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Background: Growing evidence shows the cognitive function influences the motor 
performance. The prefrontal cortex (PFC) as a part of the executive locomotor 
pathway is also important for cognitive function. This study investigated the 
differences in motor function and brain activity among older adults with different 
cognitive levels, and examined the significance of cognition on motor functions.

Methods: Normal control (NC), individuals with mild cognitive impairment (MCI) 
or mild dementia (MD) were enrolled in this study. All participants received a 
comprehensive assessment including cognitive function, motor function, PFC 
activity during walking, and fear of fall. The assessment of cognitive function 
included general cognition, attention, executive function, memory, and visuo-
spatial. The assessment of motor function included timed up and go (TUG) test, 
single walking (SW), and cognitive dual task walking (CDW).

Results: Individuals with MD had worse SW, CDW and TUG performance as 
compared to individuals with MCI and NC. These gait and balance performance 
did not differ significantly between MCI and NC. Motor functions all correlated 
with general cognition, attention, executive function, memory, and visuo-spatial 
ability. Attention ability measured by trail making test A (TMT-A) was the best 
predictor for TUG and gait velocity. There were no significant differences in 
PFC activity among three groups. Nevertheless, the PFC activated more during 
CDW as compared with SW in individuals with MCI (p = 0.000), which was not 
demonstrated in the other two groups.

Conclusion: MD demonstrated worse motor function as compared to NC 
and MCI. The greater PFC activity during CDW in MCI may be considered as a 
compensatory strategy for maintaining the gait performance. Motor function was 
related to the cognitive function, and the TMT A was the best predictor for the gait 
related performance in present study among older adults.
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1. Introduction

Due to the rapid increase in worldwide population, aging has 
become a widely focused issue in the recent decade. Aging leads to a 
gradual decrease in physical capacity, such as slow walking speed and 
greater gait variability, besides, it also causes the decline of cognitive 
function (Salthouse, 2004). Cognitive function comprises several 
domains, including memory, language, attention, visuospatial, and 
executive function (Tangen et al., 2014; Harvey, 2019). During normal 
aging, decline in certain cognitive abilities are expected, such as 
decreased processing speed and reduced attention. However, these 
changes should be  subtle and not result in impairment in daily 
functions (Harada et al., 2013). Dementia, is a neurodegenerative 
syndrome which leads to deterioration of cognitive function beyond 
expectations and significantly influences the independence of daily 
activities and quality of life in older adults (Simons et  al., 2006). 
Between normal aging and dementia, there is an intermediate state 
called mild cognitive impairment (MCI). Individuals with MCI have 
cognitive decline greater than expected for their age and education 
level, but not yet meeting the diagnostic criteria for dementia 
(Petersen, 2009; Petersen et al., 2014). It is suggested that people with 
MCI tend to have higher risk of dementia than healthy older adults 
(Manly et al., 2008).

The control of gait and balance are typically thought to 
be automatic in adults. However, growing evidences demonstrated 
that people with cognitive impairment not only suffer from significant 
cognitive decline but also show worse balance and walking 
performances than cognitively intact older adults, suggesting 
cognition is involved in gait and balance control. According to 
previous studies, people with Alzheimer’s Disease (AD) showed worse 
balance control relative to normal control (NC) and MCI (Leandri 
et  al., 2009; Tangen et  al., 2014). People with MCI showed worse 
balance control relative to NC when eyes closed but not when eyes 
opened (Leandri et al., 2009). For gait performance, no differences 
were found between people with MCI, dementia, and healthy older 
adults during single walking (SW) condition in some studies (Muir 
et al., 2012; Ansai et al., 2017). However, other studies reported a 
significant slower velocity and greater stride length during SW 
condition in people with MCI and dementia as compare with NC 
(Bahureksa et al., 2017; Peel et al., 2019; Teo et al., 2021). On the other 
hand, it is believed that complex walking condition, such as dual-task 
walking (DTW), may enhance the gait impairments (Bahureksa et al., 
2017; Bishnoi and Hernandez, 2021). In some studies, people with 
early-stage of dementia showed worse DTW performance relative to 
people with MCI and NC (Ansai et al., 2017; Åhman et al., 2020). 
However, Ansai et  al. (2017) did not find significant differences 
between people with MCI and NC during DTW. Therefore, the 
significance of cognition on walking needs further exploration. 
Regarding the influence of different cognitive domains on motor 
function, previous study showed visuospatial domain was 
independently associated with the time up and go (TUG) test in 
people with MCI and AD (Ansai et al., 2018). Additionally, language 
and visuospatial domains can predict the 10-m walk test measure in 
people with MCI, AD, and NC (Ansai et al., 2018). Another study 
demonstrated that slow walking speed associated with low executive 
function in older people with MCI (Doi et al., 2014). Nevertheless, the 
influence of specific cognitive domains on DTW performance needs 
further elucidation.

The prefrontal cortex (PFC) is important for cognitive function, 
and is also a part of the executive locomotor pathway (Hamacher 
et al., 2015). A review indicated PFC showed greater activation during 
imagining walking and cognitively demanding walking (Holtzer et al., 
2014). In recent years, functional near-infrared spectroscopy (fNIRS) 
has been widely used to evaluate changes in brain hemodynamic 
response during walking (Gramigna et  al., 2017). Some studies 
demonstrated that older adults with greater PFC activity during SW 
as compared to young adults, and the PFC activity showed greater 
response to the dual task paradigms (Mirelman et al., 2017; Nóbrega-
Sousa et  al., 2020). In healthy older adults, greater frontal lobe 
activations during DTW compared to SW were associated with 
reduced grey matter volume (Wagshul et al., 2019). Therefore, the 
deficits in cognitive function may influence the PFC activations in 
response to different tasks. One study demonstrated that PFC 
activation during DTW is significantly lower in older adults with 
cognitive impairment than normal older adults (Nosaka et al., 2022). 
The results of Holtzer and Izzetoglu’s (2020) study indicated MCI was 
related to attenuated PFC activation pattern during DTW. On the 
other hand, Udina et al. (2022) revealed that people with MCI showed 
greater prefrontal cerebral blood flow from the SW to the DTW 
compared to NC. However, to our knowledge, no study has 
investigated the differences in PFC activity during SW and DTW 
among older adults with different cognitive levels.

In this study, we aimed to compare the walking performance 
and PFC activity during SW and DTW in older adults with different 
cognitive levels. We  also examined the relationships between 
cognitive function in different domains and walking performances. 
We  hypothesized that people with cognitive impairment may 
demonstrate worse motor function and lesser PFC activation 
relative to normal older adults. Executive function and attention 
will be  the most significant cognitive domains to correlate with 
motor function.

2. Materials and methods

2.1. Participants

Older adults from local community centers were recruited 
between December 2020 to March 2022. The inclusion criteria for 
participants with mild dementia (MD) were (1) age ≥ 65 years old, (2) 
diagnosed with dementia per physician (Hugo and Ganguli, 2014), (3) 
Mini- Mental State Examination (MMSE) score between 20 and 26 
(Wilcock et al., 2008; Scheltens et al., 2012; Ascher-Svanum et al., 
2015), and (4) ability to walk at least for 1 min independently without 
an assistive device. The inclusion criteria for participants with MCI 
were (1) age ≥ 65 years old, (2) MCI was determined by MMSE ≥24 
and MoCA (with academic permission) < 26 (Nasreddine et al., 2005; 
Liu-Ambrose et al., 2008; ten Brinke et al., 2015; Creavin et al., 2016), 
(3) no evidence of dementia, and (4) ability to walk at least for 1 min 
independently without an assistive device. The inclusion criteria for 
NC were (1) age ≥ 65 years old, (2) MMSE ≥24 without MCI or 
dementia, and (3) ability to walk at least for 1 min independently 
without an assistive device.

