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a positive relationship between habitual physical activity and
cognitive functioning in healthy older adults [7]. In addition, to
promote and maintain good health in older adults, moderate-
intensity physical activity for a minimum of 30 min on 5 days
each week is recommended [9]. A better understanding of the
influences of moderate-intensity physical activity and the APOE
genotype on cognitive function may help promote lifestyle
changes to decrease the risk of conversion of MCI to AD.

Thus, the aim of this cross-sectional study was to investigate
the association between moderate levels of physical activity and
cognitive function among older subjects having MCI who were
APOE &4 carriers or non-carriers.

MATERIALS AND METHODS

In total, 317 participants with MCI who were aged 65 and
more (mean age 71.3 years, 54.6% women) were examined.
All participants met the following criteria for MCI [10,11]:
having subjective memory complaints, exhibiting intact general
cognitive functioning [scoring = 24/30 on the Mini-Mental State
Examination [12]], exhibiting age-adjusted objective cognitive
impairment, not using Japanese long-term care insurance or
not showing evidence of functional dependency (no need for
supervision or external help to perform activities of daily living),
and not fulfilling the clinical criteria for dementia. We assessed
for age-adjusted objective cognitive impairment (age-adjusted
score of <1.5 SDs below average) using the National Center for
Geriatrics and Gerontology-Functional Assessment Tool [13,14].
We excluded participants who were diagnosed with dementia,
had a history of major psychiatric illness (e.g., schizophrenia or
bipolar disorder), other serious neurological or musculoskeletal
diagnoses, or clinical depression, in this study. Informed consent
was obtained from all participants prior to their inclusion in
the study, and the Ethics Committee of the National Center for
Gerontology and Geriatrics approved the study protocol.

All participants completed neurocognitive assessments and
measurements of physical activity. The participants performed
the neurocognitive assessments including tests of visual and
verbal memory, working memory, language, attention/executive
function, and processing speed domains under the supervision
of licensed and well-trained clinical speech therapists. The
Wechsler Memory Scale-Revised (WMS-R) Visual Reproduction
subtest [15] was used to assess participants’ visual memory. This
test measures immediate (Visual Reproduction-I) and delayed
retention (Visual Reproduction-II) of geometric figures. The
Rey Auditory Verbal Learning Test (RAVLT) [16] performance
was used to assess participants’ verbal memory. We analyzed
subjects’ performance immediate (fifth trial score of five times
free recall) and 30-min delayed recall from the RAVLT. We used
the verbal forward and backward digit tests to assess working
memory [17]. The difference between the digits forward test
score and the digits backward test score was used as an index of
working memory. To test language functions, we used the Verbal
Fluency Test (VFT) [18]. In the VFT, participants were asked to
name as many animals as possible in 1 minute. Attention and
executive function were assessed using the tablet version of
the trail making test [13]. This test consists of two parts (A and
B) and we recorded the time (in seconds) taken to complete
each task, within a maximum period of 90 s. A shorter time to

complete the tasks represents better performance. We used
the tablet version of the symbol digit substitution test to assess
processing speed [13]. In this task, 9 pairs of numbers and
symbols were presented at the top of the display. A target symbol
was presented at the center of the display. Subjects then chose
a number corresponding to a target symbol at the bottom of
the display as rapidly as possible. The score was the number of
correct numbers chosen within 90 s.

Physical activity levels were monitored using portable
triaxial accelerometers (modified HJA-350IT, Active style Pro,
Omron Healthcare Co., Ltd.) [19]. Participants were instructed
to wear the accelerometer on an elastic band on their hip at
all times for 2 weeks. The output was expressed in metabolic
equivalents (METs, multiples of resting metabolic rate) [19,20].
Participants who did not record 75% or more of each daytime
activity, daytime being from 6 A.M. to 6 P.M,, for 7 days during the
2-week period were excluded from the study. During the 2-week
period, the displays of accelerometers were disabled to prevent
the participants from checking their counts and values, in order
to ensure that they were pursuing their normal daily activity. The
activity group included participants who satisfied the criterion
of weekly physical activity for 2150 minutes at an intensity of
23 METs (moderate-intensity physical activity) based on the
recommendation of the American College of Sports Medicine and
the American Heart Association [9].

