participants were also divided into four groups based on body mass index
(BMI) according to the World Health Organization Asian adult bodyweight standard: obese
(>25.0 kg/m?), overweight (23.0-24.9 kg/m?), regular (18.5-22.9 kg/m?), and underweight
(<185 kg/m?).

2.3. Cognitive Assessment

Patients received neuropsychological assessments in face-to-face interviews. The
assessments were performed by a trained nurse or an experienced doctor. The scales in our
study were as follows: Chinese version of MMSE, Clock-Drawing Test (CDT), Trail Making
Tests A (TMT A), Trail Making Tests B (TMT B), attention using the Digit Span Test forward
(DSF) and Digit Span Test backward (DSB), Instrumental Activities of Daily Living (IADL),
Geriatric Depression Scale (GDS), and Clinical Dementia Rating Scale (CDR).

2.4. Diagnosis

The diagnosis of cognitive impairment was made by experts in the memory clinic of
The First Affiliated Hospital of Chongqing Medical University, combined with the above
neuropsychological tests, medical history, physical examination, blood tests, and brain
magnetic resonance imaging (MRI) or Computed Tomography (CT).

2.5. Gait Assessment

Before the trials, participants were given standardized instructions and a visual demon-
stration. Then, participants walked back and forth twice at a comfortable pace for 16 m
under single- and dual-tasks while wearing comfortable shoes with sensor devices (GAIT
Rite, version 4.5; CIR systems Inc., Dalian, China). Gait data were recorded and stored in
a computer. Meanwhile, all data were complete and met the analysis requirements. The
detailed test steps are as follows. In the walking test, for the single-gait test, participants
were instructed to walk at their usual pace in a quiet environment, without using any
mobility aids. For the dual-task tests, participants walked at their usual pace while count-
ing backward from 100 by 1 s aloud. The rationale for the dual-task condition selection
has been described elsewhere [35,36]. Additionally, only one trial was performed in each
condition, while the order of the single- and dual-tasks was randomized to balance and
minimize the effects of learning and tiredness.
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The specific operations of the balance tests were as follows. For the TUG, participants
were asked to perform [37,38] (1) sitting quietly on a stool; (2) standing up from the
stool while hearing “start”; (3) walking 3 m, turning, and walking back to the stool; and
(4) sitting on the stool again. Similarly, for the OLS-EC [29], participants were told to
raise one foot to the mid-calf level of the supporting leg while spreading their arms. The
test stopped when the subject lowered the raised foot (i.e., connected it to the floor). The
computer recorded the standing time, and the longest time was selected for each leg. For
the FPB [30], participants were asked to stand in a static position with both legs for 20 s.
The whole process took approximately 10 min.

2.6. Statistical Analysis

The quantitative data were assessed as follows. The distributions of continuous
measurements were presented by the mean and standard deviation (SD) (mean + SD),
whereas categorical variables were expressed as count and frequency (%). The independent
samples t-test was used to analyze differences in variables. A binary logistic regression
was used to evaluate the relationship between gait indicators and the risk of cognitive
impairment. We performed a linear trend and stratified and interaction analysis to detect
any dose-response association between gait parameters and cognitive impairment. The
receiver operating characteristic (ROC) curve was assessed to evaluate the ability of gait
indicators to differentiate disease. Pearson’s correlations were used to explore the gait
indicators and cognitive scale correlations. Differences were considered significant at
p <0.05. Odds ratios (ORs) with 95% confidence intervals (Cls) were calculated. All
statistical analyses were carried out by SPSS 26.0 (IBM, Armonk, NY, USA). Gradprism8
drew all figures.

3. Results
3.1. Baseline Characteristics of Participants Stratified by Disease Diagnosis

Among the 235 participants, 81 (34.5%) were men and 154 (65.5%) were women. The
mean age of participants was 72 & 7.836 years. The numbers of the control, MCI, mild
AD, and severe AD groups were 71, 63, 71, and 30, respectively. Participant characteristics
according to cognitive impairment status are shown in Table 1. Compared to the control
group, both mild AD and moderate AD groups were older; The moderate AD group had
lower education (p < 0.05). Compared to the control, both the MCI and mild AD groups
had higher systolic BP (p < 0.05). Compared to the control, the mild cognitive impairment,
mild AD, and moderate AD groups performed worse on the MMSE and CDT (p < 0.05).
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Table 1. Baseline characteristics of participants stratified by disease diagnosis.
Total Control MCI Mild AD Moderate AD Val
Variable N =235 N=71 N =63 N=71 N =30 prae
Age, mean SD 72.0 (7.836) 71.01 (6.737) 70.05 (7.985) 73.41 (7.989) 75.10 (8.372) 0.007 *
Female, N (%) 154 (65.5) 50 (70.4) 42 (66.7) 46 (64.8) 16 (53.3) 0.427
Height, mean (SD, (cm) 1.584 (0.080) 1.593 (0.0798) 1.581 (0.0827) 1.590 (0.0724) 1.583 (0.0905) 0.816
Weight, mean (SD, (Kg) 57.222 (9.872) 59 (9.368) 57.854 (10.634) 55.287 (9.428) 56.233 (8.721) 0.169
BMI, mean (SD, (kg/m?) 22.827 (3.526) 23.186 (2.740) 23.079 (3.429) 21.896 (3.562) 22.484 (3.215) 0.112
Education, mean (SD), (y) 9.3 (4.4) 11.817 (9.206) 8.817 (4.180) 9.282 (4.667) 6.10 (4.791) <0.001 *
Cognitive tests
MMSE, mean (SD) 21.23 (7.741) 28.82 (2.045) 23.33 (3.910) 17.31 (4.717) 8.10 (4.536) <0.001 *
CDT score, mean (SD) 9.70 (5.387) 13.83 (2.813) 10.41 (4.272) 7.93 (4.894) 2.60 (3.936) <0.001 *
DSF, mean (SD) 6.85 (2.790) 8.56 (1.105) 7.19 (1.608) 6.802.326) 2.03 (3.235) <0.001 *
DSB, mean (SD) 3.48 (1.943) 5.06 (1.413) 3.53 (1.423) 2.97 (1.307) 0.76 (1.704) <0.001 *
TMT A, mean (SD), s 96.72 (44.724) 51.97 (20.856) 99.69 (39.203) 117.29 (35.690) 147.00 (12.077) <0.001 *
TMT B, mean (SD), s 199.48 (95.669) 98.59 (54.673) 210.74 (82.921) 247.31 (66.466) 300.00 (0) <0.001 *
His, mean (SD) 2.64 (2.080) 1.87 (1.656) 2.86 (2.023) 2.97 (2.169) 3.28 (2.463) <0.001 *
IADL, mean (SD) 12.51 (5.430) 8.62 (1.543) 10.49 (2.375) 14.04 (4.680) 22.37 (3.891) <0.001 *
GDS, mean (SD) 5.62 (4.664) 3.69 (3.602) 7.02 (5.037) 6.20 (5.157) 5.88 (3.059) <0.001 *