The exclusion criteria were (1) other medical diagnosis of 
neurological or psychiatric disorder, e.g., stroke, (2) severe uncorrected 
visual or auditory disorders, and (3) moderate or advanced dementia.
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All participants were informed about the research procedures and 
signed a written consent form. The study protocol was approved by 
the Institutional Review Board of National Yang-Ming University and 
was registered prospectively at Thai Clinical Trial Registry 
(TCTR20210301003).

2.2. Study design and measurements

This was a cross-sectional study. Characteristic data including age, 
gender, height, weight, educational level, fall history, and MMSE score 
were obtained before the study measurement. The cognitive function, 
motor function, brain activity, and fear of fall were the measurements 
for group comparisons in this study.

2.2.1. Cognitive function

2.2.1.1. General cognition
General cognition: The Chinese version Alzheimer’s disease 

assessment scale–cognitive subscale (ADAS-cog) was used to assess 
general cognition. It consists of 12 items with score ranging from 0 to 
75, and a higher score indicates the more dysfunction (Jiang 
et al., 2020).

2.2.1.2. Executive function
The Frontal assessment battery (FAB) was used to assess the 

executive function. It is a short and easily administered cognitive test. 
FAB consists of six parts, including conceptualization, mental 
flexibility, programming, sensitivity to interference, inhibitory control 
and environment autonomy with a total score of 18. Higher scores 
indicate better function (Mok et al., 2004). The Chinese version trail 
making test-B (TMT-B) was also used to assess executive function 
especially the mental flexibility and set-shifting. During the test, 
participants drew lines in an ascending but alternating order between 
numbers and Chinese words (number 1–8 and Monday–Sunday in 
Chinese). This test has been used in our previous study to assess 
executive function in older adults with MCI (Kuo et al., 2022). The 
time needed to complete the test was recorded.

2.2.1.3. Attention
The TMT-A was used to assess attention and processing speed 

(Tangen et al., 2014; Treviño et al., 2021). Participants drew lines to 
connect numbers from 1 to 25 in an ascending sequence during the 
test. The time needed to complete the test was recorded.

2.2.1.4. Memory
The Chinese version verbal learning test (CVVLT) consisting 9 

two-character nouns presented over four learning trials was used to 
assess memory both immediately and after 10-min delay (Chang et al., 
2010). The total number of nouns correctly remembered in any order 
was recorded.

2.2.1.5. Visuo-spatial ability
The clock drawing test (CDT) was used to evaluate the visuo-

spatial ability. Participants draw the numbers on the face of the clock, 
and then draw the hands to show a specific time “10 after 11” 
(Sadeghipour Roodsari et al., 2013). We used the 10-point scoring 
system to score CDT (Manos and Wu, 1994).

2.2.2. Motor function

2.2.2.1. Balance and mobility
TUG test was used to measure the balance and mobility. 

Participants were asked to perform the task “quickly, but safely,” and 
the time needed to complete the test was recorded (Nordin et al., 
2006). The average of 2 trials was used for analysis.

2.2.2.2. Gait performance
The gait performance was assessed under SW and cognitive dual 

task walking (CDW) conditions 3 times for each walking condition (a 
total of six walking trials with random order). Participants walked on 
the GAITRite walkway back and forth for 60 s during each walking 
condition with a 60-s rest in between. During SW condition, the 
participants were asked to walk at their comfortable speed. During 
CDW, the participants walked at their comfortable speed while 
subtracting 3 from an initial three-digit number serially. The gait 
parameters in this study included velocity (cm/s), cadence (step/min), 
stride length (cm), and gait variability (%). Gait variability is defined 
as the coefficient of variation (= standard deviation / mean × 100%) 
of stride time (Yogev et al., 2005; Dubost et al., 2006). Besides, the dual 
task cost (DTC) of gait velocity was calculated to quantify the 
interference of cognitive task on walking performance. The following 
formula was used for the DTC calculation: (cognitive dual task 
walking velocity – single walking velocity) / single walking velocity x 
100% (Plummer and Eskes, 2015). The more negative value of DTC 
indicates the more interference of the additional task.

2.2.3. Brain activity
Brain activity during each walking condition was measured by a 

dual-wavelength (760 and 850 nm) multi-channel wearable functional 
near-infrared spectroscopy (fNIRS) imaging system (NIRSport2, 
NIRx Medical Technologies LLC, Glen Head, NY, United States). A 
total of 22 source-detector (8 LED sources and 7 detectors) channels 
were placed on participant’s head to assess the hemodynamics of PFC 
(Figure 1A). We used an overcap to avoid interference of ambience 
light during the experiment. Before measurement, a calibration was 
conducted to evaluate the amplification factor and quality of signal. 
The quality of signal indicated by fNIRS software should reach 
“excellent” or at least “acceptable” to proceed the measurement.

To ensure the quality of the data, serial preprocessing was 
conducted. The relative coefficient of variation (CV, in %) for channel 
and trial at each wavelength were calculated (CVchannel and 
CVtrial). CVchannel >15% and CVtrial >10% were used as the 
standards to remove the channels and trials. The remaining signals 
were band-filtered (low-cutoff frequency 0.005 Hz, high-cutoff 
frequency 0.03 Hz) (Piper et al., 2014), and wavelet filtering was used 
to correct the motion artifacts in each channel (Molavi and Dumont, 
2012). Next, the preprocessed signals were converted to concentration 
in oxygenated (HbO) and deoxygenated hemoglobin (HbR) by the 
modified Beer–Lambert law (Cope and Delpy, 1988; Boas et al., 2001; 
Kocsis et al., 2006). A 5-s baseline collected before each trial was used 
to obtain the relative changes in HbO and HbR concentrations for 
walking condition. The changes of HbO and HbR between 5 to 40 s 
during walking were averaged over three repetitions for each walking 
condition. The hemoglobin differential (Hbdiff = HbO – HbR) were 
calculated to indicate the PFC activity, and were used for data analysis 
(Lu et  al., 2015). The fNIRS signals were processed using the 
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HOMER2 package. The calculation of CV and Hbdiff values were 
performed using home-made scripts developed on MATLAB 
(Mathworks, Natick, MA, United States). The way of participants 
carry a fNIRS control box with straps during walking is demonstrated 
in Figure 1B.

2.2.4. Fear of fall
The fear of fall was measured by modified falls efficacy scale 

(MFES) which is a 14 items questionnaire. Each item scores from 0 to 
10, and higher scores reflect more confidence and less fear of falling 
(Hill et al., 1996).

2.3. Statistical analysis

SPSS version 24.0 for Windows (SPSS Inc., Chicago, IL, 
United States) was used to analyze the collected data. Kolmogorov–
Smirnov test was used to test normal distribution. To explore the 
differences among groups, the one-way ANOVA was used for 
normally distributed variables (e.g., motor performances), Chi-square 
test was used for categorical data, and Kruskal-Wallis test were used 
for non-normally distributed variables (e.g., demographic data and 
cognition). Tukey test and Dunn-Bonferroni test were used to perform 
the post-hoc analysis. Two-way repeated-measures ANOVAs, with 
group and condition as factors, were used to assess the brain activity. 
For post hoc analysis, Bonferroni correction (with significance level 
correction: 0.05/number of comparisons) was used. The Spearman’s 
rank correlation coefficient was used to assess the associations 
between motor function and cognition. Linear multiple regression 
(stepwise method) was further used to verify if the different domain 

of cognitive function could predict the motor performance. The 
statistically significant level was set at p < 0.05.

2.4. Sample size calculation

The sample size was calculated using the G*Power 3.1 software. A 
minimum of 42 subjects were necessary, with type I  error at 5%, 
statistical power at 80%, and effect size of 0.5 (medium effect size). 
Considering 20% of possible missing data, we recruited 51 participants 
for this study.