All the data entry and analysis was performed using the
Statistical Package for the Social Sciences (SPSS) version 19.0
(SPSS Inc. Chicago, IL, USA). The significance threshold was 0.05.
Means, standard deviations, and proportions were calculated.
Student’s t-tests and chi-square tests were used to compare
characteristics between the active (weekly moderate-intensity
physical activity for 2150 min) and inactive (weekly moderate-
intensity physical activity for <150 min) groups among both
APOE €4 carrier and non-carrier participants. We used analysis
of covariance (ANCOVA) adjusted for age to compare group
differences in performance of neurocognitive tests among the
participants carrying and not carrying APOE €4.

RESULTS AND DISCUSSION

Of the 317 participants, 67 (21.1%) were determined to be
APOE €4 carriers (g2/€4, €3 /€4, e4/e4 genotypes). In both APOE
€4 carriers and non-carriers, the active and inactive groups
showed no statistically significant differences in characteristics
such as age, sex, education, body mass index, diagnosis, functional
capacity, and blood markers (Table 1). Age-adjusted ANCOVA
showed a significantly higher WMS-R-Visual recall II score
(age-adjusted P =.039), RAVLT-immediate score (age-adjusted
P =.024), and VFT performance (age-adjusted P = .022) in the
active group than in the inactive group among APOE €4 carriers
with MCL In contrast, among APOE €4 non-carriers with MCI, the
active and inactive groups showed no statistical differences in
performance on neurocognitive tests (Table 2).

This study indicated that recommended moderate-intensity
physical activity (=150 minutes of weekly physical activity at an
intensity 23 METs) affects cognitive function in older adults with
MCI who were APOE €4 carriers, but not in those who were APOE
€4 non-carriers.
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Table 1: Participant characteristics.

Active Inactive
(m=27) (n =40)
 Ageyears 704:31 724154
"~ Women, No. (%) 15 (55.6) 27 (67.5)
Education, years 11.5+2.6 11.4+3.0
Body mass Index 22.82.6 22.742.4
kg/m?
i Diagné;s&s, No. (%)
" Hypertension 14 (51.9) 15 (37.5)
- Diabetes mellitus | 4 (714.5)7 E:> (7125)7 .
Heart disease 3(11.1) 5(12.5)
Osteoporosis 4(14.8) 6 (15.0)
Fonoupyal Gapssity - 12.540.8
score
- Blood markers - - 7
" Albumin,g/ml 4403 4403
Total cholesterol, 217.3+44.4 209.3+37.9
mg/dl
HbALc, % 5.4£0.6 5.6£0.8

APOE €4 carriers (n = 67)

APOE €4 non-carriers (n = 250)

Active Inactive

P value (n=109) (n=141) Pvalug -
0.08 70.7+4.5 71.6+4.3 0.084
0.321¢ 58 (53.2) 73 (51.8) 0.821°
0.937 10.8+2.1 10.8+2.1 0.842
0.861 23.4+2.5 23.8+3.2 0.258
0.245¢ 39 (35.8) 55 (39.8) 0.5712
0.785% 11(10.1) 17 (12.1) 0.6112
0.863¢ 9(8.3) 21(14.9) 0.1092
0.983¢ 8(7.3) 15 (10.6) 0.3712
0.933 12.4+1.1 124411 0.838
0.854 4.4+0.3 4,3+0.3 0.142
0.434 208.1+£30.7 202.1+31.5 0.135
0.253 6.861

5.60.6

5.6£0.8

Note: Values are mean * SD and numbers (pfbbbrﬁén) for sex, APOE s;, and diagnoéis. P-value are based on t-test or chi-square .(a). tThe Tok;)

Metropolitan Institute of Gerontology Index.

Table 2: Comparison of cognitive tests between active and inactive groups of APOE €4 carriers and non-carriers.

