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Background. Greater physical activity (PA) is associated with better memory performance and greater hippocampal
volume in older adults. However, most studies to date assessed PA via questionnaires and thereby lacked objective
characterization of PA (eg, intensity, duration, etc.). Thus, we currently do not have a comprehensive understanding of
PA characteristics that are important for neuroprotection, especially among older adults with mild cognitive impairment
(MCI). Thus, using triaxial accelerometers, we examined the association between light- and moderate-intensity PA, total
duration of PA, hippocampal volume, and memory in older adults with MCI.

Methods. This cross-sectional study involved 310 older adults with MCI who completed neuropsychological tests
of memory, and structural magnetic resonance imaging. Participants were instructed to wear the accelerometer on an
elastic band on their hip at all times for 2 weeks. Average daily duration of light, moderate, and total PA (min/day) was
calculated.

Results. Moderate PA was associated with hippocampal volume (§ =.167, p =.003) after controlling for age, but light
PA ( =-.021, p=.713) and total PA (§ =.011, p = .844) were not. Both light and moderate PAs were not associated with
memory performance. Structural equation modeling demonstrated that moderate PA was not directly associated with
memory but significantly contributed to hippocampal volume; hippocampal volume loss was significantly and directly
associated with poor memory performance.

Conclusions. Our results suggest that the benefits of moderate PA on memory among older adults with MCI are
mediated by hippocampal volume. Furthermore, light PA may not reduce dementia risk among older adults with MCL
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HYSICAL activity (PA) has many well-known health

benefits, including the reduction of chronic conditions,
such as cardiovascular and cerebrovascular diseases, dia-
betes, obesity, and hypertension (1). There is also grow-
ing recognition that PA is associated with a reduced risk
of dementia (2). Although more evidence should be accu-
mulated (3), recent data from longitudinal studies and ran-
domized controlled trails suggest associations of PA with
preservation of cognitive function (4) and with brain vol-
umes, including the hippocampus specifically (5-7). The
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hippocampus is crucial for memory, and significant atrophy
of the hippocampus is a hallmark of Alzheimer’s disease
(AD). Smaller hippocampal volume is also associated with
increased risk for progression from mild cognitive impair-
ment (MCI) to AD (8.9).

MCI is a heterogeneous condition associated with the
transitional phase between normal cognitive aging and
dementia and is a significant risk factor for dementia (10).
To our knowledge, few studies have examined the effect of
PA on memory in older adults with MCI (11) and none have
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examined the effect of PA on hippocampal volume. A better
understanding of PA characteristics (eg, intensity, duration)
critical for neuroprotection would allow the refinement of
PA interventions for older adults with MCIL.

To objectively characterize PA, the use of technolo-
gies such as triaxial accelerometers is required. Triaxial
accelerometers are objective, small, noninvasive tools for
estimating PA intensities (12,13). However, majority of
cohort studies to date have assessed PA via questionnaires.
Although PA questionnaires is a highly feasible method to
obtain data from large samples, PA levels may be over- or
underestimated (14). Importantly, a previous study found
that daily PA assessed using an accelerometer was associ-
ated with cognitive function, whereas self-report PA was
not (15).

Thus, we aimed to examine the association of daily PA
measured by triaxial accelerometers with memory and hip-
pocampal volume in older adults with MCI. Specially, we
assessed the effect of (i) total duration of daily PA (regard-
less of intensity), (ii) duration of light-intensity PA, and
(iii) duration of moderate-intensity PA, with memory per-
formance and hippocampal volume. Vigorous-intensity
PA was not examined because we assumed that vigorous
activity was not a common situation for participants in this
study. Our focus on PA duration and intensity was justified
as evidence suggested that intensity, not quantity (ie, dura-
tion), of PA was important for maintaining cognitive func-
tion in older adults (16-18).

METHODS

Study Population

The current study involved a subset of participants who
were enrolled in the Obu Study of Health Promotion for
the Elderly (OSHPE). To enroll in the OSHPE, an individ-
ual was recruited from Obu, Japan, which is a residential
suburb of Nagoya. For the OSHPE, we included individu-
als who were aged 65 years or older at study entry, lived
in Obu, and was not participating in another study. We
excluded individuals who required support or care by the
Japanese public long-term care insurance system (care level
> 3/5), had disability in basic activities of daily living, and
could not carry out performance-based assessments (19).
A total of 5,104 community-dwelling older individuals par-
ticipated in the OSHPE.

