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Abstract.
Background: Gait impairment in patients with Alzheimer’s disease (AD) and its relationship with cognitive function has
been described, but reports of gait analysis in AD in daily living are limited.
Objective: To investigate whether gait pattern of patients with AD in daily living is associated with cognitive function.
Methods: Gait was recorded in 24 patients with AD and 9 healthy controls (HC) for 24 hours by using a portable gait
rhythmogram. Mean gait cycle and gait acceleration were compared between the AD and HC groups. For the AD group,
these gait metrics were assessed for correlations with cognitive function, as determined by the Mini Mental State Examination
and Wechsler Memory Scale-Revised (WMS-R).
Results: Although both gait parameters were not different between the patients with AD and HC, gait cycle in patients with
AD was positively correlated with attention/concentration scores on the WMS-R (r = 0.578), and not with memory function.
Patients with AD with attention scores as high as HC displayed a longer gait cycle than both HC (p = 0.048) and patients with
AD with lower attention scores (p = 0.011). The patients with AD with lower attention scores showed a similar gait cycle
with HC (p = 0.994).
Conclusion: Patients with AD with impaired attentional function walk with faster gait cycle comparable to HC in daily living
walking, which was unexpected based on previous gait analysis in clinical settings. This result probably reflects diminished
consciousness to either the environment or instability of gait in the patients with AD with impaired attention.
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INTRODUCTION

The major hallmark of Alzheimer’s disease (AD)
is progressive cognitive decline. Gait disturbance has
been considered to occur only in advanced stages
of the disease. However, quantitative gait analy-
sis has shown that there are abnormalities in gait
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performance in patients with AD even early in the
disease course or the preclinical stage (mild cogni-
tive impairment, MCI). Gait disturbances reported
in early AD include slower gait with shorter stride
length, lower cadence (longer stride time/gait cycle),
and greater stride-to-stride variability [1–3]. These
gait changes become apparent as cognitive decline
progresses [3, 4]. Recently, gait analysis using a dual
task paradigm, i.e., walking while simultaneously
performing second task (cognitive task or motor task),
has been widely used to evaluate cognitive involve-
ment in gait control in patients with cognitive decline.
It has been reported that dual task walking causes
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further decreases in gait velocity and stride length,
and an increase in stride time and stride-to-stride vari-
ability when compared with usual walking in patients
with AD [4–7]. Some previous reports have shown
that dual-task related changes in those gait param-
eters are associated with global cognition, memory,
and executive function [5, 7–10].

Although a dual task paradigm is used in gait per-
formance tests to mimic walking in daily living, the
subjects in the tests concentrate specifically on pre-
scribed walking and cognitive tasks and environment
is predictably arranged and their walking is super-
vised. Moreover, short-distance gait analyses might
represent only limited aspects of gait in daily living,
which demands a well-functioning ability to adapt
walking behavior to much more complex environ-
ments. Therefore, long-time monitoring of gait can be
useful to evaluate how people with dementia actually
walk in their daily lives, and how cognitive function is
associated with gait control under the circumstances
of daily living.

The portable gait rhythmogram (PGR) is a recently
developed acceleration sensor that detects tri-axial
acceleration generated by movement of the trunk and
limbs, and is capable of long-term monitoring of gait
for up to 40 consecutive hours [11]. PGR quanti-
fies gait acceleration (i.e. floor reaction force) and
stride time of each stride from acceleration data. Gait
assessments using the PGR have been reported in
patients with Parkinson’s disease (PD) [11–13] and in
patients with cognitive decline [14]. Notably, consis-
tency of mean gait cycle and mean gait acceleration
obtained by the PGR over the course of 24 hours has
been reported by a study that conducted 3 days of gait
recording in a small number of patients with PD [13].

In this study, we measured gait cycle and gait accel-
eration using the PGR in 24 patients with AD and
healthy controls, and also assessed their cognitive
function. The purpose of this study was to investigate
whether gait characteristics in daily living is differ-
ent between patients with AD and healthy elderly,
and whether gait parameters in patients with AD are
also related to cognitive function in the daily living
environment.