APOE &4 carriers (n = 67)

Active Inactive
(n=27) (n=40)
N \;isual fﬁémory o 7
WM;&-Visual recall I, score 31.8+6.8 27.7+7.0
© WMS-R-Visual recall II, score 25078  19.2+9.0
~ Verbalmemory T
VR:AVVI;T-immediate, score 10922 9.1+2.6
RAVLT-delay, score 82+27 6.5+3.4
777777777 Workir;é memory
Forwar;)—lgatciﬁ;d, score 26+15 31£18
N Language
7 \;erbal fluency test, score 17.6 £+3.4 148 +4.7
] A:tt;i?)n/ Exééﬁtive functioﬁ 7 7
© Tablet TMT-A, sec 199:49 21560
© Tablet TMT-B, sec 3674121 44.2+18.1
f}écessing speed i S 3
T;;blet SDST, score 7 77427.73 i6:) 1 38;1 +7.0

APOE €4 non-carriers (n = 250)

Age-adjusted Active Inactive Age-adjusted

Pvalue (n=109) (n=141) P value
0077 309%57  308%57 0.716
0.039 22.5+85 23.2+8.7 0.248
0.024 9.7+2.6 9.8+2.5 0.556
0.135 7.5+33 7.6 +3.4 0.746
0.270 2319 26+19 0.358
0.022 15.7+3.9 15.7+ 4.0 0.715
0.640 216+7.6 21.8+59 0.881
0.288 41.3+15.9 44.1+15.8 0.446
0.065

0.081 40.7 £6.9 38571

Abbreviations: WMS-R: Wechsler Memory Scale-Revised; RAVLT: Rey Auditory Verbal Learning Test; TMT: Trail Making Test; SDST: Symbol Digit

Substitution Test

A previous longitudinal study indicated an association
between physical inactivity in middle age and the risk of AD,
especially among APOE €4 carriers. Thus, APOE €4 carriers
might be more vulnerable to environmental factors, such as
physical inactivity, dietary fat intake, consumption of alcohol,

and smoking [21]. In contrast, in a previous prospective cohort
study of community-dwelling older adults, an inverse association
between physical activity and dementia risk was found for APOE
€4 non-carriers but not for APOE €4 carriers [22]. Although both
the presence of the APOE €4 allele and low levels of physical
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activity are important risk factors for dementia, it is unclear how
theinteractions between these two factors affect the development
of cognitive impairment.

Previous cohort studies examining the effects of APOE
genotype and physical activity on the risk of dementia and
AD assessed physical activity levels using self-reported
questionnaires [21,22]. In the current study, we monitored
physical activity levels using portable triaxial accelerometers
and provided objective data of physical activity levels, including
whether the activity reached the recommended levels (2150
minutes at 23.0 METs per week). Our findings suggested that
the associations between moderate-intensity physical activity
behavior and cognitive function might be more remarkable in
MCI subjects carrying APOE €4. Habitual moderate-intensity
physical activity at the recommended levels (2150 minutes per a
week) seems to be not only beneficial for physical health but also
provides cognitive protection in older people [23]. Furthermore,
our data indicated that this level of moderate-intensity physical
activity might help maintain cognitive functions even in older
adults with increased risks for dementia, such as those with MCI
or those carrying the APOE €4 allele.

However, our data was collected by a cross-sectional design.
Therefore, longitudinal studies and clinical trials are needed
to understand the temporal direction of associations among
moderate-intensity physical activity, cognition, and APOE
genotype in older adults with MCI. In addition, investigations on
healthy individuals and subjects with AD are needed to clarify the
effects of the APOE €4 allele and objectively determined physical
activity levels on AD-related pathology.

CONCLUSION

In summary, this study found that low levels of moderate-
intensity physical activity are associated with poor cognitive
functions, especially memory and language functions, in subjects
with MCI who are APOE €4 carriers. Our findings imply that
a habitual physical activity for 2150 minutes per week at an
intensity of 23 METs may have a greater impact on cognitive
functioning among subjects with MCI who are APOE €4 carriers
compared to those who are non-carriers.
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Abstract

working memory, verbal memory, and visual memory.

the disruption in gait control in older adults with MCl.

Background: Gait ability and cognitive function are interrelated during both normal walking (NW) and dual-task
walking (DTW), and gait ability is thus adversely affected by cognitive impairment in both situations. However, this
association is insufficiently understood in people with mild cognitive impairment (MCI). Here, we conducted a study
with MCl participants, to examine whether the association depends on walking conditions and MCl subtypes.