3. Results

There were fifty-one (41 female and 10 male) participants in the 
study, including 17 participants with MD, 17 participants with MCI, 
and 17 participants as NC. Demographic information and cognitive 
function of the participants are presented in Table 1. There were no 
significant differences among groups for age, gender, education, and 
history of falls. The median age for all participants was 71 (interquartile 
range, IQR = 75–69) years old. The people with MD demonstrated 
significant lower MMSE score than MCI group (p = 0.01) and NC 
group (p = 0.000).

3.1. Cognitive function

Participants with MD demonstrated significant lower scores on 
ADAS-cog (p = 0.000), FAB (p = 0.001), TMT A (p = 0.002), and TMT 

FIGURE 1

Arrangement of the fNIRS optodes (A) Locations of sources, detectors, and channels (B) Participants carry a fNIRS control box with straps during each 
of the walking condition. Red: source; Green: detector; Blue: channel.
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B (p = 0.001) than the NC group. The MD group also showed 
significant lower scores on CVVLT 30s (p = 0.023 vs. MCI group, 
p = 0.000 vs. NC group), CVVLT 10 min (p = 0.003 vs. MCI group, 
p = 0.000 vs. NC group), and CDT (p = 0.009 vs. MCI group, p = 0.000 
vs. NC group) as compared with MCI group and NC group. In 
addition, participants with MCI showed significant lower score on 
ADAS-cog (p = 0.024) and FAB (p = 0.034) than the NC (Table 1).

3.2. Motor function

Table 2 shows the motor function in three groups. There were no 
significant differences between the NC group and MCI group in TUG, 
SW, and CDW performances. Participants with MD showed 
significant greater time of TUG test (p = 0.001), slower SW velocity 
(p = 0.023), slower CDW velocity (p = 0.002), lesser cadence (p = 0.026) 
and stride length (p = 0.045), and greater in DTC (p = 0.039) compared 
with the NC. Participants with MD also showed significant greater 
time of TUG test (p = 0.012), slower SW velocity (p = 0.04), lesser 
cadence (p = 0.02), and slower CDW velocity (p = 0.04) compared with 
participants with MCI.

3.3. Correlations between cognitive 
function and motor function

The correlations between different domains of cognitive function 
and motor function are presented in Table 3. The time needed to 
complete TUG test was significantly correlated with ADAS-cog, FAB, 
TMT-A, TMT-B, CVVLT, and CDT (rho = −0.474 – 0.522). The 
velocity of SW was significantly correlated with ADAS-cog, TMT-A, 
TMT-B, CVVLT, and CDT (rho = −0.505 – 0.454). The cadence of SW 
was significantly correlated with ADAS-cog, TMT-A, TMT-B, and 

CVVLT (rho = −0.506 – 0.421). Stride length was significantly 
correlated with TMT-B (rho = −0.304). As for CDW, the velocity was 
significantly correlated with ADAS-cog, FAB, TMT-A, TMT-B, 
CVVLT, and CDT (rho = −0.592 – 0.467). The cadence of CDW was 
significantly correlated with ADAS-cog, TMT-A, TMT-B, and CVVLT 
(rho = −0.508 – 0.336) and stride length was significantly correlated 
with FAB, TMT-A, TMT-B, CVVLT 30s, and CDT (rho = −0.424 – 
0.364). Gait variability of CDW was significantly correlated with FAB, 
TMT-A, and TMT-B (rho = −0.478 – 0.434).

A further analysis by linear multiple regression showed that 
TMT-A was the best predictor of TUG performance (R2 = 0.43, 
p = 0.000). ADAS-cog also contributed to about 5% to explain the 
TUG performance (R2 = 0.057, p = 0.016). Furthermore, the regression 
analysis identified that TMT-A was the best predictor of both 
SW-velocity (R2 = 0.257, p = 0.000) and CDW-velocity (R2 = 0.324, 
p = 0.000).

3.4. Fear of fall

There was no significant difference between groups in the results 
of MFES (Table 2).

3.5. PFC activation

The results of brain activation of PFC during different walking 
conditions in different groups are presented in Table 4 and Figure 2. 
Significant group and condition interactions were observed (p = 0.021). 
Post hoc tests revealed intragroup differences for people with 
MCI. People with MCI showed greater PFC activation during CDW 
compared to SW (p = 0.000). However, no significant differences were 
observed in NC (p = 0.318) or people with MD (p = 0.823) between SW 

TABLE 1 Demographic information and cognitive function of the participants.

Group p value

Normal control 
(n = 17)

Mild cognitive impairment 
(n = 17)

Mild dementia (n = 17)

Age (years) 70 (68.5, 73.5) 71 (70, 75.5) 71 (69.3, 77.3) 0.489

Gender (F/M) (16/1) (13/4) (12/5) 0.172

Education (years) 12 (12, 16) 12 (9, 14) 12 (6.8, 12) 0.060

Fall history in recent 

6 months

0 (0, 0) 0 (0, 0) 0 (0, 0) 0.829

MMSE 28 (26.5, 28.5) 26 (25, 28) 24 (22.3, 26)*# 0.000

ADAS-cog 5 (3.7, 9.8) 11.3 (9.5, 13.2)* 14.8 (11.4, 20.6)* 0.000

FAB 16 (14.5, 17) 13 (12, 16.5)* 13 (11.3, 15)* 0.001

TMT A (sec) 35.3 (28.8, 40.3) 45.6 (30.7, 57.5) 52.1 (44.5, 82.8)* 0.003

TMT B- Chinese version 

(sec)

27.2 (21.6, 40.9) 41.1 (27.6, 56.2) 49.7 (44.7, 89.5)* 0.001

CVVLT 30 s (number) 8 (7, 9) 7 (5, 8) 5 (5, 6)*# 0.000

CVVLT 10 min (number) 7 (4.5, 8) 5 (3.5, 6.5) 1 (0.3, 4)*# 0.000

CDT 10 (10, 10) 10 (9.5, 10) 7.5 (2.5, 10)*# 0.000

Values are median (interquartile) with Kruskal-Wallis test. Mini-Mental State Examination, MMSE; Alzheimer’s Disease Assessment Scale-cognitive subscale, ADAS-cog; Frontal assessment 
battery, FAB; Trail making test, TMT; Chinese version verbal learning test, CVVLT; Clock drawing test, CDT. *p < 0.05 vs. Normal control; # p < 0.05 vs. MCI.
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TABLE 2 Comparisons of motor functions and fear of fall among groups.

Group p value

Normal 
control 
(n = 17)

Mild Cognitive 
Impairment 

(n = 17)

Mild dementia 
(n = 17)

F; p 
value

p value 
normal vs. 

MCI

p value 
normal vs. 
dementia

p value MCI 
vs. dementia

TUG (sec) 7.61 ± 1.82 8.18 ± 1.07 10.00 ± 2.18*# 8.379; 0.001 0.612 0.001 0.012

MFES 8.63 ± 1.24 8.72 ± 0.63 8.45 ± 0.90 0.343; 0.712 0.964 0.844 0.697

SW – velocity 

(cm/s)

120.68 ± 22.27 119.14 ± 14.75 102.13 ± 20.63*# 4.571; 0.015 0.971 0.023 0.040

SW – cadence 

(step/min)

117.78 ± 13.32 119.71 ± 8.83 108.73 ± 11.16# 4.431; 0.017 0.871 0.065 0.020

SW – stride 

length (cm)

121.53 ± 13.76 119.84 ± 11.52 113.58 ± 19.62 1.234; 0.300 0.944 0.302 0.471

SW – gait 

variability (%)

2.44 ± 1.54 2.59 ± 1.17 3.31 ± 3.47 0.679; 0.512 0.980 0.522 0.638

CDW – 

velocity (cm/s)

105.4 ± 22.97 97.83 ± 19.99 79.84 ± 18.17*# 6.703; 0.003 0.533 0.002 0.040

CDW – 

cadence (step/

min)

110.02 ± 13.15 107.75 ± 12.51 98.08 ± 12.63* 4.034; 0.024 0.862 0.026 0.086

CDW – stride 

length (cm)

114.29 ± 15.09 109.04 ± 13.91 99.24 ± 22.58* 3.126; 0.053 0.659 0.045 0.252

CDW – gait 

variability (%)

3.72 ± 2.87 6.80 ± 7.65 5.38 ± 3.42 1.522; 0.229 0.204 0.715 0.648

Dual task cost 

(%)

−12.77 ± 9.59 −18.37 ± 9.8 −21.73 ± 8.80* 3.828; 0.029 0.206 0.039 0.671

Values are mean ± standard deviation with One way ANOVA. Timed up and go, TUG; Modified falls efficacy scale international, MFES; Single walking, SW; Cognitive dual task walking, CDW. 
*p < 0.05 vs. Normal control; #p < 0.05 vs. MCI.