MATERIALS AND METHODS

Subjects

All patients with AD were recruited for this cross-
sectional study from the outpatient memory clinic

of the Department of Neurology at Tokyo Medical
and Dental University Hospital from July 2012 to
February 2015. The diagnosis of probable AD was
based on the National Institute of Neurologic and
Communicative Disorders and the Alzheimer’s Dis-
ease and Related Disorders Association (NINCDS-
ADRDA) criteria. The inclusion criteria were as
follows: (1) age ≥ 65 years; (2) Mini Mental State
Examination (MMSE) score ≥ 15; (3) ability to walk
without assistance or a walking aid in their daily
living; (4) no other neurological diseases or ortho-
pedic conditions affecting gait, major depression,
or a concomitant cause of dementia. Twenty-four
patients completed gait analysis and neuropsycho-
logical examination. Clinical diagnosis of AD has
been not changed in any patients after mean follow
up of 22.5 ± 13.4 months. Nine age-matched cogni-
tive healthy subjects (healthy controls: HC) were also
recruited from the same outpatient clinic. The years
of education and history of medication with drugs
against dementia were recorded. History of falls dur-
ing thepastoneyearwasalsocollected retrospectively
from medical record.

The local ethical review board of Tokyo Medical
and Dental University approved this study (approval
number 982), and written informed consent was pro-
vided by all participants or their legal guardians.

Gait analysis

The PGR (Mimamori-gait system, LSI Medi-
ence Corporation, Tokyo, Japan) is a small device
(size: 75 × 50 × 20 mm, weight: 120 g) that measures
three-dimensional acceleration signals (ax, ay, az)
from voluntary movements of the trunk and limbs,
and step-in and kick-off motion during gait [11]. The
PGR was attached to the waist of the subjects, and
subjects were instructed to wear this device all day
(24 hours), except when changing clothes or taking a
bath, and to perform their usual daily activities during
gait recording.

The acceleration signals were recorded continu-
ously at a sampling rate of 10 ms. The data were
automatically stored to a micro-SD card, and abso-
lute values of the acceleration vectors (a: a2 = ax

2 +
ay

2 + az
2) were calculated and graphically displayed

on a personal computer [11, 15]. “The amount of
overall movements per 24 hour” was calculated as
previously described [16]. Briefly, the accelerations
induced by all truncal movement was averaged every
10 min, and probability distribution of the acceler-
ation was displayed graphically. “The amount of
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Table 1
Clinical features and cognitive characteristics of patients with AD and healthy controls (HC)

Variable AD (n = 24) HC (n = 9) p value

Age, years 76.9 ± 4.8 74.6 ± 4.4 0.209
Gender, male:female 11:13 3:6 0.698
Education, years 13.5 ± 3.3 14.2 ± 2.1 0.38
Anti-dementia drug usagea 14/24 (58.3%) – –
History of fall (past 1 year) 5/17 (29.4%) 2/4 (40%) 1
MMSE score 22.5 ± 3.0 28.8 ± 1.2 <0.001
Raw index score of WMS-R

Verbal memory (0–97) 21.5 ± 11.3 69.7 ± 14.5 <0.001
Visual memory (0–69) 34.5 ± 9.7 58.7 ± 2.8 <0.001
Attention/concentration (0–88) 53.3 ± 7.4 69.2 ± 7.9 <0.001
Delayed recall (0–106) 14.2 ± 14.8 76.3 ± 9.0 <0.001

MMSE, Mini-Mental State Examination; WMS-R, Wechsler Memory Scale-Revised. The range of raw
index scores is shown in parentheses. aAcetylcholine esterase inhibitor or NMDA receptor antagonist
(memantine).

overall movement” was defined by the mean value of
this distribution, and have the dimension of m/s2 [16].
The acceleration vector generated by stepping was
distinguished from those generated by other volun-
tary movements or artifacts based on mathematical
methods of “template-matching (pattern matching)”;
the exact analytical procedure has been described
elsewhere [13, 15]. In this study, the mean duration
of the gait cycle (the time period from the contact of
one foot with the ground to the next contact of the
same foots) and the mean amplitude of gait accel-
eration, which is correlated with floor reaction force
[11], throughout the 24 hours were used for analysis.