Methods: We classified 389 elderly adults into amnestic MCl (n = 191) and non-amnestic MCI (n = 198), assessed
their cognitive functions, and administered gait experiments under NW and DTW conditions. Gait ability was
defined as gait speed. Five aspects of cognitive function were assessed: processing speed, executive function,

Results: Regression analysis adjusted for covariates showed a significant association between cognitive functions
and gait speed. Processing speed and executive function correlated with gait speed during both NW and DTW
(p < .05). Gait speed during DTW was also significantly associated with working memory (p < .001). Visual memory
was associated during NW and DTW, particularly for amnestic MCl participants (p < .05).

Conclusions: Our findings support the idea that the association between gait speed and cognitive function
depends on walking condition and MCI subtypes. Additional studies are necessary to determine the neural basis for

Background

Dementia is a notable health issue because of its exten-
sive impact on the activities and quality of life of older
adults. Given the current absence of disease-modifying
treatments, as well as increasing awareness that symp-
toms develop over many years or even decades, there
has been growing interest in early detection and effective
strategies for prevention [1]. Mild cognitive impairment
(MCI) is considered a clinical characteristic that typifies
the prodromal phase of Alzheimer’s disease (AD), the
most common type of dementia [2]. Numerous studies
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have identified a wide range of potentially modifiable
risk factors for AD and dementia, including cardiovas-
cular risk factors, psychosocial factors, and health beha-
viors [1,3]. Gait impairment is a common characteristic
in participants with cognitive impairments [4-6] and is a
risk factor for developmental MCI and dementia [7,8].
Cognition and gait are thought to be strongly linked, a
contention supported by findings from experimental
studies using a dual-task paradigm to epidemiology.

Less is known about the relationships between specific
cognitive functions and gait in people with MCI, though
population studies have been conducted in older adults
to examine this issue [9-14]. Prospective studies indicate
that lower attention/executive function [9,13] or me-
mory function [9,11] may lead to a decline in gait speed
in older adults. Alternatively, a slow gait speed predicts
deficits in the cognitive-processing speed [12] or in ex-
ecutive and memory functions [14]. Emerging evidence

© 2014 Doi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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indicates that cognitive processes related to prefrontal
lobe function such as attention and executive function
are associated with slower gait and gait instability [15].
However, a consensus regarding the relationship bet-
ween gait variables and memory deficits in particular
has not yet been reached [9-11,14]. Mielke et al. has
suggested that inconsistencies between studies may be
partially due to variation in participant characteristics
across studies, ranging from exclusively older adults
with normal cognition to mixed participant pools that
include those with MCI or AD [14]. In addition, the
decline in cognitive function in people with MCI is not
uniform, but rather depends on MCI subtype, ie.,
amnestic (aMCI) or non-amnestic (naMCI) [2]. Further-
more, subtypes of MCI may potentially have different
neuropathologies and courses of conversion, although
the dependency of subtypes has not reached consensus
[16-20]. Investigating cognitive function in MCI partici-
pants requires considering several cognitive function
domains as well as these MCI subtypes.

The relationship between cognitive function and gait
variables in conditions other than normal walking (NW)
is insufficiently understood in people with MCIL Ob-
serving how people walk while they perform a second-
ary attention-demanding task, i.e., a dual-task paradigm,
has been used to assess interactions between cognition
and gait. Existing population studies have been con-
ducted using both NW and dual-task paradigms with
specific conditions [21-23], and gait coordination during
dual-task walking (DTW) has been shown to be deterio-
rated [24,25] and to be associated with reduced execu-
tive function [21,22]. Although evidence is scarce, gait
variables in older adults with MCI have been shown to
be affected in both NW [6] and DTW [26]. Less focus
has been given to the association between cognitive
function and gait, and no strong conclusions can be
drawn because of small MCI sample sizes, non-compre-
hensive cognitive measurements, or experiments that
only examine NW. Thus, a large population study that
combines comprehensive cognitive assessments with
experiments that include DTW will contribute to a bet-
ter understanding of the relationship between cognitive
function and gait in people with MCIL.