For this current study, we included 310 participants who
had normal general cognitive functioning (scored >24/30 on
the Mini-Mental State Examination [MMSE]) (20), subjec-
tive memory complaints, objective cognitive impairment
(indicated by an age-adjusted score at least 1.5 SDs below
the reference threshold in one or more specific cognitive
domains including memory, attention and executive func-
tion, processing speed, and visuospatial skill), and no evi-
dence of functional dependency (no need for supervision or
external help in performing activities in daily life) (21,22).

We excluded participants who were diagnosed with demen-
tia, had a history of major psychiatric illness (eg, schizo-
phrenia or bipolar disorder), other serious neurological
or musculoskeletal diagnoses, and clinical depression in
this study. To identify objective cognitive impairment, the
National Center for Geriatrics and Gerontology-Functional
Assessment Tool (NCGG-FAT) (19,23) were conducted.
The NCGG-FAT consists of multidimensional neuro-
cognitive tests to assess memory, attention and executive
function, processing speed, and visuospatial skill. High
test—retest reliability and moderate to high validity were
confirmed in community-dwelling older adults for all task
components of the NCGG-FAT (23). We defined objective
cognitive impairment using established standardized thresh-
olds one or more tests included the NCGG-FAT (score <1.5
SDs below the age-specific mean of any of the tests) for the
population-based OSHPE cohort consisting of older adults.

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.

Measures

All participants completed a face-to-face interview,
memory performance tests, measurements of PA, and mag-
netic resonance imaging (MRI).

PA measurements.—We used a triaxial accelerometer
(modified HJIA-3501IT, Active style Pro, Omron Healthcare
Co., Ltd.) for continuous measure of daily PA pattern (13).
This small (74 x46 x34mm) and light (60 g) device can
accumulate data for a maximum of 30 days with the direct
current power supply from a commercial button-type
lithium battery. Participants were instructed to wear the
accelerometer on an elastic band on their hip at all times
for 2 weeks.

The accelerometer measured the number of steps taken
and the intensity of PA every 4 seconds, and intensities were
estimated based on the pattern of the accelerometer signal
(12,13). The output was expressed in metabolic equiva-
lents (METs; multiples of resting metabolic rate). Periods
of time in which accelerometer data were not recorded for
less than or equal 1 minute were defined as the nonwear
time. Before calculating parameters, the data during activ-
ity hours were inspected by an arbitrary computer program
to detect any consecutive intervals with no recorded body
movement to indicate periods when the monitor had been
removed (for such reasons as bathing, showering, napping,
or sleeping). Participants who did not record 75% and over
of each daytime activity, this being from 6 AM to 6 pMm, for
7 days during the 2-week period were excluded from this
study. During the 2-week period, the displays of acceler-
ometers were blinded to prevent checking their counts and
values to assess normal daily activity.
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We defined light PA as 1.5-2.9 METs and moderate PA
as 3.0-5.9 METs (24). Strong relationships between meas-
ured MET using indirect calorimetry and filtered synthetic
accelerations for household (» = .91, p <.001) and locomo-
tive (r = .96, p < .001) activities were reported (12). For
example, slow-pace walking with light effort (1.0-2.0 mph)
would be classified as light PA and brisk walking with mod-
erate effort (3.0-4.0 mph) would be considered moderate
PA (12,24). Total PA was all activity equal to or greater than
1.5 METs (25). In addition, we examined the categories of
light PA (1.5-2.9 METs) and moderate PA (3.0-5.9 METs).
Vigorous PA (26.0 METs) was not examined because
approximately 90% participants of our sample did not per-
form any daily vigorous activities. Mean duration of each
intense PA (min/d) was calculated.

Memory performance.—Participants underwent memory
performance tests including measures of logical, visual, and
verbal memory (26,27). The memory performance tests had
a standardized format and were administered by licensed
and trained clinical speech therapists in controlled environ-
mental conditions. Logical memory was tested using the
Logical Memory subtest of the Wechsler Memory Scale-
Revised (WMS-R) (26). In the WMS-R Logical Memory,
two short stories (stories A and B) were read aloud to the
participant, who was instructed to recall details of the sto-
ries immediately (Logical Memory I) and after 30 minutes
(Logical Memory II). The Logical Memory II score was
calculated (ie, sum score of stories A and B) and used for
statistical analysis.

Visual memory was examined using the visual repro-
duction subtest of the WMS-R (26). This test measures
immediate (Visual Reproduction I) and delayed retention
(Visual Reproduction II) of geometric figures. The Visual
Reproduction II score was used for statistical analysis.