Data presented as mean =+ standard deviation (SD) for continuous variables and percentage for dichotomous variables. Abbreviations: MCI, mild cognitive impairment; AD, Alzheimer’s
disease; BMI, body mass index; MMSE, Mini-Mental State Examination; CDT, Clock-Drawing Test; DSE, Digit Span Test forward; DSB, Digit Span Test backward; TMT A, Trail Making
Test A; TMT B, Trail Making Test B; IADL, Instrumental Activities of Daily Living; GDS, Geriatric Depression Scale; * p < 0.01 represents statistical significance.
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3.2. Gait Characteristics in Different Severities of Cognitive Impairment

The gait characteristics of the control, the MCI, and the mild and moderate AD
groups are presented in Table 2. Compared to the control group, the other three groups
had a lower speed, a shorter stride length, longer stride time, decreased cadence, less
braking force, smaller toe-off ground angle (TOA), smaller heel-to-ground angle (HOA),
higher percentages in the standing phase, and lower percentages in the swing phase in
single- or dual-task tests, respectively (p < 0.001). Additionally, the phenomenon of the
gait characteristics” decline is proportional to the severity of the cognitive impairment.
Furthermore, compared to the control group, patients with MCI, mild AD, and moderate
AD took longer times in the TUG (p < 0.001) and shorter times in the OLS-EC (p = 0.001),
respectively. There was no difference in the FPB (total center p = 0.346, left foot p = 0.212,
and right foot p = 0.98) among these groups.

3.3. Association between the Timed “Up & Go” Time (TUGT), TOA, and Cognitive Impairment

The logistic regression model was used to analyze the associations between each gait
index and cognitive impairment (Table 3). After adjusting for age, gender, education, and
BMLI, the gait speed, stride length, and TOA in single- and dual-tasks remained significantly
different and so did TUGT (all p < 0.05). A forest map was drawn based on the results of
the multiple logistic regression of model 3 (Figure 1). The ORs of the TOA tertiles 2 and 3 in
a single-task for a risk of cognitive impairment were 0.217 [95% CI (0.079-0.592)] and 0.097
[95% CI (0.035-0.269)], respectively (p trend < 0.001). The ORs of the TOA tertiles 2 and 3 in
dual-task for a risk of cognitive impairment were 0.174 [95% CI (0.061-0.497)] and 0.068
[95% CI (0.023-0.197)], respectively (p trend < 0.001). The ORs of the TUGT tertiles 2 and 3
for a risk of cognitive impairment were 11.966 [95% CI (4.937-29.005)] and 36.713 [95% CI
(11.549-116.708)], respectively (p trend < 0.001) (Table 4). In addition, the stratified analysis
by age, sex, education level, and BMI demonstrated that different populations did not
affect the association between TOA, TUGT, and an increased risk of cognitive impairment

(p > 0.05, Table 5).
OR 95% ClI P

Velocity  ° . 0.949 0.921,0978 <0.001
D ot 0.934 0.904,0.965 <0.001
Stride length - 0.947 0.919,0.975 <0.001
D - 0.945 0.919,0.972 <0.001
, R — 0.849  0.718,1.004  0.055
Swingphase | | 0.755 0.751,1.200  0.001
s - 1178 0.996,1.392  0.055
Stance phase —— 1.325 1.121,1.567  0.001
s o 0.959 0.926,0.993  0.018
Brakeforce o 0.944 0.909,0.980  0.003
s e 0.911 0.847,0979  0.011
ToA o 0.904 0.841,0.971  0.005
s —— 0.940 0.876,1.009  0.089

HOA
D —.— 0.909 0.845,0.979  0.012
TUGT - 1515 1.243,1.846 <0.001

0.5 1.0 ‘ 1.5

Figure 1. Forest map of multivariate logistic regression analysis for the association between gait
indicators and a risk of cognitive impairment, where red represents significant associations both
in dual- and single-task. Abbreviations: OR, odds ratio; CI, confidence interval. S, single-task;
D, dual-tasks; TOA, toe-off ground angle; HOA, heel-to-ground angle; TUGT, timed “Up & Go” time.
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Table 2. Comparison of multiple models of gait data in different individuals with cognitive impairment.

Total Control MCI Mild AD Moderate AD p-Value
Velocity, mean (SD), (cm/s) S 75.13 (17.836) 87.30 (14.721) 76.33 (15.572) 69.46 (14.625) 56.83 (14.620) <0.001 *
D 64.01 (18.114) 78.68 (15.099) 64.28 (14.393) 55.29 (12.808) 43.58 (11.321) <0.001 *
Stride length, mean (SD), (cm/s) S 93.12 (18.769) 105.63 (13.137) 93.94 (17.652) 86.70 (16.840) 76.60 (17.470) <0.001 *
D 89.51 (21.331) 105.14 (14.069) 90.40 (18.884) 80.17 (19.362) 66.33 (14.445) <0.001 *
Stride time (ms) S 1.264 (0.143) 1.215 (0.135) 1.251 (0.134) 1.281 (0.131) 1.364 (0.159) <0.001 *
D 1.432 (0.209) 1.355 (0.208) 1.425 (0.218) 1.480 (0.188) 1.545 (0.155) <0.001 *
Cadence (steps/min) S 96.601 (10.154) 100.157 (10.304) 97.566 (9.446) 95.237 (9.061) 89.299 (9.627) <0.001 *
D 85.476 (11.354) 90.007 (11.555) 86.029 (11.679) 82.486 (9.885) 78.785 (7.953) 0.003 *
Swing phase (%) S 32.860 (2.748) 34.368 (2.325) 33.381 (2.460) 32.025 (2.307) 30.120 (2.524) <0.001 *
D 31.116 (3.078) 33.166 (2.314) 31.358 (2.937) 29.235 (2.497) 27.867 (2.411) <0.001 *
Stance phase (%) S 67.140 (2.748) 65.632 (2.325) 66.619 (2.460) 67.975 (2.307) 69.880 (2.524) <0.001 *
D 68.884 (3.078) 66.834 (2.314) 68.642 (2.937) 70.146 (2.497) 72.133 (2.411) <0.001 *
Back-force S 0.687 (0.153) 0.759 (0.104) 0.707 (0.160) 0.648 (0.145) 0.563 (0.158) <0.001 *
D 0.661 (0.151) 0.755 (0.104) 0.677 (0.145) 0.599 (0.140) 0.514 (0.118) <0.001 *
TOA S 37.550 (7.102) 41.738 (4.934) 38.365 (7.001) 35.426 (6.489) 30.810 (6.253) <0.001 *
D 35.786 (7.571) 40.869 (5.268) 36.748 (7.119) 32.442 (6.519) 27.400 (5.085) <0.001 *
HOA S 24510 (6.713) 28.018 (5.068) 25.671 (6.845) 22.286 (6.150) 18.883 (5.667) <0.001 *
D 23.252 (7.107) 27.876 (5.032) 24.350 (6.828) 19.852 (6.217) 16.038 (4.544) <0.001 *
TUGT 12.830 (5.289) 9.588 (2.539) 12.339 (3.396) 14.388 (5.227) 19.927 (7.070) <0.001 *
OLS-EC L 4.03 (2.798) 4.26 (2.207) 4.78 (3.589) 3.56 (2.454) 2.68 (5.477) 0.001 *
R 4.06 (2.986) 4.72 (2.617) 4.28 (3.796) 3.56 (2.628) 2.88 (2.007) 0.001 *
FPB T 149.039 (96.785) 149.539 (93.665) 152.436 (107.737) 158.347 (93.728) 119.113 (84.543) 0.346
L 141.016 (71.117) 140.374 (71.854) 149.691 (65.113) 136.331 (78.519) 134.430 (65.694) 0.212
R 74,538 (131.111) 70.606 (128.401) 77.260 (137.101) 86.714 (140.232) 50.606 (102.710) 0.980