Untangling the relationship between early gait distur-
bances and early cognitive changes may be helpful in
identifying older adults who are at risk of mobility de-
cline, falls, and progression to dementia [15]. This study
aimed to examine the association between cognitive
function and gait speed in older people with MCI, and
to examine whether these associations differed depen-
ding on walking condition (normal or dual-task) and
subtypes of MCI. Gait ability was defined as gait speed
following the standard method used in population
studies of gait [14].

Page 2 of 8

Methods

Participants

The study population and data were in a cohort study. Six
hundred and forty-nine participants were selected as a po-
tential study population from a cohort study (Obu Study
of Health Promotion for the Elderly [27]) and met the fol-
lowing criteria: over 65 years old, diagnosed with MCI, no
specific medical history of cerebrovascular disease, Parkin-
son’s disease, connective tissue disease, or depression, no
severe visual or auditory impairment, no current symp-
toms of depression (Geriatric Depression Scale 26 [28]),
not part of other research projects, and not certified to re-
ceive support from the Japanese public long-term-care in-
surance system. As a result of recruitment, 409 responded
and after giving their written informed consent 389 people
completed the neuropsychological assessments and gait
experiments. The ethics committee of the National Center
for Geriatrics and Gerontology approved this study.

MCI criteria

MCI criteria followed those established and revised by
Petersen [2], and in particular, participants satisfied the
following conditions: 1) memory complaints; 2) objective
cognitive decline; 3) intact general cognitive function; and
4) independent functioning in daily living activities. Intact
general cognitive function was defined as a Mini-Mental
State Examination score >23 [29]. Objective cognitive
decline was defined as having cognitive function more
than 1.5 standard deviations lower than normal. Normal
scores were taken from the Obu Study of Health Promo-
tion for the Elderly (OSHPE) database of healthy individ-
uals [27]. Cognitive function was also assessed in multiple
domains using the National Center for Geriatrics and
Gerontology Functional Assessment Tool {30]. Partici-
pants who suffered from cognitive decline in the memory
domain were classified as aMCI, while those who did not
were classified as naMCIL

Gait measures

Participants wore the same type of appropriately sized
shoes before each experiment. Participants were in-
structed to walk on a smooth 11-m horizontal walkway
that had a 2-m buffer space at both ends for acceleration
and deceleration. The time to walk 5 m to the mid-point
of the walkway was measured, and gait speed was ex-
pressed in meters per second. Two gait experiments were
performed sequentially: NW, in which participants walked
at their preferred speed, was followed by DTW. Partici-
pants were instructed to walk while counting backward
from 100 in DTW. This type of arithmetic task is com-
monly used in DTW investigations and its effects on gait
have been confirmed in a meta-analysis [24].
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Cognitive function

Cognitive function was evaluated by comprehensive
neuropsychological assessment and conducted by a well-
trained speech therapist. Processing speed was assessed
using a tablet version of the Symbol Digit Substitution
Task (SDST) [30], based on the Symbol Digit Modalities
Test [31]. The score is the number of correct answers
chosen within 90 s. Executive function was evaluated
using a tablet version of the Trail Making Test Part B
(TMT-B, 15 stimuli) [30]. We recorded the amount of
time it took to complete each task, and results were
excluded from analysis if this time was greater than 90 se-
conds. Working memory was assessed using the digit span
backward test, a subset of the Wechsler Adult Intelligence
Scale III [32]. Verbal memory was assessed using the Rey
Auditory Verbal Learning Test (RAVLT) [33]. Visual me-
mory was examined using the visual reproduction subtest
of the Wechsler Memory Scale-Revised (WMS-R) [34].
Better performance is represented by lower values in the
TMT-B and higher values in the other tests.

Other covariates

Age, sex, body mass index (weight/height®), and educa-
tional history were recorded as demographic data. Medical
conditions and current medications were recorded. Apoli-
poprotein E (APOE) genotype was assessed using geno-
mic DNA extracted from peripheral blood leukocytes
or autopsy tissues using a standard method (SRL, Inc.,
Tokyo, Japan). The genotyped data were strictly controlled
under condition of anonymity and blinded from the
clinical information. Carrying €4 is thought to be a strong
factor related to deterioration of cognitive function in
MCI participants [35]. To assess functional capacity, we
used the Tokyo Metropolitan Institute of Gerontology
Index of Competence [36] and activity level was measured
using a life-space assessment [37].