TABLE 3 Correlations between different domains of cognition and motor performances.

ADAS- cog FAB TMT- A TMT- B CVVLT 30s CVVLT 10 min CDT

TUG (sec) 0.473** −0.290* 0.522** 0.502** −0.474** −0.351* −0.295*

SW – velocity 

(cm/s)

−0.367** 0.258 −0.498** −0.505** 0.454** 0.304* 0.335*

SW – cadence 

(step/min)

−0.287* 0.181 −0.480** −0.506** 0.421** 0.364** 0.147

SW – stride length 

(cm)

−0.184 0.211 −0.274 −0.304* 0.272 0.100 0.271

SW – gait 

variability (%)

−0.009 −0.120 0.091 0.053 −0.012 −0.112 −0.119

CDW – velocity 

(cm/s)

−0.417** 0.414** −0.592** −0.591** 0.467** 0.334* 0.408**

CDW – cadence 

(step/min)

−0.286* 0.269 −0.508** −0.484** 0.336* 0.326* 0.161

CDW – stride 

length (cm)

−0.267 0.357* −0.360* −0.424** 0.328* 0.176 0.364**

CDW – gait 

variability (%)

0.128 −0.478** 0.380** 0.434** −0.227 −0.222 −0.161

Alzheimer’s Disease Assessment Scale-cognitive subscale, ADAS-cog; Frontal assessment battery, FAB; Trail making test, TMT; Chinese version verbal learning test, CVVLT; Clock drawing 
test, CDT; Timed up and go, TUG; Single walking, SW; Cognitive dual task walking, CDW. *,** p < 0.05, <0.01.
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and CDW. Regarding between-group differences, no significance was 
observed during both SW and CDW. No significant group main effect 
was revealed among groups. Significant condition main effect was 
revealed (p = 0.004).

4. Discussion

In this study, we found people with MD demonstrated worse SW, 
CDW and TUG performance as compared to people with MCI and 
NC. However, such gait-related performance did not differ 
significantly between people with MCI and NC. These motor 
functions correlated with general cognition, attention, executive 
function, memory, and visuo-spatial ability, except SW performance 
did not correlate significantly with the FAB. We further noted that the 
attention ability measured by TMT-A was the best predictor for TUG, 
SW and CDW performance, especially the velocity. Regarding PFC 
activity during SW or CDW, there were no significant differences 
between people with MD and NC or between people with MCI and 
NC. But the PFC activated more during CDW as compared with SW 
in people with MCI, which was not demonstrated in people with 
MD or NC.

In our study, we  found deteriorations of both SW and CDW 
ability in individuals with MD. Such findings had also been 
demonstrated in previous studies (Gras et al., 2015; Teo et al., 2021). 
The changes of gait parameters such as slower velocity occur alongside 

with the progression of cognitive decline. When the cognitive 
resources are reduced in people with cognitive impairment, the 
changes of motor performances appear (Seidler et al., 2010). Slow 
walking speed is suggested as an indicator of cognitive dysfunction 
since its association with poor psychomotor function and attention 
(Sui et al., 2020). However, Muir et al. (2012) and Ansai et al. (2017) 
reported worse dual task walking performance but not SW 
performance in people with MD as compared with normal older 
adults. The SW performance was measured by continuous walking for 
1 min in present study to indicate the functional walking ability, while 
Muir et al. and Ansai et al. measured the SW ability with relatively 
short distance (6 m in Muir’s study and 12.4 m in Ansai’s study). 
Therefore, it may indicate people with mild dementia demonstrate 
insufficient walking performance only under long walking distance. It 
should be noted that some other factors, such as age and severity of 
the cognitive impairments, may also affect the gait performances in 
people with MD. On the other hand, dual task paradigms have been 
widely used in neurodegenerative disease to evaluate the cognitive-
motor relationship. Performing cognitive and motor two tasks 
concurrently will lead to greater utility of cognitive resources than 
either task performed alone. According to a longitudinal study, 
alterations of dual task gait function may be more sensitive than SW 
performance to predict the degeneration of cognitive functions, and 
be used in early diagnosis of dementia (Montero-Odasso et al., 2017).

Our results also demonstrated lack of differences in SW and CDW 
performance between people with MCI and NC, which was also noted 

TABLE 4 Brain activation of PFC indicated by Hbdiff during different walking conditions.

Group p value

Normal 
control 
(n = 17)

Mild cognitive 
impairment 

(n = 17)

Mild dementia 
(n = 17)

Group Condition Interaction

SW 0.035 ± 0.21 0.006 ± 0.17 0.060 ± 0.11 0.561 0.004 0.021

CDW 0.112 ± 0.30 0.219 ± 0.13 0.052 ± 0.13

Values are mean ± standard deviation. Single walking, SW; Cognitive dual task walking, CDW.

FIGURE 2

Brain activation of PFC indicated by Hbdiff during different walking conditions. Bar graphs represent Hbdiff levels. Single walking, SW; Cognitive dual 
task walking, CDW; Normal control, NC; Mild cognitive impairment, MCI; Mild dementia, MD. *Indicates significant differences.
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in other study (Ansai et  al., 2017). However, one meta-analysis 
reported an association between gait speed and cognitive function by 
a meaningful reduction of SW speed of 0.11 m/s in people with MCI 
compared with NC (Peel et al., 2019). Another meta-analysis also 
indicated that gait velocity and stride length discriminated best 
between MCI and healthy controls under SW condition. Moreover, 
dual-task assessment increased the discriminative power of gait 
variables (Bahureksa et al., 2017). Regarding such different findings, 
the characteristics of enrolled participants may be one of the possible 
reasons. Kyrdalen et al. (2019) reported that gait performance was 
associated with educational level, fall history, depressive symptoms, 
and number of medications in older adults. In our study, most of the 
baseline data of MCI group were comparable with NC group. 
Therefore, we speculated that people with relatively high educational 
level and good health condition may be able to preserve their motor 
function even though they were experiencing certain decline in 
cognitive function. In addition, types of secondary cognitive task may 
also influence the discrimination power of cognitive status in older 
adults. Previous studies suggested that the more complex cognitive 
tasks such as naming animals, the more deterioration in gait functions 
(Beauchet et al., 2005; Montero-Odasso et al., 2012; Muir et al., 2012). 
The relatively simple subtraction 3 from a three-digit number was 
chosen in present study due to this cognitive activity is similar to daily 
activities frequently performed. Therefore, people with MCI as in our 
study can still cope with most of the daily cognitive dual-task walking.

TUG test is an easy and reliable measure for quantifying 
functional mobility and balance ability, and is also used to screen fall 
risk in older adults (Podsiadlo and Richardson, 1991; Asai et al., 2018). 
Ten seconds is considered as a cut-off point for fall risks by TUG test 
(Bohannon, 2006). Similar to other results (Eggermont et al., 2010; 
Gras et al., 2015), we also noted a significant greater time needed to 
complete the TUG test in people with MD as compared with people 
with MCI and NC. We further noted 8 of the 17 (47%) participants 
needed more than 10 s to complete the test, while no one needed more 
than 10 s to complete the test in MCI or NC group. Regarding people 
with MCI, no difference was found relative to NC which was 
consistent with previous studies on TUG test (Eggermont et al., 2010; 
Ansai et al., 2017). Therefore, it should be noted that people with 
relatively severe cognitive impairment, such as MD may have higher 
fall risk.