Data of continuous variables described as means + standard deviation (SD). Abbreviations: MCI, mild cognitive impairment; AD, Alzheimer’s disease; TOA, toe-off ground angle;
HOA, heel-to-ground angle; TUGT, timed “Up & Go” time; S, single-task; D, dual-tasks, counting backward 100 by 1s; OLS-EC: one-legged standing with eyes closed; FPB, foot pressure
balance test; L, left foot; R, right foot; T, total gravity distribution; * p < 0.01 represents statistical significance.
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Table 3. Univariate and multivariate logistic regression models evaluating the associations of gait indicators with cognitive impairment.

Model 1 Model 2 Model 3
OR 95% CI p-Value OR 95% CI p-Value OR 95% CI p-Value
Gait variable (continuous)
Speed S 0.952 0.928,0.977 <0.001 0.936 0.884, 0.991 0.024 0.949 0.921, 0.978 <0.001
D 0.935 0.908, 0.963 <0.001 0.928 0.899, 0.958 <0.001 0.934 0.904, 0.965 <0.001
Stride length S 0.95 0.926, 0.975 <0.001 0.94 0.914, 0.967 <0.001 0.947 0.919, 0.975 <0.001
D 0.947 0.924,0.971 <0.001 0.94 0.915, 0.965 <0.001 0.945 0.919, 0.972 <0.001
Stride time S 7.889 0.591, 105.305 0.118
D 4.78 0.871, 26.235 0.072
Cadence S 0.974 0.940, 1.008 0.134
D 0.971 0.942, 1.002 0.063
Swing phase S 0.839 0.723,0.974 0.021 0.805 0.686, 0.945 0.008 0.849 0.718, 1.004 0.055
D 0.754 0.644, 0.883 <0.001 0.727 0.614, 0.859 <0.001 0.755 0.751, 1.200 0.001
Stance phase S 1.192 1.026, 1.384 0.021 1.242 1.058, 1.457 0.008 1.178 0.996, 1.392 0.055
D 1.326 1.133, 1.552 <0.001 1.376 1.164, 1.628 <0.001 1.325 1.121, 1.567 0.001
Brakeforce S 0.966 0.938, 0.994 0.016 0.949 0.917,0.981 0.002 0.959 0.926, 0.993 0.018
D 0.951 0.923, 0.980 0.001 0.935 0.902, 0.969 <0.001 0.944 0.909, 0.980 0.003
TOA S 0.907 0.852, 0.967 0.003 0.890 0.831, 0.953 0.001 0.911 0.847,0.979 0.011
D 0.895 0.839, 0.954 0.001 0.885 0.827,0.947 <0.001 0.904 0.841,0.971 0.005
HOA S 0.935 0.881, 0.993 0.028 0.916 0.857,0.979 0.009 0.940 0.876, 1.009 0.089
D 0.904 0.849, 0.963 0.002 0.890 0.831, 0.953 0.001 0.909 0.845,0.979 0.012
TUGT 1.45 1.218,1.727 <0.001 1.550 1.278,1.879 <0.001 1.515 1.243,1.846 <0.001
OLS-EC L 1.072 0.952,1.208 0.252
R 0.951 0.847,1.069 0.403

Model 1, no adjustment; model 2, adjusted for age and gender; model 3, adjusted for age, gender, education, BMI. Bold fonts represent the first five indicators more relevant to cognitive
impairment. Abbreviations: TOA, toe-off ground angle; HOA, heel-to-ground angle; TUGT, timed “Up & Go” time; OLS-EC, one-legged standing with eyes closed; S, single-task;
D, dual-tasks, counting backward 100 by one; L, left foot; R, right foot; T, total gravity distribution; OR, odds ratio; CI, confidence interval.
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Table 4. Logistic regression analyses on associations among TOA, TUGT, and risk of cognitive impairment.

Model 1
(Unadjusted) Model 2 Model 3
Variable OR 95% CI OR 95% CI OR 95% CI
Gait variable (Tertiles)
TOA (single-task)
T1 < 35.244 1 1 1
T2 35.244-40.732 0.187 0.071, 0.489 0.173 0.065, 0.461 0.217 0.079, 0.592
T3 >40.732 0.078 0.031, 0.201 0.071 0.026, 0.191 0.097 0.035, 0.269
p trend <0.001 * <0.001 * <0.001 *
TOA (dual-task)
T1 <325 1 1 1
T2 32.5-39.952 0.154 0.055, 0.434 0.151 0.054, 0.428 0.174 0.061, 0.497
T3 > 39.952 0.054 0.020, 0.149 0.051 0.018, 0.146 0.068 0.023, 0.197
p trend <0.001 * <0.001 * <0.001 *
TUGT
T1<9.67 1 1 1
T29.67-13.33 10.565 4.779, 23.358 12.381 5.269, 29.094 11.966 4.937,29.005
T3 >11.33 30.522 10.872, 85.686 41.262 13.393,127.119 36.713 11.549, 116.708
p trend <0.001 * <0.001 * <0.001 *

Gait variable was classed into tertiles; Abbreviations: OR, odds ratio; CI, confidence interval. TOA, Toe-off ground angle; TUGT, timed “Up & Go” time; * p for trend represents
statistical significance.
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Table 5. Stratified analysis and interaction between TOA, TUGT and risk of cognitive impairment.