Statistical analysis

We compared participant characteristics between MCI
subtypes (aMCI and naMCI) using an unpaired #-test for
continuous variables or a chi-square test for categorical
variables. Before examining the association between cog-
nitive functions and gait variables, we first compared
cognitive functions and gait variables between aMCI and
naMCI groups. To compare cognitive function, we used a
general linear model adjusted for age, which is thought to
be a strong covariate, and participant characteristics that
differed significantly between MCI subtypes. For gait vari-
ables, we used a repeated-measures analysis of variance
(ANOVA) (adjusted for the same variables as above) to
test for the main effects of MCI subtype (aMCI or naMCI)
and walking condition (NW or DTW). To examine
whether cognitive functions were independently asso-
ciated with gait speed, we used a multivariable regression
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analysis adjusted for age, sex, body mass index, education,
medication, life space, functional capacity, and APOE
status as potential covariates. This adjusted model is con-
ducted against gait speed under NW and DTW (model 1).
Additionally, to clarify the association between cognitive
function and gait speed under DTW, model 2 adjusted
variables using model 1 added to gait speed in NW was
conducted (model] 2). All analyses were performed using
commercially available software (JMP 9.0 ] for Windows;
SAS Institute Japan, Tokyo, Japan). Statistical significance
was set at p <.05.

Results

The 389 participants (52% women, mean age: 71.6 years)
were classified as either aMCI (n=191) or naMCI (n=
198). Table 1 summarizes the demographic data including
educational history, current medication, functional capa-
city, life space, and status of APOE. The proportion of
women was significantly different between MCI groups
(aMCL n =79, 41%; naMCL: n = 124, 63%; p <.001), while
other demographic variables were not. Therefore, when
comparing cognitive functions between MCI groups,
we adjusted for age and sex. RAVLT scores were lower in
aMCI participants, while SDST scores were lower in

Table 1 Subject characteristics

Variables M+SD
Age (years) 716+49
Sex (women subjects (%)) 203 (52)
Body mass index (kg/m?) 23429
Educational history (years) 11.0+24
TMIG (score) 124+1.1
Life-space assessment (score) 90.2+157
Current medications (numbers) 22+20
Type of MCI {amnestic MC! (%)) 191 (49)
Status of apolipoprotein E (g4 carrier (%)) 76 (20)
Cognitive tests

MMSE (score) 267 +19

SDST (score) 389+74

TMT-B () 435+16.7

Digit span backward (score) 51+16

RAVLT-delay (score) 73+34

Visual reproduction (score) 21.9+88
Normal walking

Gait speed (m/s) 136022
Dual-task walking

Gait speed (m/s) 1.23+032

Note: TMIG: Tokyo Metropalitan Institute of Gerontology Index of Competence.
MCI: mild cognitive impairment. SDST: Symbol Digit Substitution Task. TMT-B:
Trail Making Test Part B. RAVLT: Rey Auditory Verbal Learning Test

Values are mean + SD or numbers (proportion).
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naMCI participants (RAVLT: p <.001, SDST: p = .002). No
significant differences between groups were found for the
other cognitive functions. A repeated-measures ANOVA
adjusted for age and sex showed that gait speed was
affected by walking condition (NW vs. DTW: p =.042),
but not by MCI group (naMCI vs. aMCL p = .301).

Simple correlation analysis showed a significant rela-
tionship between normal gait speed and all cognitive func-
tions in all MCI participants (SDST: r=.406, p <.0001;
TMT-B: 7 = -.375, p <.0001; digit span: r=.122, p = .0166;
RAVLT: r=.209, p <.0001; visual reproduction: r=0.306,
p<.0001). DTW was also significantly associated with
cognitive functions in all MCI participants (SDST:
r=.395, p <.0001; TMT-B: r=-.373, p <.0001; digit span:
r=.307, p<.0001; RAVLT: r=.238, p<.0001; visual
reproduction: r=.325, p <.0001). Results from cognitive
function tests are plotted against gait speed in Figure 1
(NW) and Figure 2 (DTW). A multivariate regression ana-
lysis adjusted for potential covariates was conducted and
the results for gait variables during NW are summarized
in Table 2. During NW, gait speed was associated with
SDST scores in both MCI groups (aMCI: p = .003; naMCIL:
p=.009), with visual reproduction scores in aMCI par-
ticipants (p =.037), and with TMT-B scores in naMCI
participants (p =.025). Digit span and RAVLT were not
significantly associated with gait speed during NW. Asso-
ciations with gait speed during DTW are summarized in
Table 3. Cognitive functions other than RAVLT correlated
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with gait speed in DTW even adjusted for normal gait
speed in aMCI participants (all tests, p <.05), while only
digit span did so in naMCI participants (p < .001).