Neuropsychological examination

Cognitive function was assessed by the MMSE
and Japanese version of the Wechsler Memory Scale-
revised (WMS-R). The index scores (verbal memory,
visual memory, attention and concentration, and
delayed recall) were calculated from subtest scores of
the WMS-R according to the manual [17]. Because
the Japanese WMS-R has not been standardized for
subjects over 75 years old, and 23 (69.7%) of our sub-
jects were over 75 years, we used the raw score of each
index for analysis. Neuropsychological examinations
were performed within 6 months of gait analysis.

Statistics

Results are reported as mean ± SD. Because of
the small number of the subjects, non-parametric
statistics (Fisher’s exact test, Mann-Whitney U-test)
were used for comparisons between two groups, and
Kruskal-Wallis ANOVA by ranks with Steel-Dwass
post-hoc analysis was used for multiple comparisons
between groups.

Because some of the cognitive parameters
(MMSE, verbal memory, delayed recall) in the AD
group did not follow a normal distribution, Spear-
man rank-order correlation was used to explore the
relationship between gait parameters and each cog-
nitive measure. Multivariate analysis adjusted for
age or sex, history of falls and medication was per-
formed when significant relationships between gait
parameters and age (by Spearman correlation) or sex,
history of falls, medication (by U-test) were observed.
All statistical analyses were performed using EZR
(Saitama Medical Center, Jichi Medical University),
which is a graphical user interface for the R soft-
ware environment (The R Foundation for Statistical
Computing). A p-value of no more than 0.05 was
considered statistically significant.

RESULTS

Subjects

There were no significant differences in age, sex,
and education between the AD and HC groups
(Table 1). All cognitive measures of MMSE and
WMS-R were significantly lower in the patients with
AD. Ten of 24 AD patients underwent gait and neu-
ropsychological examinations before the prescription
of anti-dementia medication. Information about his-
tory of falls was obtained from 17 patients with AD,
and 5 HC subjects, and not different between two
groups (Table 1).

Gait parameters

The mean gait cycle was 1.24 ± 0.08 s in the AD
group and 1.21 ± 0.06 s in the HC group (p = 0.508).
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Fig. 1. Boxplots illustrating the comparison of gait cycle (a) and gait acceleration (b) among patients with Alzheimer disease (AD) and
healthy controls (HC). The horizontal line inside the box indicates the median, and the length of the box is the interquartile range (IQR).
The extremes of the whiskers contain the data within 1.5 IQR from the upper or lower quartile. The open circles indicate an outlier.

The mean gait acceleration was 1.90 ± 0.27 m/s2 in
the AD group and 1.99 ± 0.31 m/s2 in the HC group
(p = 0.417). Thus, these parameters were not signif-
icantly different between the two groups (Fig. 1).
Amount of overall movement was 0.49 ± 0.12 m/s2

in the AD group and 0.50 ± 0.12 m/s2 in the HC
group (Supplementary Figure 1a, p = 0.855), indicat-
ing that the physical activity was not significantly
different between two groups. In the AD group,
gait acceleration was negatively correlated with age
(r = –0.504, p = 0.012, Supplementary Figure 1b), but
there was not an age-dependent difference in gait
cycle (r = –0.029, p = 0.894). There was no obvious
relation of sex, history of falls and anti-dementia
medication with gait parameters (Supplementary
Table 1).