Variable TOA TUGT
Single-Task Dual-Task
Control CIM OR 95% CI Interaction OR 95% CI Interaction OR 95%CI Interaction
p-Value p-Value p-Value
Total sample 71 (30.2) 164 (69.8) 0.781, 0.891 1.62 1.351,1.944
Age
Young older 28 (36.8) 48 (63.2) 0.884 0.811, 0.964 0.341 0.876 0.808, 0.949 0.158 1.712 1.247,2.351 0.662
Old older 43 (27) 116 (73) 0.836 0.773,0.903 0.806 0.741, 0.876 ’ 1.62 1.334, 1.968
Gender
Male 21 (25.9) 60 (74.1) 0.898 0.827,0.975 0.141 0.822 0.738,0.915 0.726 1.311 1.067,1.612 0.022
Female 50 (32.5) 104 (67.5) 0.825 0.763, 0.892 0.852 0.796, 0.912 ’ 1.891 1.495, 2.394
Education
Lower 28 (21.7) 101 (78.3) 0.837 0.768,0.912 0.375 0.797 0.721, 0.881 0173 1.892 1.42,2.521 0.147
Higher 43 (40.6) 63 (59.4) 0.882 0.816, 0.954 0.869 0.807, 0.935 ’ 1.461 1.198,1.782
BMI
Underweight 3 (13.6) 19 (86.4) 0.866 0.705, 1.063 0.278 0.879 0.743,1.04 0.099 NA
Normal 28 (26.9) 76 (73.1) 0.824 0.747, 0.909 0.782 0.701, 0.872 1.614 1.267,2.056 0.118
Overweight 24 (46.2) 28 (53.8) 0.852 0.764, 0.950 0.799 0.698, 0.915 1.786 1.243, 2.567
Obese 18 (28.6) 45 (71.4) 0.894 0.808, 0.988 0.929 0.855,1.01 1.358 1.041,1.771

Association between TOA, TUGT, and cognitive impairment status according to the Sub-group analysis of Age, Gender, Education, and BMI. Abbreviations: BMI, body mass index;
CIM, cognitive impairment; CI, confidence interval; OR, odds ratio; TOA, toe-off ground angle; TUGT, timed “Up & Go” time.
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3.4. Accuracy of TOA and TUGT for Predicting Patients with Cognitive Impairment

TUGT, TOA, gait speed, and stride length were selected for ROC analysis according to
the logistic regression results. The area under the ROC curve (AUC) of TUGT was 0.847.
The AUCs of TOA, gait speed, and stride length in the dual-task were 0.812, 0.845, and
0.825, respectively. The AUCs of TOA, gait speed, and stride length in a single-task were
0.759, 0.776, and 0.781, respectively (Figure 2). In addition, the cut-off values of TOA in
dual-task, TOA in single-task, and TUGT were 36.75°, 38.90°, and 9.83 s, respectively.

B
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0.721,0.839 91.5

Figure 2. Gait indicators classifiers for cognitive normality and impaired diagnosis. ROC curves
show the independent accuracy of gait indicators classifier disease diagnosis: ROC curve for TOA
(A), speed (B), stride length (C), and TUGT (D), respectively. Abbreviations: ROC, receiver operating

characteristic; OR, odds ratio; CI, confidence interval; AUC, area under the roc curve; TOA, toe-off
ground angle; TUGT, timed “Up & Go” time.

3.5. Association between TOA, TUGT, and Cognitive Assessment Scales

The Pearson’s correlation was used to reflect the association between TOA, TUGT,
and the cognitive assessment scales (Figure 3). A line was then fit by linear regression and
showed that the correlations between single-task TOA and MMSE, CDT, TMTA, and TMTB
were 0.535, 0.421, 0.510, and —0.487, respectively. The correlations between dual-task TOA
and MMSE, CDT, TMTA, and TMTB were 0.635, 0.571, 0.597, and —0.561, respectively. The

correlations between TUGT and MMSE, CDT, TMTA, and TMTB were —0.597, —0.510,
0.532, and 0.522, respectively.
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Figure 3. Correlations between gait indications and cognitive scales. Correlations between TOA, TUGT and (A) MMSE, (B) CDT, (C) TMT A, (D) TMT B; (E) DSF;
(F) DSB; r = correlation coefficient. Abbreviations: MMSE, Mini-Mental State Examination; CDT, Clock-Drawing Test; TMT A, Trail Making Test A; TMT B, Trail
Making Test B; DSF, Digit Span Test forward; DSB, Digit Span Test backward; TOA, toe-off ground angle; TUGT, timed “Up & Go” time.
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4. Discussion
4.1. Our Findings in This Study

The present study indicates that TOA and TUGT are independent and stable factors
for the risk of cognitive impairment. Gait indicators such as TOA and TUGT become more
obvious abnormalities with the exacerbation of the cognitive impairment. Additionally,
TOA < 36.75° in the dual-task, TOA < 38.90° in the single-task, and TUGT > 9.83 s are likely
to indicate cognitive impairment with moderate sensitivity and accuracy. Moreover, the
TOA and TUGT show a strong correlation with cognitive domains. The gait paradigm
we adopted can distinguish control, MCI, mild AD, and moderate AD. Gait indicators in
dual-task conditions are more sensitive than single-task indicators in determining healthy
people’s cognitive impairment.

4.2. TOA and TUGT Are Unique and New Gait Indexes

TOA and TUGT are independent and stable factors of cognitive impairment risk. To
our knowledge, this result has not been mentioned in previous studies. TOA belongs to
the posture-control domains. Indeed, the posture data have many descriptors, such as
temporal [39], geometrical [40], and non-linear parameters [41], which have proved to be
sensitive to evaluating the postural steadiness. Most studies require the model transforma-
tion to deal with the data before assessing postural stability, whereas our research can use
the TOA and TUGT directly for an assessment. In addition, from a kinematic analysis, the
postural-control disorder in the elderly may reflect subclinical pathologies affecting one or
more components of the postural-control system and age-related changes in the sensorimo-
tor systems. Most patients with cognitive impairment have pathological brain changes and
information introduction disorders of visual, vestibular, and somatosensory systems [39].
Thus, they will accrue complex sensorimotor dysfunction and finally show posture changes.
From a pathological point of view, patients with cognitive impairment have visuospatial
deficits due to occipital atrophy and local neurodegeneration [42]. Visuospatial impairment
can affect postural control. Additionally, if the prefrontal cortex is damaged, executive
abnormalities will occur, leading to abnormal posture presentations [42,43]. Previous stud-
ies show that many cognitively impaired patients have motor and pathological system
dysfunctions, so posture-related measurements will change accordingly [43]. Additionally,
in our study, we found a significant difference in TOA between the control, MCI, and
AD populations, which also supports the view that TOA belongs to the field of posture
domain. Furthermore, the trend test and stratified analysis results confirm that individual
differences do not influence TOA, TUGT, and the risk of cognitive impairment, which
supports our viewpoint.

4.3. Cognitive Impairment and Gait Impairment Have a Strong Association

The severity of cognitive impairment is positively related to gait impairment. Our
results illustrate that decreased TOA and increased TUGT scores are negatively correlated
with scores on cognitive assessment scales. Gait indicators, including TOA and TUGT,
could thus be progressive markers for cognitive impairment. It is likely that there is
a decreased volume of gray matter in the cerebral cortex, basal ganglia, and caudate
nucleus in patients with cognitive impairment [44,45]. Additionally, TOA and TUGT are
associated with the parietal, frontal, and internal olfactory cortices, which affect overall
cognitive, visuospatial, attention, and executive function, respectively [46-50]. This result
also demonstrates that TOA and TUGT change as cognitive severity varies. The TOA and
TUGT have the capability to predict the severity of cognitive impairment.