Discussion

The results of this study indicate positive associations
between cognitive functions and gait speed in MCI par-
ticipants. The independent associations were revealed by
a multivariate analysis adjusting for several potential
confounding factors including the status of APOE. Pro-
cessing speed and executive function correlated with gait
speed during NW and DTW. Working memory was
significantly associated with gait speed during DTW in
both subtypes of MCI participants. Visual memory was
also associated with gait speed in NW and DTW par-
ticularly in aMCI participants.

Our study showed that cognitive function in MCI par-
ticipants is correlated with gait speed, and that this asso-
ciation differs depending on walking conditions (normal
or dual-task). Indeed, some prospective studies have
touched on this inter-relationship. Gait speed during
NW has been shown to be related to cognitive decline
[12], MCI [7], and risk of dementia [8], while impaired
cognitive functions have been shown to be related to a
decline in normal gait speed [9,11,13]. The majority of
studies investigating this relationship have focused on
normal gait speed and processing speed [12] or execu-
tive function [9,13], and have confirmed the relationship
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gait speed (m/s) during dual-task walking grouped by MCl subtype. Lines indicate the resulting regression line for all participants.

in older adults. Consistent with our results in MCI
participants, McGough et al. have reported that physical
performance is associated with executive function after
adjusting for age, sex, and age-related factors in seden-
tary older adults with aMCI [38]. Here, we show that in
addition to processing speed and executive function, gait
speed during DTW is also associated with working
memory in MCI participants, even after adjusting for
normal gait speed. The effect of DTW on gait variables
[24,25] and the requirement for executive function in
older adults have been reported [21,22], and cognitive
impairment (e.g., MCI) has been shown to have an
impact on DTW performance. Montero-Odasso et al.
[26] suggested that gait speed in MCI participants is

related to working memory ability, and that the rela-
tionship is exaggerated during DTW. Our results par-
tially agree with their study in that working memory
was correlated with gait variables during DTW but
not NW. Executive function is thought to be dominant
in prefrontal lobe function. Processing speed has been
reported to correspond to prefrontal lobe function, a
region also thought to have a role in gait control [39].
Working memory systems are believed to be dominated
and require similar neural resources in prefrontal cortex
[40], although the resources for these functions are
not fully identical. Our study supports the idea that
prefrontal lobe function is required for gait in MCI
participants.

Table 2 Multivariable regression results between cognitive function and gait speed during normal walking

Coefficients (SE)

Cognitive measures Cognitive domain amcl naMCl Total
(n=191) (n=198) (n=389)
SDST Processing speed 216 (0.002)T 202 (0.002)1 .209 (0.002)%
TMT-B Executive function -.095 (0.007) -287 (0.001)* -180 (0.00M)*
Digit span backward Working memory 013 (0.009) 006 (0.009) .006 (0.006)
RAVLT-delay Verbal memory 087 (0.004) 025 (0.005) 1036 (0.003)
Visual reproduction Visual memory 142 (0.002)* 066 (0.002) 111 (0012

Note: aMCl: amnestic mild cognitive impairment. naMCl: non-amnestic mild cognitive impairment. SDST: Symbol Digit Substitution Task. TMT-B: Trail Making Test

Part B. RAVLT: Rey Auditory Verbai Learning Test.

Multivariable regression was adjusted for age, sex, body mass index, education, medication use, life space, functional capacity, and apolipoprotein E status.