According the relationships between motor and cognitive 
function, the TUG, SW, and CDW performance were all 
significantly correlated with general cognitive status and function 
in different cognitive domains in our study, indicating the 
interactions between the two systems. Among these relationships, 
the attention and executive function correlated moderately with 
gait-related performances. Previous studies also noted the 
importance of attention and executive function for balance control 
and walking performance in older adults (Woollacott and 
Shumway-Cook, 2002; Tangen et al., 2014). It is noted that different 
types of the walking tasks would highlight the importance of 
different cognitive domains. In present study, we found TMT-A 
indicating the attention ability, was the best predictor for TUG, SW 
velocity, and CDW velocity. However, the motor tasks tested in our 
study were considered relatively low task loads for older adults. On 
the other hand, Ansai et al. (2018) found visuo-spatial ability was 
highly associated with dual task TUG performance in older people 
with cognitive impairment.

Although we did not demonstrate the significant difference of 
PFC activation among people with different cognitive levels during 
either SW or CDW, Tomioka et al. (2009) demonstrated less prefrontal 
cortex activities during simulated driving in people with dementia 
than normal control. Another recent article noted greater left PFC 
activity during SW and lesser left PFC activity during CDW in people 
with dementia as compared with healthy older adults (Teo et  al., 
2021). Based on the compensation-related utilization of neural circuits 
hypothesis (CRUNCH), increased brain activity during simple task in 
people with cognitive impairment is a way for maintaining 
performance. However, increasing task demands may recruit the 
cognitive resources close to the ceiling, and lead to insufficient neural 
processing and decreased performance (Reuter-Lorenz and Cappell, 
2008). Therefore, task complexity might be one of the possible reasons 
for the different results between our study and previous study. The 
other reason may be the age and severity of cognitive impairment. In 
Teo et  al.’s (2021) study, participants were with older age 
(86.1 ± 7.3 years old) and more severe dementia than participants in 
present study. Thus, neural inefficiency-related phenomenon might 
be  easier to be  observed in people with relatively old age and 
advanced dementia.

However, it draws our attention that the brain activity was 
significantly more during CDW than during SW in people with 
MCI. This result was in line with Doi et al.’s (2013) and Udina et al.’s 
(2022) findings in people with MCI, and Teo et al.’s (2021) findings in 
people with subjective memory complains. Previously, we observed 
older adults without cognitive impairment did not activate more PFC, 
but activated more in supplementary motor area and premotor cortex 
during CDW as compared with SW (Lu et al., 2015). We thus speculate 
that people with MCI may need to activate more brain activities, 
including the PFC, to maintain their gait performance comparable to 
normal older adults during CDW. Such greater PFC activity was not 
shown in people with MD. Our result suggests that possible neural 
compensation seems to be impaired in people with MD due to more 
severe neurodegeneration.

There are some limitations should be noted in this study. First, the 
sample size of present study was relatively small, and the significance 
of this study could be strengthened by a larger sample size. In addition, 
family-wise error rate may be inflated due to multiple measures in the 
small samples. Second, we only measured the gait performance and 
brain activities during dual task walking; however, the performance of 
cognitive task during dual task walking may provide additional 
information. Third, we only measured PFC activity in this study. Other 
areas such as the motor or supplementary motor cortices may also 
change during motor tasks, and such changes need to be explored in 
future studies. Fourth, the task priority was not emphasized during the 
CDW in present study. The different task priorities during CDW may 
influence the task performance and brain activity. Fifth, the Chinese 
version TMT-B used in present study contains less number to be paired 
which may influence our results on predictive power. Finally, MCI is 
characterized as amnestic MCI (aMCI) because of small sample size in 
present study, we did not provide the subtype analysis.

5. Conclusion

The gait performance was related to the cognitive function, and 
people with MD demonstrated significant gait impairments as 
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compared to normal older adults and people with MCI. People with 
MCI were able to maintain certain gait performance, and the greater 
PFC activity during dual task walking may be  considered as a 
compensatory strategy for maintaining the performance. Our results 
also showed that attention ability indicated by TMT A was the best 
predictor for the gait related performance in older people across 
different cognitive functions.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and 
approved by Institutional Review Board of National Yang-Ming 
University. The patients/participants provided their written informed 
consent to participate in this study.

Author contributions

W-HW, Y-RY, and R-YW designed the study. W-HW, N-CY, and 
P-HK performed the experiments, analyzed the data and interpreted 

the data. W-HW wrote the first draft of the manuscript and edited the 
manuscript. P-SW confirmed the medical diagnosis of subjects. Y-YL, 
Y-RY, and R-YW provided critical review of the manuscript. All 
authors contributed to the article and approved the submitted version.

Funding

This study is supported by Ministry of Science and Technology 
(MOST 110-2314-B-A49A-509 -MY2) and National Health Research 
Institutes (NHRI-EX112-10913PI).

Conflict of interest

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

Publisher’s note

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

References
Åhman, H. B., Cedervall, Y., Kilander, L., Giedraitis, V., Berglund, L., McKee, K. J., 

et al. (2020). Dual-task tests discriminate between dementia, mild cognitive impairment, 
subjective cognitive impairment, and healthy controls - a cross-sectional cohort study. 
BMC Geriatr. 20:258. doi: 10.1186/s12877-020-01645-1

Ansai, J. H., Andrade, L. P., Rossi, P. G., Almeida, M. L., Carvalho Vale, F. A., and 
Rebelatto, J. R. (2018). Association between gait and dual task with cognitive domains 
in older people with cognitive impairment. J. Mot. Behav. 50, 409–415. doi: 
10.1080/00222895.2017.1363702

Ansai, J. H., Andrade, L. P., Rossi, P. G., Takahashi, A. C. M., Vale, F. A. C., and 
Rebelatto, J. R. (2017). Gait, dual task and history of falls in elderly with preserved 
cognition, mild cognitive impairment, and mild Alzheimer's disease. Braz. J. Phys. Ther. 
21, 144–151. doi: 10.1016/j.bjpt.2017.03.010

Asai, T., Oshima, K., Fukumoto, Y., Yonezawa, Y., Matsuo, A., and Misu, S. (2018). 
Association of fall history with the timed up and go test score and the dual task cost: a 
cross-sectional study among independent community-dwelling older adults. Geriatr 
Gerontol Int 18, 1189–1193. doi: 10.1111/ggi.13439

Ascher-Svanum, H., Chen, Y. F., Hake, A., Kahle-Wrobleski, K., Schuster, D., 
Kendall, D., et al. (2015). Cognitive and functional decline in patients with mild 
Alzheimer dementia with or without comorbid diabetes. Clin. Ther. 37, 1195–1205. doi: 
10.1016/j.clinthera.2015.01.002

Bahureksa, L., Najafi, B., Saleh, A., Sabbagh, M., Coon, D., Mohler, M. J., et al. (2017). 
The impact of mild cognitive impairment on gait and balance: a systematic review and 
Meta-analysis of studies using instrumented assessment. Gerontology 63, 67–83. doi: 
10.1159/000445831

Beauchet, O., Dubost, V., Aminian, K., Gonthier, R., and Kressig, R. W. (2005). Dual-
task-related gait changes in the elderly: does the type of cognitive task matter? J. Mot. 
Behav. 37, 259–264.