4.4. Balance Function Tests (TUG and the OLS-EC) Are Useful for Cognitive Impairment Patients
It is known that the balance function has two states, including static and dynamic bal-
ance [51]. The TUG and OLS-EC tests belong to dynamic balance, while the FPB test is static
equilibrium. The body moves while generating corresponding internal disturbances, lead-
ing to an increased brain burden, and greater susceptibility to balance dysfunction [52,53].
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Our results indicate that the TUG and the OLS-EC tests show significant differences among
the four groups except for the FPB test. This phenomenon confirms that patients with MCI
and AD have impaired dynamic balance.

4.5. The Gait Paradigms Can Successfully Detect Different Severities of Cognitive
Impairment Patients

The gait paradigms we adopted can successfully detect control, MCI, mild AD, and
moderate AD. In the walking test, single- and dual-tasks would involve two simultane-
ously performed tasks that would interfere and compete for cortical brain resources [54].
Consequently, we chose the dual-task (counting from one hundred to one) [36] based on
an established cognitive function test consistent with participants’ ability thresholds [55]
without causing undue stress [56]. Furthermore, the TUG, OLS-EC, and FPB are all ideal
tools for assessing balance [30,37,57]. The gait paradigms showed significant variability
across the four groups. Therefore, the gait paradigms are applied to screen the present
study population.

4.6. Gait Indicators Are More Sensitive in Dual-Task Than Single-Task Assessments

Gait indicators are more sensitive in dual-task than single-task assessments to differen-
tiate between patients with cognitive impairment and normal cognition. It could be possible
that walking requires more attention during a dual-task test [31]. The dual-task gait test
is unique because it reflects the motor-cognitive interface. Cognitive and motor controls
share common brain networks, which may become more overloaded when motor tasks
are performed alongside cognitive tasks, particularly in people with cognitive impairment
who have a lower cognitive reserve [32,56,58]. Moreover, the cut-off value shows that TOA
is minor under dual-task conditions, unlike single-task conditions, implying that dual-task
states can distinguish cognitive impairment patients within a slight window. This strongly
supports our view.

4.7. Gait Facilitates the Clinical Assessment of Patients with Cognitive Impairment

A comprehensive neuropsychological test usually takes more than 2 h. In contrast, our
process only takes approximately 10 min, and the test effectively saves time. In addition, the
clinical diagnosis of AD often requires cognitive assessments, cranial MRI, and blood tests,
as well as biomarkers from positron emission tomography (PET) and cerebrospinal fluid
(CSF), such as A342, total tau, and phosphorylated-tau [59]. However, cranial MRI, PET,
and genetic tests are costly, and CSF tests are more traumatic for the patient. CSF, MRI, and
PET are impractical, costly, and invasive, as well as not being suitable for large-scale early
screening, whereas gait is not only low-cost and non-invasive, but also saves examination
time and is ideal for early screening for diseases. Therefore, the gait test adopted in this
study is easy for clinical application. Similarly, gait indicators have the potential to be
simple initial screenings to identify patients at risk.

4.8. Strengths

Our study has several strengths. Firstly, we screen out new indicators which can be
used as an index to screen for cognitive impairment through four gait paradigms and to
prove their independence and stability. Secondly, we explore the strong correlation between
TOA, TUGT, and cognitive scales. Thirdly, our outcomes are easily transformed into clinical
application because of the simplicity, noninvasiveness, and low cost of gait manipulation.
Finally, TOA and TUGT provide a reliable screening range for clinical applications.

4.9. Limitations

Our study has some limitations. First, our study design is cross-sectional, which makes
it challenging to explain the causality between gait parameters and cognitive impairment.
Second, although gait is simple to operate, non-invasive, and low cost, it is only suitable for
patients without motor dysfunction. Therefore, the gait data of patients with dyskinesia are
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missing. Third, because the participants are enrolled from a single-center memory clinic in
Chonggqing, southwest China, our results do not represent the gait characteristics of the
elderly in other areas. Therefore, future studies should cross-examine this approach in
different cohorts of cognitive impairment to support its clinical applicability.

5. Conclusions

This study showed that TOA and TUGT were independent and stable factors for the
risk of cognitive impairment. TOA < 36.75 (dual-task), TOA < 38.90 (single-task), and
TUGT > 9.83 seconds (s) may indicate cognitive dysfunction with moderate sensitivity
and accuracy. In brief, TOA and TUGT scores are, in some circumstances, associated with
cognitive impairment; therefore, they can be used as simple initial screenings to identify
patients at risk.

Author Contributions: Conceptualization, X.W. and Y.L.; methodology, X.W. and W.Y. (Weihua Yu);
software, W.Y. (Wuhan Yu); formal analysis, L.H.; investigation, M.Y.; resources, X.L.; data curation,
X.W.; writing—original draft preparation, X.W. and Y.L.; writing—review and editing, Y.L. and W.Z,;
visualization, ].S.; project administration, X.W., Y.L., and W.Y. (Weihua Yu). All authors have read
and agreed to the published version of the manuscript.

Funding: Funding was received from the National Key R&D Program of China (2018 YFC2001700),
the Chonggqing Talent Plan (cstc2022ycjh-bgzxm0184), the Key Project of Technological Innovation
and Application Development of Chongging Science and Technology Bureau (CSTC2021jscx-gksb-
NO0020), the Science Innovation Programs Led by the Academicians in Chongqing under Project
(cstc2020yszx-jscxX0006), the Science and Technology Research Program Of Chongqing Municipal
Education Commission (KJQN201900109); and the Intelligent Medicine Program of Chonggqing
Medical University (ZHYX2019008, ZHYX202110).

Institutional Review Board Statement: The study was approved by the Ethics Committee of The
First Affiliated Hospital of Chongqing Medical University (No. 20212901).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent was obtained from the patients to publish this paper.

Data Availability Statement: The data that support the findings of this study are available on request
from the author Yang Lii. The data are not publicly available due to privacy and ethical restrictions.

Acknowledgments: We would like to thank all patients, their families, and the investigators who
participated in this trial. All authors reviewed the manuscript and approved the final manuscript
before submission. All authors reviewed the manuscript and gave their final approval for publication.

Conflicts of Interest: All the authors have declared no conflict of interest.