Relationship between gait parameters
and cognitive function

In the AD group, gait cycle was significantly corre-
lated with the index score for attention/concentration
(r = 0.578, p = 0.033, Fig. 2a filled circle), while
gait acceleration showed a weak negative correlation
with attention/concentration (r = 0.347, p = 0.097).
No obvious relationships between other cognitive
measure and gait parameters were observed (Table 2).
A multivariate analysis adjusted for age did not show
any other significant relationship between gait accel-
eration and cognitive measures (data not shown).

Six patients had high attention/concentration
scores corresponding to a healthy score, but this was
different from other cognitive parameters. Therefore,

Fig. 2. (a) Scatter plots indicating the relationship between attention/concentration and gait cycle in patients with AD and healthy controls.
Gait cycle and attention/concentration was moderately correlated in patients with AD, but not correlated in HC (p = 0.101). The regression
lines for AD (black line) and HC (gray line) are shown. (b) Boxplots showing a comparison of gait cycle between AD-high-att, AD-low-att,
and HC. The parameters of these plots are the same as in Fig. 1.
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Table 2
Correlation between gait parameters and cognitive measures

Gait parameters
Gait cycle Gait acceleration

MMSE –0.147 (0.493) –0.289 (0.171)
WMS-R

Visual memory –0.253 (0.232) –0.040 (0.852)
Visual memory –0.137 (0.524) –0.058 (0.789)
Attention/concentration 0.578 (0.003) –0.347 (0.097)
Delayed recall –0.056 (0.794) –0.042 (0.844)

The Spearman correlation coefficients (r), with associated p-value
in parentheses, are shown.

we divided the patients with AD into two groups
(Table 3): an “AD-high-att” group in which atten-
tion/concentration scores were comparable with HC
(i.e. within 1.5 SD of the mean HC score), and an
“AD-low-att” group comprising patients with lower
attention/concentration scores than HC. We com-
pared gait cycle among these 3 groups using a
Kruskal-Wallis ANOVA. The gait cycle in the AD-
high-att group was significantly longer than that in
the AD-low-att (p = 0.011) and HC groups (p = 0.048,
Fig. 2b, Table 3), while the gait cycles in the AD-low-
att group and HC group were comparable.

DISCUSSION

In this study, we carried out long-term record-
ings of gait in patients with AD using PGR, and
verified the possible relationship between gait and
cognitive function. In spite of many previous reports
that describe gait differences between patients with
AD and healthy subjects, we did not find any dif-
ference in mean gait parameters between the two
groups in this study. However, we found that gait
cycle in patients with AD significantly correlated
with attention/concentration function; the patients
with attentional deficit walked with shorter gait

cycle than the patients without discernible attentional
deficit and the gait cycle of patients with attentional
deficit was comparable to that of cognitively healthy
subjects.

Involvement of attention/executive function in gait
control has been reported in many correlation stud-
ies in patients with MCI and AD [5, 7–10], and
in functional brain imaging studies related to gait
performance [18, 19]. Attentional dysfunction also
correlates with increased risk of future falling in older
adults [20]. Walking during a dual task paradigm
test necessitates an ability to appropriately allocate
attentional resources between walking and additional
tasks. Therefore, subjects with lower attentional func-
tion exhibit deterioration of gait performance in dual
tasking scenarios that generally manifests as slower
gait speed, shorter stride length, longer stride time,
and greater gait variability [5, 7, 9, 10]. In a com-
plicated external environment, these changes in gait
pattern are observed even in healthy young peo-
ple [21]. Therefore, it is natural to speculate that
gait slowing in patients with lower attentional func-
tion would be more prominent than in subjects with
normal attentional function in complex external envi-
ronments encountered in daily living. However, the
results of this study were in contrast to previous obser-
vations; indeed, we found that patients with AD with
impaired attention walked at a faster pace in daily
living than patients with preserved attention.