*p <.05. tp < .01. 4p <.001.
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Table 3 Multivariable regression results between cognitive function and gait speed during dual-task walking
Coefficients (SE)

Model 1 Model 2
Cognitive Cognitive aMdcl naMcli Total aMCl naMcl Total
measures domain (n=191) (n=198) (n=389) (n=191) (n=198) (n=389)
SDST Processing speed .349 (0.004)F 214 (0.003)t 269 (0.002)% 195 (0.003)t .093 (0.003) 134 (0.002)t
TMT-B Executive function -.203 (0.002)* -.265 (0.002)t -237 (0.001)% -.148 (0.001)* -.092 (0.001) -121 (0.001)t
Digit span backward Working memory 234 (0015t 214 (0.013)+ 227 (0.010)% 226 (0.012)f 210 (0.009) + 223 (0.007)%
RAVLT-delay Verbal memory 174 (0.007)* 047 (0.007) 101 (0.005) .120 (0.006) 032 (0.005) 079 (0.004)
Visual reproduction Visual memory 252 (0.003)¢ .109 (0.003) .196 (0.002)# 166 (0.002)+ 068 (0.002) 128 (0.002)t

Note: aMCl: amnestic mild cognitive impairment. naMCl: non-amnestic mild cognitive impairment. SDST: Symbol Digit Substitution Task. TMT B: Trail Making Test

Part B. RAVLT: Rey Auditory Verbal Learning Test.

Model 1: Multivariable regression was adjusted for age, sex, body mass index, education, medication use, life space, functional capacity, and apolipoprotein E
status. Model 2: adjusted for variables in model 1 and gait speed in normal walking.

*p<.05. tp <.01. $p <.001.

The associations between cognitive function and gait
speed differed depending on MCI subtype. To our know-
ledge, this is the first report showing that memory func-
tion requiring free recall is correlated with gait variables
specifically in aMCI participants. Although a consensus
regarding the relationship between memory function and
gait ability has not been reached in studies of healthy older
adults, our results are in line with prospective studies of
healthy older adults [9,11]. Memory function in MCI,
particularly aMCI, is a clinical signature of developing AD
[2]. However, whether or not memory function relates to
gait variables remains an open debate even when includ-
ing studies using neuroimaging [41,42]. Unlike executive
function, investigations focusing on the connection bet-
ween memory and gait ability are few, and those that
do have used variable measures of memory (e.g., verbal
memory or visual memory). We examined verbal memory
(RAVLT) and visual memory (visual reproduction subtest
of the WMS-R) separately. Gait speed during both NW
and DTW conditions correlated with visual memory func-
tions in aMCI participants, while verbal memory function
never correlated with gait speed. This result may reflect
the fact that visual memory is required for visuospatial
processing in addition to simple memory functions. In
fact, cortical thickness [43] and gray matter [41] in visual
processing regions are correlated with gait variables du-
ring NW. Further study is required to clarify the relation-
ship between memory function and gait performance.

OQur study had several strengths and limitations. We
used a large cohort with a sufficient sample size. Additio-
nally, our analysis included adjustments for several poten-
tial covariates, such as the status of APOE, that affect not
only pathogenesis (e.g., AP aggregation or neural toxicity)
[44] but cognitive decline [35]. However, some limitations
must be noted. Because a cross-sectional design was used,
the causal relationship between cognitive function and gait
is still unclear in people with MCI. Further prospective
studies are required to address this issue. Additionally, the

type and/or difficulty of the cognitive task used for DTW
could have affected the results. While the mental tracking
task we adopted (counting backwards) is widely used, the
effects of dual tasking on gait may depend on the cogni-
tive task [24]. Hence, DTW using other types of cognitive
tasks (e.g., verbal fluency) should be investigated. Finally,
neuroimaging methods have recently been used to clarify
the cortical control of gait. Further evidence using imaging
techniques should be gathered to clarify the association
between cognitive function and gait ability under varied
conditions.

Conclusion

Successful DTW for those with MCI may require adequate
cognitive function, processing speed, executive function,
working memory and visual memory. The association
between cognitive functions and gait variables partially
depends on the MCI subtype. Gait speed in both NW and
DTW are associated with memory performance particu-
larly in MCI participants whose memory performance has
declined (aMCI) compared with those with relatively intact
memory functions (naMCI). Further studies are needed to
clarify the effects of cognitive function on gait in MCI
participants.
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