Bishnoi, A., and Hernandez, M. E. (2021). Dual task walking costs in older adults with 
mild cognitive impairment: a systematic review and meta-analysis. Aging Ment. Health 
25, 1618–1629. doi: 10.1080/13607863.2020.1802576

Boas, D. A., Gaudette, T., Strangman, G., Cheng, X., Marota, J. J., and Mandeville, J. B. 
(2001). The accuracy of near infrared spectroscopy and imaging during focal changes 
in cerebral hemodynamics. NeuroImage 13, 76–90. doi: 10.1006/nimg.2000.0674

Bohannon, R. W. (2006). Reference values for the timed up and go test: a descriptive 
Meta-analysis. J. Geriatr. Phys. Ther. 29, 64–68. doi: 10.1519/00139143-200608000-00004

Chang, C. C., Kramer, J. H., Lin, K. N., Chang, W. N., Wang, Y. L., Huang, C. W., et al. 
(2010). Validating the Chinese version of the verbal learning test for screening 
Alzheimer's disease. J. Int. Neuropsychol. Soc. 16, 244–251. doi: 10.1017/
s1355617709991184

Cope, M., and Delpy, D. T. (1988). System for long-term measurement of 
cerebral blood and tissue oxygenation on newborn infants by near 
infra-red transillumination. Med. Biol. Eng. Comput. 26, 289–294. doi: 10.1007/
bf02447083

Creavin, S. T., Wisniewski, S., Noel-Storr, A. H., Trevelyan, C. M., Hampton, T., 
Rayment, D., et al. (2016). Mini-mental state examination (MMSE) for the detection of 
dementia in clinically unevaluated people aged 65 and over in community and primary 
care populations. Cochrane Database Syst. Rev. 2016:CD011145. doi: 10.1002/14651858.
CD011145.pub2

Doi, T., Makizako, H., Shimada, H., Park, H., Tsutsumimoto, K., Uemura, K., et al. 
(2013). Brain activation during dual-task walking and executive function among older 
adults with mild cognitive impairment: a fNIRS study. Aging Clin. Exp. Res. 25, 539–544. 
doi: 10.1007/s40520-013-0119-5

Doi, T., Shimada, H., Makizako, H., Tsutsumimoto, K., Uemura, K., Anan, Y., et al. 
(2014). Cognitive function and gait speed under normal and dual-task walking among 
older adults with mild cognitive impairment. BMC Neurol. 14:67. doi: 
10.1186/1471-2377-14-67

Dubost, V., Kressig, R. W., Gonthier, R., Herrmann, F. R., Aminian, K., Najafi, B., et al. 
(2006). Relationships between dual-task related changes in stride velocity and stride 
time variability in healthy older adults. Hum. Mov. Sci. 25, 372–382. doi: 10.1016/j.
humov.2006.03.004

Eggermont, L. H., Gavett, B. E., Volkers, K. M., Blankevoort, C. G., Scherder, E. J., 
Jefferson, A. L., et al. (2010). Lower-extremity function in cognitively healthy aging, mild 
cognitive impairment, and Alzheimer's disease. Arch. Phys. Med. Rehabil. 91, 584–588. 
doi: 10.1016/j.apmr.2009.11.020

Gramigna, V., Pellegrino, G., Cerasa, A., Cutini, S., Vasta, R., Olivadese, G., et al. 
(2017). Near-infrared spectroscopy in gait disorders: is it time to begin? Neurorehabil. 
Neural Repair 31, 402–412. doi: 10.1177/1545968317693304

Gras, L. Z., Kanaan, S. F., McDowd, J. M., Colgrove, Y. M., Burns, J., and Pohl, P. S. 
(2015). Balance and gait of adults with very mild Alzheimer disease. J. Geriatr. Phys. 
Ther. 38, 1–7. doi: 10.1519/jpt.0000000000000020

https://doi.org/10.3389/fnagi.2023.1177082
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s12877-020-01645-1
https://doi.org/10.1080/00222895.2017.1363702
https://doi.org/10.1016/j.bjpt.2017.03.010
https://doi.org/10.1111/ggi.13439
https://doi.org/10.1016/j.clinthera.2015.01.002
https://doi.org/10.1159/000445831
https://doi.org/10.1080/13607863.2020.1802576
https://doi.org/10.1006/nimg.2000.0674
https://doi.org/10.1519/00139143-200608000-00004
https://doi.org/10.1017/s1355617709991184
https://doi.org/10.1017/s1355617709991184
https://doi.org/10.1007/bf02447083
https://doi.org/10.1007/bf02447083
https://doi.org/10.1002/14651858.CD011145.pub2
https://doi.org/10.1002/14651858.CD011145.pub2
https://doi.org/10.1007/s40520-013-0119-5
https://doi.org/10.1186/1471-2377-14-67
https://doi.org/10.1016/j.humov.2006.03.004
https://doi.org/10.1016/j.humov.2006.03.004
https://doi.org/10.1016/j.apmr.2009.11.020
https://doi.org/10.1177/1545968317693304
https://doi.org/10.1519/jpt.0000000000000020


Weng et al. 10.3389/fnagi.2023.1177082

Frontiers in Aging Neuroscience 10 frontiersin.org

Hamacher, D., Herold, F., Wiegel, P., Hamacher, D., and Schega, L. (2015). Brain 
activity during walking: a systematic review. Neurosci. Biobehav. Rev. 57, 310–327. doi: 
10.1016/j.neubiorev.2015.08.002

Harada, C. N., Natelson Love, M. C., and Triebel, K. L. (2013). Normal cognitive aging. 
Clin. Geriatr. Med. 29, 737–752. doi: 10.1016/j.cger.2013.07.002

Harvey, P. D. (2019). Domains of cognition and their assessment. Dialogues Clin. 
Neurosci. 21, 227–237. doi: 10.31887/DCNS.2019.21.3/pharvey

Hill, K. D., Schwarz, J. A., Kalogeropoulos, A. J., and Gibson, S. J. (1996). Fear of falling 
revisited. Arch. Phys. Med. Rehabil. 77, 1025–1029. doi: 10.1016/s0003-9993(96)90063-5

Holtzer, R., Epstein, N., Mahoney, J. R., Izzetoglu, M., and Blumen, H. M. (2014). 
Neuroimaging of mobility in aging: a targeted review. J. Gerontol. A Biol. Sci. Med. Sci. 
69, 1375–1388. doi: 10.1093/gerona/glu052

Holtzer, R., and Izzetoglu, M. (2020). Mild cognitive impairments attenuate prefrontal 
cortex activations during walking in older adults. Brain Sci. 10:415. doi: 10.3390/
brainsci10070415

Hugo, J., and Ganguli, M. (2014). Dementia and cognitive impairment: epidemiology, 
diagnosis, and treatment. Clin. Geriatr. Med. 30, 421–442. doi: 10.1016/j.cger.2014.04.001

Jiang, Y., Yang, H., Zhao, J., Wu, Y., Zhou, X., and Cheng, Z. (2020). Reliability and 
concurrent validity of Alzheimer's disease assessment scale - cognitive subscale, Chinese 
version (ADAS-cog-C) among Chinese community-dwelling older people population. 
Clin. Neuropsychol. 34, 43–53. doi: 10.1080/13854046.2020.1750704

Kocsis, L., Herman, P., and Eke, A. (2006). The modified beer-Lambert law revisited. 
Phys. Med. Biol. 51, N91–N98. doi: 10.1088/0031-9155/51/5/n02

Kuo, H. T., Yeh, N. C., Yang, Y. R., Hsu, W. C., Liao, Y. Y., and Wang, R. Y. (2022). 
Effects of different dual task training on dual task walking and responding brain 
activation in older adults with mild cognitive impairment. Sci. Rep. 12:8490. doi: 
10.1038/s41598-022-11489-x

Kyrdalen, I. L., Thingstad, P., Sandvik, L., and Ormstad, H. (2019). Associations 
between gait speed and well-known fall risk factors among community-dwelling older 
adults. Physiother. Res. Int. 24:e1743. doi: 10.1002/pri.1743