We suggest two possible explanations for this dis-
crepancy from the viewpoint of attentional function.
Firstly, in patients with significant attentional deficit,
the manner in which limited attentional resources
are allocated to gait, external environment, or other
stimuli in testing situations might be much differ-
ent than in daily living. In a testing environment,
patients likely have high arousal and concentrate on
prescribed tasks with supervision, while in daily liv-
ing patients are more relaxed and not fully conscious

Table 3
Differences in gait cycle and attention score in patients with AD

Variable AD-high-att AD-low-att HC p-valuea

(n = 6) (n = 18) (n = 9) overall AD-high versus AD-high AD-low
AD-low versus HC versus HC

Age, years 78.8 ± 3.2 76.2 ± 5.1 74.6 ± 4.5 0.177 – – –
Anti-dementia drug usage 4/5 (80%) 9/18 (50%) – – 0.341b – –
MMSE 23.2 ± 23.2 22.3 ± 2.8 28.8 ± 1.2 <0.001 0.523 <0.001 <0.001
Attention/concentration 63.7 ± 4.8 49.9 ± 4.1 69.2 ± 7.9 <0.001 <0.001 0.425 <0.001
Gait cycle (s) 1.34 ± 0.09 1.21 ± 0.05 1.2 ± 0.06 0.013 0.011 0.048 0.994
Gait acceleration (m/s2) 1.79 ± 0.16 1.93 ± 0.29 1.99 ± 0.31 0.374 – – –

aComparison among three groups were conducted by Kruskal-Wallis ANOVA by ranks with Steel-Dwass post-hoc analysis. bComparison
between two groups was conducted by Fisher’s exact test.
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of the information or stimuli to which they should
divide their attention. Subjects with relatively pre-
served attention are able to adopt their gait pattern
according to the environment, even in complex con-
texts of daily living, just as they can in undertaking
a dual-task gait test. Although we could not find any
correlation between attention and gait cycle in our
small number of HC subjects (r = 0.101, p = 0.795),
a previous report on patients with non-demented
Parkinson disease demonstrated that a relationship
between attention executive function and gait pat-
tern in daily living is compatible with clinical gait
tests [22]. Conversely, the disproportionally shorter
gait cycle observed in the patients with lower atten-
tion in the present study (1.21 ± 0.05 s) was not much
longer than that reported for single-task walking of
AD patients in the literature [2, 6, 8, 23]. This may
reflect gait not being significantly influenced by exter-
nal environment in attentionally impaired people, or
in other words, this may indicate carelessness towards
the external environment.

Another, but more minor, possibility is the effect of
so-called “cautious gait” [24]. Cautious gait is a form
of higher-level gait disorder, and is characterized by a
slowing of gait, shortened steps, mild widening of the
base, and, according to recent quantitative gait anal-
ysis, longer gait cycle [25, 26]. About 20% of the
patients with AD and about 10% of healthy elderly
individuals display this type of gait change [27].
Patients with AD often show increasing postural
sway [28] and balance impairment [29]. Cautious
gait is thought to be an appropriate adaptation of
gait pattern to a consciously or subconsciously per-
ceived instability or fear of falling [24, 25]. This
adaptation of walking is considered to require var-
ious cortical functions including attention/executive
function and integration of visual and sensory infor-
mation [19, 30]. It is possible that patients with AD
with preserved attention can appropriately perceive
their impaired balance, and adapt to their instabil-
ity by taking cautious gait to avoid falling. On the
contrary, patients with impaired attention may not be
aware of instability in their gait, resulting in a faster
gait cycle, which may even be as fast as healthy con-
trol individuals. A similar possibility was previously
reported by van Iersel et al., who determined that the
walking speed of elderly patients with dementia was
disproportionally fast when adjusted for their over-
all degree of physical impairment. This phenomenon
was attributed to frontal lobe disinhibition or lack
of insight in demented subjects, and interpreted as
an inappropriate adaptation to the environment [31].

Taken together, our study indicates that patients with
AD with impaired attention tend to walk rather “care-
lessly”, because of inappropriate allocation of limited
(i.e. decreased) attentional resources to the exter-
nal environment and/or poor self-awareness of their
physical limitations or unsteadiness.