References

1.  Petersen, R.C.; Doody, R.; Kurz, A.; Mohs, R.C.; Morris, ].C.; Rabins, P.V,; Ritchie, K.; Rossor, M.; Thal, L.; Winblad, B. Current
concepts in mild cognitive impairment. Arch. Neurol. 2001, 58, 1985-1992. [CrossRef] [PubMed]

2. Winblad, B.; Palmer, K.; Kivipelto, M.; Jelic, V.; Fratiglioni, L.; Wahlund, L.O.; Nordberg, A.; Backman, L.; Albert, M.;
Almkvist, O.; et al. Mild cognitive impairment—Beyond controversies, towards a consensus: Report of the International Working
Group on Mild Cognitive Impairment. |. Intern. Med. 2004, 256, 240-246. [CrossRef] [PubMed]

3. Mitchell, A.J.; Shiri-Feshki, M. Temporal trends in the long term risk of progression of mild cognitive impairment: A pooled
analysis. J. Neurol. Neurosurg. Psychiatry 2008, 79, 1386-1391. [CrossRef] [PubMed]

4. Karssemeijer, E.G.A.; Aaronson, J.A.; Bossers, W.J.; Smits, T.; Olde Rikkert, M.G.M.; Kessels, R.P.C. Positive effects of combined
cognitive and physical exercise training on cognitive function in older adults with mild cognitive impairment or dementia: A
meta-analysis. Ageing Res. Rev. 2017, 40, 75-83. [CrossRef] [PubMed]

5. Forouzanfar, M.H.; Liu, P; Roth, G.A.; Ng, M.; Biryukov, S.; Marczak, L.; Alexander, L., Estep, K., Abate, K.H.;
Akinyemiju, T.F; et al. Global Burden of Hypertension and Systolic Blood Pressure of at Least 110 to 115 mm Hg, 1990-2015.
JAMA 2017, 317, 165-182. [CrossRef]

6.  Apostolova, L.G. Alzheimer Disease. Continuum 2016, 22, 419-434. [CrossRef]

7. The Need for Early Detection and Treatment in Alzheimer’s Disease. EBioMedicine 2016, 9, 1-2. [CrossRef]

8.  Reisberg, B.; Gauthier, S. Current evidence for subjective cognitive impairment (SCI) as the pre-mild cognitive impairment (MCI)

stage of subsequently manifest Alzheimer’s disease. Int. Psychogeriatr. 2008, 20, 1-16. [CrossRef]


http://doi.org/10.1001/archneur.58.12.1985
http://www.ncbi.nlm.nih.gov/pubmed/11735772
http://doi.org/10.1111/j.1365-2796.2004.01380.x
http://www.ncbi.nlm.nih.gov/pubmed/15324367
http://doi.org/10.1136/jnnp.2007.142679
http://www.ncbi.nlm.nih.gov/pubmed/19010949
http://doi.org/10.1016/j.arr.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28912076
http://doi.org/10.1001/jama.2016.19043
http://doi.org/10.1212/CON.0000000000000307
http://doi.org/10.1016/j.ebiom.2016.07.001
http://doi.org/10.1017/S1041610207006412

Brain Sci. 2023, 13, 154 18 of 19

10.
11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Cummings, J.; Feldman, H.H.; Scheltens, P. The “rights” of precision drug development for Alzheimer’s disease. Alzheimers Res.
Ther. 2019, 11, 76. [CrossRef]

Petersen, R.C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 2004, 256, 183-194. [CrossRef]

Petersen, R.C. Clinical practice. Mild cognitive impairment. N. Engl. J. Med. 2011, 364, 2227-2234. [CrossRef]

Woodard, J.L.; Dorsett, E.S.W.; Cooper, ].G.; Hermann, B.P.; Sager, M.A. Development of a Brief Cognitive Screen for Mild
Cognitive Impairment and Neurocognitive Disorder. Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 2005, 12, 299-315.
[CrossRef]

Pinto, E.; Peters, R. Literature review of the Clock Drawing Test as a tool for cognitive screening. Dement. Geriatr. Cogn. Disord.
2009, 27,201-213. [CrossRef]

Laske, C.; Sohrabi, H.R.; Frost, S.M.; Lopez-de-Ipifa, K.; Garrard, P.; Buscema, M.; Dauwels, J.; Soekadar, S.R.; Mueller, S.;
Linnemann, C.; et al. Innovative diagnostic tools for early detection of Alzheimer’s disease. Alzheimers Dement. 2015, 11, 561-578.
[CrossRef]

Lord, S.; Galna, B.; Verghese, J.; Coleman, S.; Burn, D.; Rochester, L. Independent domains of gait in older adults and associated
motor and nonmotor attributes: Validation of a factor analysis approach. J. Gerontol. A Biol. Sci. Med. Sci. 2013, 68, 820-827.
[CrossRef]

Ni, L.; Lv, W;; Sun, D; Sun, Y.; Sun, Y,; Xu, X,; Chang, M.; Han, X;; Tao, S.; Hu, X,; et al. Pathological Gait Signatures of
Post-stroke Dementia with Toe-Off and Heel-to-Ground Angles Discriminate From Alzheimer’s Disease. Front. Aging Neurosci.
2021, 13, 766884. [CrossRef]

Holtzer, R.; Epstein, N.; Mahoney, J.R.; Izzetoglu, M.; Blumen, H.M. Neuroimaging of mobility in aging: A targeted review.
J. Gerontol. A Biol. Sci. Med. Sci. 2014, 69, 1375-1388. [CrossRef]

Mc Ardle, R.; Morris, R.; Wilson, J.; Galna, B.; Thomas, A.J.; Rochester, L. What Can Quantitative Gait Analysis Tell Us about
Dementia and Its Subtypes? A Structured Review. ]. Alzheimers Dis. 2017, 60, 1295-1312. [CrossRef]

Hirvensalo, M.; Rantanen, T.; Heikkinen, E. Mobility difficulties and physical activity as predictors of mortality and loss of
independence in the community-living older population. J. Am. Geriatr. Soc. 2000, 48, 493—498. [CrossRef]

Grande, G.; Triolo, F; Nuara, A.; Welmer, A K.; Fratiglioni, L.; Vetrano, D.L. Measuring gait speed to better identify prodromal
dementia. Exp. Gerontol. 2019, 124, 110625. [CrossRef]

Buracchio, T.; Dodge, H.H.; Howieson, D.; Wasserman, D.; Kaye, J. The trajectory of gait speed preceding mild cognitive
impairment. Arch. Neurol. 2010, 67, 980-986. [CrossRef] [PubMed]

Chou, M.Y;; Nishita, Y.; Nakagawa, T.; Tange, C.; Tomida, M.; Shimokata, H.; Otsuka, R.; Chen, L.K.; Arai, H. Role of gait speed
and grip strength in predicting 10-year cognitive decline among community-dwelling older people. BMC Geriatr. 2019, 19, 186.
[CrossRef] [PubMed]

Tian, Q.; Zhang, M.; Deng, Y.; Duan, J.; Tu, Q.; Cao, Y,; Zhu, Q.; Yu, W.; Lii, Y. Does Gait Speed Replace Comprehensive Geriatric
Assessment in the Elderly? Int. ]. Gerontol. 2016, 10, 232-236. [CrossRef]

Bytyci, I.; Henein, M.Y. Stride Length Predicts Adverse Clinical Events in Older Adults: A Systematic Review and Meta-Analysis.
J. Clin. Med. 2021, 10, 2670. [CrossRef] [PubMed]