Leandri, M., Cammisuli, S., Cammarata, S., Baratto, L., Campbell, J., Simonini, M., 
et al. (2009). Balance features in Alzheimer's disease and amnestic mild cognitive 
impairment. J. Alzheimers Dis. 16, 113–120. doi: 10.3233/jad-2009-0928

Liu-Ambrose, T. Y., Ashe, M. C., Graf, P., Beattie, B. L., and Khan, K. M. (2008). 
Increased risk of falling in older community-dwelling women with mild cognitive 
impairment. Phys. Ther. 88, 1482–1491. doi: 10.2522/ptj.20080117

Lu, C. F., Liu, Y. C., Yang, Y. R., Wu, Y. T., and Wang, R. Y. (2015). Maintaining gait 
performance by cortical activation during dual-task interference: a functional near-
infrared spectroscopy study. PLoS One 10:e0129390. doi: 10.1371/journal.pone.0129390

Manly, J. J., Tang, M. X., Schupf, N., Stern, Y., Vonsattel, J. P., and Mayeux, R. (2008). 
Frequency and course of mild cognitive impairment in a multiethnic community. Ann. 
Neurol. 63, 494–506. doi: 10.1002/ana.21326

Manos, P. J., and Wu, R. (1994). The ten point clock test: a quick screen and grading 
method for cognitive impairment in medical and surgical patients. Int. J. Psychiatry Med. 
24, 229–244. doi: 10.2190/5a0f-936p-vg8n-0f5r

Mirelman, A., Maidan, I., Bernad-Elazari, H., Shustack, S., Giladi, N., and 
Hausdorff, J. M. (2017). Effects of aging on prefrontal brain activation during challenging 
walking conditions. Brain Cogn. 115, 41–46. doi: 10.1016/j.bandc.2017.04.002

Mok, V. C., Wong, A., Yim, P., Fu, M., Lam, W. W., Hui, A. C., et al. (2004). The validity 
and reliability of chinese frontal assessment battery in evaluating executive dysfunction 
among Chinese patients with small subcortical infarct. Alzheimer Dis. Assoc. Disord. 18, 
68–74. doi: 10.1097/01.wad.0000126617.54783.7

Molavi, B., and Dumont, G. A. (2012). Wavelet-based motion artifact removal for functional 
near-infrared spectroscopy. Physiol. Meas. 33, 259–270. doi: 10.1088/0967-3334/33/2/259

Montero-Odasso, M., Muir, S. W., and Speechley, M. (2012). Dual-task complexity 
affects gait in people with mild cognitive impairment: the interplay between gait 
variability, dual tasking, and risk of falls. Arch. Phys. Med. Rehabil. 93, 293–299. doi: 
10.1016/j.apmr.2011.08.026

Montero-Odasso, M. M., Sarquis-Adamson, Y., Speechley, M., Borrie, M. J., 
Hachinski, V. C., Wells, J., et al. (2017). Association of Dual-Task Gait with Incident 
Dementia in mild cognitive impairment: results from the gait and brain study. JAMA 
Neurol. 74, 857–865. doi: 10.1001/jamaneurol.2017.0643

Muir, S. W., Speechley, M., Wells, J., Borrie, M., Gopaul, K., and Montero-Odasso, M. 
(2012). Gait assessment in mild cognitive impairment and Alzheimer's disease: the effect 
of dual-task challenges across the cognitive spectrum. Gait Posture 35, 96–100. doi: 
10.1016/j.gaitpost.2011.08.014

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V., 
Collin, I., et al. (2005). The Montreal cognitive assessment, MoCA: a brief screening tool 
for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699. doi: 
10.1111/j.1532-5415.2005.53221.x

Nóbrega-Sousa, P., Gobbi, L. T. B., Orcioli-Silva, D., Conceição, N. R. D., Beretta, V. S., 
and Vitório, R. (2020). Prefrontal cortex activity during walking: effects of aging and 
associations with gait and executive function. Neurorehabil. Neural Repair 34, 915–924. 
doi: 10.1177/1545968320953824

Nordin, E., Rosendahl, E., and Lundin-Olsson, L. (2006). Timed “up & go” test: 
reliability in older people dependent in activities of daily living— focus on cognitive 
state. Phys. Ther. 86, 646–655. doi: 10.1093/ptj/86.5.646

Nosaka, S., Imada, K., and Okamura, H. (2022). Effects of cognitive dysfunction and 
dual task on gait speed and prefrontal cortex activation in community-dwelling older 
adults. Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 29, 284–296. doi: 
10.1080/13825585.2020.1866156

Peel, N. M., Alapatt, L. J., Jones, L. V., and Hubbard, R. E. (2019). The association 
between gait speed and cognitive status in community-dwelling older people: a 
systematic review and Meta-analysis. J. Gerontol. A Biol. Sci. Med. Sci. 74, 943–948. doi: 
10.1093/gerona/gly140

Petersen, R. C. (2009). Early diagnosis of Alzheimer's disease: is MCI too late? Curr. 
Alzheimer Res. 6, 324–330. doi: 10.2174/156720509788929237

Petersen, R. C., Caracciolo, B., Brayne, C., Gauthier, S., Jelic, V., and Fratiglioni, L. 
(2014). Mild cognitive impairment: a concept in evolution. J. Intern. Med. 275, 214–228. 
doi: 10.1111/joim.12190

Piper, S. K., Krueger, A., Koch, S. P., Mehnert, J., Habermehl, C., Steinbrink, J., 
et al. (2014). A wearable multi-channel fNIRS system for brain imaging in freely 
moving subjects. NeuroImage 85, 64–71. doi: 10.1016/j.neuroimage.2013.06.062

Plummer, P., and Eskes, G. (2015). Measuring treatment effects on dual-task 
performance: a framework for research and clinical practice. Front. Hum. Neurosci. 
9:225. doi: 10.3389/fnhum.2015.00225

Podsiadlo, D., and Richardson, S. (1991). The timed "up & go": a test of basic 
functional mobility for frail elderly persons. J. Am. Geriatr. Soc. 39, 142–148. doi: 
10.1111/j.1532-5415.1991.tb01616.x

Reuter-Lorenz, P. A., and Cappell, K. A. (2008). Neurocognitive aging and the 
compensation hypothesis. Curr. Dir. Psychol. Sci. 17, 177–182. doi: 
10.1111/j.1467-8721.2008.00570.x

Sadeghipour Roodsari, M., Akbari Kamrani, A. A., Foroughan, M., Mohammadi, F., 
and Karimloo, M. J. (2013). Validity and reliability of the clock drawing test in older 
people. Iran. J. Ageing 8, 48–53.