There may be various factors other than cog-
nitive function that influence gait in daily living:
physical condition, activity range, personal charac-
teristics, supervision or guidance of activity by a
caregiver, and so on. There was no significant dif-
ference in the total amount of movement between the
two groups, although the specific activities that the
subjects engaged in on the recording day were not
assessed. How supervision and guidance of activity
by others may have influenced gait pattern in our sub-
jects is not clear; however, the impact of such biases
on mean gait cycle throughout the day would not be
expected to be very significant, as patients with severe
dementia who always need help in daily living were
not included in this study. Moreover, how individuals
respond (e.g. change activity or gait) to intervention
by others may to some extent depend on cognitive
function.

Continuous gait monitoring in daily living in
patients with AD has been performed in only few
studies and seems to be difficult to interpret because
gait disorder in AD may become apparent in only cer-
tain contexts of walking and other circumstances in
daily living, which are complex and unpredictable.
Nevertheless, we did observe a meaningful corre-
lation between gait and cognitive function. To our
best knowledge, this is the first study to show a rela-
tionship of a possibly inappropriately faster gait in
patients with AD with impaired attention. This result
may also bring new insights into fall risk in patients
with AD. Previous studies showed that impairment
in attention and executive function is related to fall
risk in elderly people and patients with dementia
[18, 20, 32]. The fall risk in subjects with impaired
attention/executive function is generally discussed
in relation to gait instability in dual-task paradigms
[20, 33, 34]. We consider another possibility with
respect to patients with AD: fall risk in those patients
with attentional impairment may be attributable to
their lack of ability to adapt their gait according to
the environment and a resulting inappropriately faster
gait in daily living. However, a prospective follow
up study assessing linkage between falling risk, gait
recording, and assessment of attentional function will
be needed to verify this possibility. More generally,
our study further demonstrates how long-term gait
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analysis is a useful tool for understanding real gait
pattern in patients and how it is affected by different
disease states.

In this study, we could not find differences in gait
cycle between the AD group and the HC group.
This mainly owes to the wide range of gait cycles
in the AD group and relatively faster gait cycle in
AD patients with declines in attentional capacity,
as detailed above. Another factor is that the gait
cycle of the HC group (1.2 ± 0.06 s) was longer
than that of healthy subjects in the clinical gait test
(about 1.0∼1.15 s in single or dual-task walking)
[2, 6, 8, 23]. This may also be explained by the effect
of gait adaptation of HC subjects to various environ-
ments in daily living, but the change of gait cycle
is smaller than in patients with AD with preserved
attention, as indicated by clinical gait tests.

This study has some limitations. First, the num-
ber of subjects in our study was small especially for
multiple subgroup analysis, thus necessitates cau-
tion.. Second, patients with AD in this study were
limited to mild-to-moderate stages of disease, partly
because only patients who could continuously wear
the PGR for recording of gait for 24 hours and
walk without any help or walking aid in daily living
were selected. Another reason was that the patients
with severe dementia were reported to show other
types of gait impairment such as frontal gait [27].
Third, the cognitive batteries used in this study were
mainly focused on memory function, and the indices
for attention/concentration in the WMS-R reflect
only a limited aspect of attention/executive function.
Finally, we could not measure other gait parameters
such as gait speed or stride length. Usually the gait
cycle changes with gait speed and stride length in a
regular pattern (i.e., as the gait become slower, the
gait cycle become longer and stride length became
shorter) [35, 36]; however, the discrete effect of gait
cycle and stride length on gait speed under different
circumstances can vary. Thus, further evaluation is
needed to verify the results of our study.

In conclusion, this study showed a correlation
between attention and gait in daily living of patients
with AD; the correlation was opposite to the result
of previous gait studies conducted under a condi-
tioned environment. Gait slowing in daily living
was observed in patients with preserved attention as
expected. However, patients with impaired attention
did not show significant gait slowing in daily living,
implying that they walked with an inappropriately
faster gait pattern in complex environments in daily
living. Long-term gait analysis may give us further

insight into understanding gait activity in actual daily
living of patients with cognitive decline.
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