Mengarelli, A.; Tigrini, A.; Fioretti, S.; Verdini, F. Identification of Neurodegenerative Diseases from Gait Rhythm Through Time
Domain and Time-Dependent Spectral Descriptors. IEEE ]. Biomed. Health Inform. 2022, 26, 5974-5982. [CrossRef]

Lam, EM.; Huang, M.Z,; Liao, L.R.; Chung, R.C.; Kwok, T.C.; Pang, M.Y. Physical exercise improves strength, balance, mobility,
and endurance in people with cognitive impairment and dementia: A systematic review. J. Physiother. 2018, 64, 4-15. [CrossRef]
Verlinden, V.J.; van der Geest, ].N.; Hofman, A.; Ikram, M.A. Cognition and gait show a distinct pattern of association in the
general population. Alzheimers Dement. 2014, 10, 328-335. [CrossRef]

Lee, ].-W,; Park, D.-].; Kim, M.-K.; Shin, M.-].; Park, ].-H.; Lee, B.-].; Lee, E.-L.; Jeong, ].-S.; Ahn, S.-J. Timed up & go quantification
algorithm using IMU and sEMG signal. Biomed. Signal Process. Control 2023, 80, 104309. [CrossRef]

Barone, R.; Macaluso, F.; Traina, M.; Leonardi, V.; Farina, E; Di Felice, V. Soccer players have a better standing balance in
nondominant one-legged stance. Open Access . Sports Med. 2010, 2, 1-6. [CrossRef]

Razak, A.H.; Zayegh, A.; Begg, R.K,; Wahab, Y. Foot plantar pressure measurement system: A review. Sensors 2012, 12, 9884-9912.
[CrossRef]

Al-Yahya, E.; Dawes, H.; Smith, L.; Dennis, A.; Howells, K.; Cockburn, J. Cognitive motor interference while walking: A
systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2011, 35, 715-728. [CrossRef]

Matsuura, T.; Sakashita, K.; Grushnikov, A.; Okura, F.,; Mitsugami, I.; Yagi, Y. Statistical Analysis of Dual-task Gait Characteristics
for Cognitive Score Estimation. Sci. Rep. 2019, 9, 19927. [CrossRef]

Solomon, M.D.; Go, A.S.; Shilane, D.; Boothroyd, D.B.; Leong, T.K.; Kazi, D.S.; Chang, T.I; Hlatky, M.A. Comparative effectiveness
of clopidogrel in medically managed patients with unstable angina and non-ST-segment elevation myocardial infarction. J. Am.
Coll Cardiol. 2014, 63, 2249-2257. [CrossRef]

Yu, W.; Yu, W,; Liu, X.; Wan, T.; Chen, C.; Xiong, L.; Zhang, W.; L, Y. Associations between malnutrition and cognitive impairment
in an elderly Chinese population: An analysis based on a 7-year database. Psychogeriatrics 2021, 21, 80-88. [CrossRef]
Hittmair-Delazer, M.; Semenza, C.; Denes, G. Concepts and facts in calculation. Brain 1994, 117, 715-728. [CrossRef]
Montero-Odasso, M.; Casas, A.; Hansen, K.T.; Bilski, P.; Gutmanis, I.; Wells, J.L.; Borrie, M.]. Quantitative gait analysis under
dual-task in older people with mild cognitive impairment: A reliability study. J. Neuroeng. Rehabil. 2009, 6, 35. [CrossRef]


http://doi.org/10.1186/s13195-019-0529-5
http://doi.org/10.1111/j.1365-2796.2004.01388.x
http://doi.org/10.1056/NEJMcp0910237
http://doi.org/10.1080/138255890968268
http://doi.org/10.1159/000203344
http://doi.org/10.1016/j.jalz.2014.06.004
http://doi.org/10.1093/gerona/gls255
http://doi.org/10.3389/fnagi.2021.766884
http://doi.org/10.1093/gerona/glu052
http://doi.org/10.3233/JAD-170541
http://doi.org/10.1111/j.1532-5415.2000.tb04994.x
http://doi.org/10.1016/j.exger.2019.05.014
http://doi.org/10.1001/archneurol.2010.159
http://www.ncbi.nlm.nih.gov/pubmed/20697049
http://doi.org/10.1186/s12877-019-1199-7
http://www.ncbi.nlm.nih.gov/pubmed/31277579
http://doi.org/10.1016/j.ijge.2016.03.010
http://doi.org/10.3390/jcm10122670
http://www.ncbi.nlm.nih.gov/pubmed/34204430
http://doi.org/10.1109/JBHI.2022.3205058
http://doi.org/10.1016/j.jphys.2017.12.001
http://doi.org/10.1016/j.jalz.2013.03.009
http://doi.org/10.1016/j.bspc.2022.104309
http://doi.org/10.2147/OAJSM.S12593
http://doi.org/10.3390/s120709884
http://doi.org/10.1016/j.neubiorev.2010.08.008
http://doi.org/10.1038/s41598-019-56485-w
http://doi.org/10.1016/j.jacc.2014.02.586
http://doi.org/10.1111/psyg.12631
http://doi.org/10.1093/brain/117.4.715
http://doi.org/10.1186/1743-0003-6-35

Brain Sci. 2023, 13, 154 19 of 19

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Podsiadlo, D.; Richardson, S. The timed “Up & Go”: A test of basic functional mobility for frail elderly persons. J. Am. Geriatr.
Soc. 1991, 39, 142-148. [CrossRef]

Mathias, S.; Nayak, U.S.; Isaacs, B. Balance in elderly patients: The “get-up and go” test. Arch. Phys. Med. Rehabil. 1986,
67, 387-389.

Prieto, T.E.; Myklebust, ].B.; Hoffmann, R.G.; Lovett, E.G.; Myklebust, B.M. Measures of postural steadiness: Differences between
healthy young and elderly adults. IEEE Trans. Biomed. Eng. 1996, 43, 956-966. [CrossRef]

Jacono, M.,; Casadio, M.; Morasso, P.G.; Sanguineti, V. The sway-density curve and the underlying postural stabilization process.
Motor Control 2004, 8, 292-311. [CrossRef]

Tigrini, A.; Verdini, F,; Fioretti, S.; Mengarelli, A. Long term correlation and inhomogeneity of the inverted pendulum sway
time-series under the intermittent control paradigm. Commun. Nonlinear Sci. Numer. Simul. 2022, 108, 106198. [CrossRef]
Wilson, J.; Allcock, L.; Mc Ardle, R.; Taylor, J.P.; Rochester, L. The neural correlates of discrete gait characteristics in ageing: A
structured review. Neurosci. Biobehav. Rev. 2019, 100, 344-369. [CrossRef] [PubMed]

Takakusaki, K. Neurophysiology of gait: From the spinal cord to the frontal lobe. Mov. Disord. 2013, 28, 1483-1491. [CrossRef]
[PubMed]