Salthouse, T. A. (2004). What and when of cognitive aging. Curr. Dir. Psychol. Sci. 13, 
140–144. doi: 10.1111/j.0963-7214.2004.00293.x

Scheltens, P., Twisk, J. W., Blesa, R., Scarpini, E., von Arnim, C. A., Bongers, A., 
et al. (2012). Efficacy of Souvenaid in mild Alzheimer's disease: results from a 
randomized, controlled trial. J. Alzheimers Dis. 31, 225–236. doi: 10.3233/
jad-2012-121189

Seidler, R. D., Bernard, J. A., Burutolu, T. B., Fling, B. W., Gordon, M. T., Gwin, J. T., 
et al. (2010). Motor control and aging: links to age-related brain structural, functional, 
and biochemical effects. Neurosci. Biobehav. Rev. 34, 721–733. doi: 10.1016/j.
neubiorev.2009.10.005

Simons, L. A., Simons, J., McCallum, J., and Friedlander, Y. (2006). Lifestyle factors 
and risk of dementia: Dubbo study of the elderly. Med. J. Aust. 184, 68–70. doi: 10.5694/
j.1326-5377.2006.tb00120.x

Sui, S. X., Holloway-Kew, K. L., Hyde, N. K., Williams, L. J., Leach, S., and Pasco, J. A. 
(2020). Muscle strength and gait speed rather than lean mass are better indicators for 
poor cognitive function in older men. Sci. Rep. 10:10367. doi: 10.1038/
s41598-020-67251-8

Tangen, G. G., Engedal, K., Bergland, A., Moger, T. A., and Mengshoel, A. M. (2014). 
Relationships between balance and cognition in patients with subjective cognitive 
impairment, mild cognitive impairment, and Alzheimer disease. Phys. Ther. 94, 
1123–1134. doi: 10.2522/ptj.20130298

ten Brinke, L. F., Bolandzadeh, N., Nagamatsu, L. S., Hsu, C. L., Davis, J. C., 
Miran-Khan, K., et al. (2015). Aerobic exercise increases hippocampal volume in older 
women with probable mild cognitive impairment: a 6-month randomised controlled 
trial. Br. J. Sports Med. 49, 248–254. doi: 10.1136/bjsports-2013-093184

Teo, W. P., Rantalainen, T., Nuzum, N., Valente, L., and Macpherson, H. (2021). 
Altered prefrontal cortex responses in older adults with subjective memory complaints 
and dementia during dual-task gait: an fNIRS study. Eur. J. Neurosci. 53, 1324–1333. doi: 
10.1111/ejn.14989

Tomioka, H., Yamagata, B., Takahashi, T., Yano, M., Isomura, A. J., Kobayashi, H., 
et al. (2009). Detection of hypofrontality in drivers with Alzheimer's disease 
by near-infrared spectroscopy. Neurosci. Lett. 451, 252–256. doi: 10.1016/j.
neulet.2008.12.059

Treviño, M., Zhu, X., Lu, Y. Y., Scheuer, L. S., Passell, E., Huang, G. C., et al. (2021). 
How do we measure attention? Using factor analysis to establish construct validity of 
neuropsychological tests. Cogn. Res. Princ. Implic. 6:51. doi: 10.1186/s41235-021- 
00313-1

Udina, C., Avtzi, S., Mota-Foix, M., Rosso, A. L., Ars, J., Kobayashi Frisk, L., et al. 
(2022). Dual-task related frontal cerebral blood flow changes in older adults with mild 
cognitive impairment: a functional diffuse correlation spectroscopy study. Front. Aging 
Neurosci. 14:958656. doi: 10.3389/fnagi.2022.958656

Wagshul, M. E., Lucas, M., Ye, K., Izzetoglu, M., and Holtzer, R. (2019). Multi-modal 
neuroimaging of dual-task walking: structural MRI and fNIRS analysis reveals prefrontal 

https://doi.org/10.3389/fnagi.2023.1177082
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neubiorev.2015.08.002
https://doi.org/10.1016/j.cger.2013.07.002
https://doi.org/10.31887/DCNS.2019.21.3/pharvey
https://doi.org/10.1016/s0003-9993(96)90063-5
https://doi.org/10.1093/gerona/glu052
https://doi.org/10.3390/brainsci10070415
https://doi.org/10.3390/brainsci10070415
https://doi.org/10.1016/j.cger.2014.04.001
https://doi.org/10.1080/13854046.2020.1750704
https://doi.org/10.1088/0031-9155/51/5/n02
https://doi.org/10.1038/s41598-022-11489-x
https://doi.org/10.1002/pri.1743
https://doi.org/10.3233/jad-2009-0928
https://doi.org/10.2522/ptj.20080117
https://doi.org/10.1371/journal.pone.0129390
https://doi.org/10.1002/ana.21326
https://doi.org/10.2190/5a0f-936p-vg8n-0f5r
https://doi.org/10.1016/j.bandc.2017.04.002
https://doi.org/10.1097/01.wad.0000126617.54783.7
https://doi.org/10.1088/0967-3334/33/2/259
https://doi.org/10.1016/j.apmr.2011.08.026
https://doi.org/10.1001/jamaneurol.2017.0643
https://doi.org/10.1016/j.gaitpost.2011.08.014
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1177/1545968320953824
https://doi.org/10.1093/ptj/86.5.646
https://doi.org/10.1080/13825585.2020.1866156
https://doi.org/10.1093/gerona/gly140
https://doi.org/10.2174/156720509788929237
https://doi.org/10.1111/joim.12190
https://doi.org/10.1016/j.neuroimage.2013.06.062
https://doi.org/10.3389/fnhum.2015.00225
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1111/j.0963-7214.2004.00293.x
https://doi.org/10.3233/jad-2012-121189
https://doi.org/10.3233/jad-2012-121189
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.5694/j.1326-5377.2006.tb00120.x
https://doi.org/10.5694/j.1326-5377.2006.tb00120.x
https://doi.org/10.1038/s41598-020-67251-8
https://doi.org/10.1038/s41598-020-67251-8
https://doi.org/10.2522/ptj.20130298
https://doi.org/10.1136/bjsports-2013-093184
https://doi.org/10.1111/ejn.14989
https://doi.org/10.1016/j.neulet.2008.12.059
https://doi.org/10.1016/j.neulet.2008.12.059
https://doi.org/10.1186/s41235-021-00313-1
https://doi.org/10.1186/s41235-021-00313-1
https://doi.org/10.3389/fnagi.2022.958656


Weng et al. 10.3389/fnagi.2023.1177082

Frontiers in Aging Neuroscience 11 frontiersin.org

grey matter volume moderation of brain activation in older adults. NeuroImage 189, 
745–754. doi: 10.1016/j.neuroimage.2019.01.045

Wilcock, G. K., Black, S. E., Hendrix, S. B., Zavitz, K. H., Swabb, E. A., and 
Laughlin, M. A. (2008). Efficacy and safety of tarenflurbil in mild to moderate 
Alzheimer's disease: a randomised phase II trial. Lancet Neurol. 7, 483–493. doi: 10.1016/
s1474-4422(08)70090-5

Woollacott, M., and Shumway-Cook, A. (2002). Attention and the control of posture 
and gait: a review of an emerging area of research. Gait Posture 16, 1–14. doi: 10.1016/
s0966-6362(01)00156-4

Yogev, G., Giladi, N., Peretz, C., Springer, S., Simon, E. S., and Hausdorff, J. M. (2005). Dual 
tasking, gait rhythmicity, and Parkinson's disease: which aspects of gait are attention 
demanding? Eur. J. Neurosci. 22, 1248–1256. doi: 10.1111/j.1460-9568.2005.04298.x

https://doi.org/10.3389/fnagi.2023.1177082
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neuroimage.2019.01.045
https://doi.org/10.1016/s1474-4422(08)70090-5
https://doi.org/10.1016/s1474-4422(08)70090-5
https://doi.org/10.1016/s0966-6362(01)00156-4
https://doi.org/10.1016/s0966-6362(01)00156-4
https://doi.org/10.1111/j.1460-9568.2005.04298.x


Weng et al. 10.3389/fnagi.2023.1177082

Frontiers in Aging Neuroscience 12 frontiersin.org

Glossary

MCI Mild cognitive impairment

AD Alzheimer’s Disease

NC Normal control

SW Single walking

DTW Dual-task walking

TUG Time up and go

PFC Prefrontal cortex

fNIRS Functional near-infrared spectroscopy

MD Mild dementia

MMSE Mini- Mental State Examination

ADAS-cog Alzheimer’s disease assessment scale–cognitive subscale

FAB Frontal assessment battery

TMT Trail making test

CVVLT Chinese version verbal learning test

CDT Clock drawing test

CDW Cognitive dual task walking

DTC Dual task cost

CV Coefficient of variation

HbO oxygenated hemoglobin

HbR Deoxygenated hemoglobin

MFES Modified falls efficacy scale

CRUNCH Compensation-related utilization of neural circuits hypothesis
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