Callisaya, M.L.; Beare, R.; Phan, T.G.; Blizzard, L.; Thrift, A.G.; Chen, J.; Srikanth, V.K. Brain structural change and gait decline: A
longitudinal population-based study. J. Am. Geriatr. Soc. 2013, 61, 1074-1079. [CrossRef] [PubMed]

Dumurgier, J.; Crivello, F.; Mazoyer, B.; Ahmed, I.; Tavernier, B.; Grabli, D.; Frangois, C.; Tzourio-Mazoyer, N.; Tzourio, C.;
Elbaz, A. MRI atrophy of the caudate nucleus and slower walking speed in the elderly. Neuroimage 2012, 60, 871-878. [CrossRef]
Bast, T.; Pezze, M.; McGarrity, S. Cognitive deficits caused by prefrontal cortical and hippocampal neural disinhibition. Br. J.
Pharmacol. 2017, 174, 3211-3225. [CrossRef]

Hiser, ].; Koenigs, M. The Multifaceted Role of the Ventromedial Prefrontal Cortex in Emotion, Decision Making, Social Cognition,
and Psychopathology. Biol. Psychiatry 2018, 83, 638—647. [CrossRef]

Beh, S.C.; Muthusamy, B.; Calabresi, P.; Hart, J.; Zee, D.; Patel, V.; Frohman, E. Hiding in plain sight: A closer look at posterior
cortical atrophy. Pract. Neurol. 2015, 15, 5-13. [CrossRef]

Tosun, D.; Schuff, N.; Mathis, C.A.; Jagust, W.; Weiner, M.W. Spatial patterns of brain amyloid-beta burden and atrophy rate
associations in mild cognitive impairment. Brain 2011, 134, 1077-1088. [CrossRef]

Bae, Y.; Park, Y. Head Posture and Postural Balance in Community-Dwelling Older Adults Who Use Dentures. Medicina 2020,
56, 529. [CrossRef]

Rubega, M.; Formaggio, E.; Di Marco, R.; Bertuccelli, M.; Tortora, S.; Menegatti, E.; Cattelan, M.; Bonato, P.; Masiero, S.; Del Felice,
A. Cortical correlates in upright dynamic and static balance in the elderly. Sci. Rep. 2021, 11, 14132. [CrossRef]

Krishnan, V,; Kanekar, N.; Aruin, A.S. Anticipatory postural adjustments in individuals with multiple sclerosis. Neurosci. Lett.
2012, 506, 256-260. [CrossRef]

Horak, F.B. Postural orientation and equilibrium: What do we need to know about neural control of balance to prevent falls?
Age Ageing 2006, 35 (Suppl. S2), ii7-iill. [CrossRef]

Yogev-Seligmann, G.; Hausdorff, J.M.; Giladi, N. The role of executive function and attention in gait. Mov. Disord. 2008,
23,329-342. [CrossRef]

Muir, S.W.; Speechley, M.; Wells, J.; Borrie, M.; Gopaul, K.; Montero-Odasso, M. Gait assessment in mild cognitive impairment and
Alzheimer’s disease: The effect of dual-task challenges across the cognitive spectrum. Gait Posture 2012, 35, 96-100. [CrossRef]
Montero-Odasso, M.M.; Sarquis-Adamson, Y.; Speechley, M.; Borrie, M.J.; Hachinski, V.C.; Wells, J.; Riccio, PM.; Schapira, M.;
Sejdic, E.; Camicioli, R.M.; et al. Association of Dual-Tas.sk Gait with Incident Dementia in Mild Cognitive Impairment: Results
From the Gait and Brain Study. JAMA Neurol. 2017, 74, 857-865. [CrossRef]

Springer, B.A.; Marin, R.; Cyhan, T.; Roberts, H.; Gill, N.W. Normative values for the unipedal stance test with eyes open and
closed. J. Geriatr. Phys. Ther. 2007, 30, 8-15. [CrossRef]

Amboni, M.; Barone, P.; Hausdorff, ]. M. Cognitive contributions to gait and falls: Evidence and implications. Mov. Disord. 2013,
28,1520-1533. [CrossRef]

Rossor, M.N.; Fox, N.C.; Mummery, C.J.; Schott, ].M.; Warren, ].D. The diagnosis of young-onset dementia. Lancet Neurol. 2010,
9, 793-806. [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.


http://doi.org/10.1111/j.1532-5415.1991.tb01616.x
http://doi.org/10.1109/10.532130
http://doi.org/10.1123/mcj.8.3.292
http://doi.org/10.1016/j.cnsns.2021.106198
http://doi.org/10.1016/j.neubiorev.2018.12.017
http://www.ncbi.nlm.nih.gov/pubmed/30552912
http://doi.org/10.1002/mds.25669
http://www.ncbi.nlm.nih.gov/pubmed/24132836
http://doi.org/10.1111/jgs.12331
http://www.ncbi.nlm.nih.gov/pubmed/23796055
http://doi.org/10.1016/j.neuroimage.2012.01.102
http://doi.org/10.1111/bph.13850
http://doi.org/10.1016/j.biopsych.2017.10.030
http://doi.org/10.1136/practneurol-2014-000883
http://doi.org/10.1093/brain/awr044
http://doi.org/10.3390/medicina56100529
http://doi.org/10.1038/s41598-021-93556-3
http://doi.org/10.1016/j.neulet.2011.11.018
http://doi.org/10.1093/ageing/afl077
http://doi.org/10.1002/mds.21720
http://doi.org/10.1016/j.gaitpost.2011.08.014
http://doi.org/10.1001/jamaneurol.2017.0643
http://doi.org/10.1519/00139143-200704000-00003
http://doi.org/10.1002/mds.25674
http://doi.org/10.1016/S1474-4422(10)70159-9

	Introduction 
	Methods 
	Study Subjects 
	Data Collection 
	Cognitive Assessment 
	Diagnosis 
	Gait Assessment 
	Statistical Analysis 

	Results 
	Baseline Characteristics of Participants Stratified by Disease Diagnosis 
	Gait Characteristics in Different Severities of Cognitive Impairment 
	Association between the Timed “Up & Go” Time (TUGT), TOA, and Cognitive Impairment 
	Accuracy of TOA and TUGT for Predicting Patients with Cognitive Impairment 
	Association between TOA, TUGT, and Cognitive Assessment Scales 

	Discussion 
	Our Findings in This Study 
	TOA and TUGT Are Unique and New Gait Indexes 
	Cognitive Impairment and Gait Impairment Have a Strong Association 
	Balance Function Tests (TUG and the OLS-EC) Are Useful for Cognitive Impairment Patients 
	The Gait Paradigms Can Successfully Detect Different Severities of Cognitive Impairment Patients 
	Gait Indicators Are More Sensitive in Dual-Task Than Single-Task Assessments 
	Gait Facilitates the Clinical Assessment of Patients with Cognitive Impairment 
	Strengths 
	Limitations 

	Conclusions 
	References