Rey Auditory Verbal Learning Test (RAVLT) perfor-
mance was measured to assess verbal memory (27). The
test was administered according to its original standards:
15 nouns (list A) were read five times by the examiner. The
subjects then conducted free recall five times consecutively
(A1-AS). After the fifth recall period, the examiner read
a second list (list B) of 15 new words (a list of interfer-
ence), followed by free recall (B1). After the B1, the exam-
iner asked the individual to recall the words from list A,
without reading it again (A6). After 30 minutes later, the
examiner asks the individual to remember the words from
list A (30-minute delayed recall) without reading this list.
In this study, we analyzed subjects’ performance in the List
A 30-minute delayed recall.

MRI Acquisition and Image Analysis

MRI was performed on a 3-T system (TIM Trio,
Siemens, Germany). Three-dimensional volumetric acqui-
sition of a T1-weighted gradient echo sequence produced

a gapless series of thin sagittal sections using a magnetiza-
tion preparation rapid-acquisition gradient-echo sequence
(inversion time [TI], 800 ms; echo time [TE]/repetition
time [TR], 1.98 ms/1800 ms; 1.1 mm slice thickness). Then
axial T2-weighted SE images (TR, 4200 ms; TE, 89.0ms;
5 mm slice thickness) and axial Fluid Attenuated Inversion
Recovery images (TR, 9000 ms; TE, 100 ms; TI, 2500 ms;
5 mm slice thickness) were obtained for diagnosis.

For segmentation and volumetric analysis of the hip-
pocampus, we used the Oxford Centre for Functional
MRI of the Brain (FMRIB)’s Integrated Registration
and Segmentation Tool (FIRST) in FMRIB’s Soft-ware
Library (FSL) version 5.0 (28,29). FIRST is a semiauto-
mated model-based subcortical segmentation tool using
a Bayesian framework from shape and appearance mod-
els obtained from manually segmented images from the
Center for Morphometric Analysis, Massachusetts General
Hospital, Boston. In the analysis of FIRST, volumetric
labels are parameterized by a 3D deformation of a surface
model based on multivariate Gaussian assumptions. FIRST
then searches through linear combinations of shape modes
of variation for the most probable shape given the intensity
distribution in the T1-weighted image (30).

Statistical Analysis

Statistical analyses were performed using SPSS (version
17.0) in conjunction with Analysis of Moment Structures
(AMOS 7.0) Graphics. Continuous variables were summa-
rized by means and SDs, whereas categorical variables were
summarized by frequency and percentage. Student’s ¢ tests
and chi-square tests were used to compare characteristics
between participants who were included in (n = 310) and
excluded from (n = 79) the main analyses. Pearson’s corre-
lation coefficients were calculated to assess simple correla-
tions of duration of PA divided light- and moderate-intensity
with hippocampal volume and memory performance tests.
Linear regression analysis was used to assess the relation-
ships between the variables while controlling for age to min-
imize the confounding influence of age-related changes in
these variables, and standardized {3 values were calculated.
Structural equation modeling in AMOS was performed to
provide estimates of the magnitude and significance of the
hypothetical model including duration of moderate PA and
hippocampal volume as observed variables, and memory
(created from WMS-R Logical Memory-II, WMS-R Visual
Reproduction-1I, and RAVLT delayed recall) as a latent
variable.

Structural equation modeling is an optimal statistical
technique for testing these hypotheses as it can evaluate
a priori models, identify mediators, and elucidate direct
and indirect paths between variables. Two types of models
were considered: First, a direct effects model had direct
paths from moderate PA and hippocampal volume on
memory (Figure la). Second, an indirect effects model
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Figure 1. Two types of models in this study. (a) A direct effects model had
direct paths from moderate-intensity physical activity (PA) and hippocampal
volume on memory. (b) An indirect effects model had the effects of moder-
ate-intensity PA on memory be transmitted indirectly through hippocampal
volume.

had the effects of moderate PA on memory be transmit-
ted indirectly through hippocampal volume (Figure 1b).
Model selection was determined by comparison of the
following model fit indices: chi-square (¥?), goodness-of-
fit index (GFI), comparative fit index (CFI), and the root
mean square error of approximation (RMSEA) (31,32).
The chi-square value is the traditional measure for evalu-
ating overall model fit, and a good model fit would provide
an insignificant result at a 0.05 threshold (31). The value
of the GFI and CFI should be high (>0.95) and RMSEA
should be small (<0.07) for a good-fitting model (31,32).
In the case that the indirect effects model demonstrated
superior fit to the data, the indirect effect of moderate
PA on memory was tested by determining the product of
paths A and B (Figure 1b), and then calculating the boot-
strapped 95% confidence interval (CI) around the product
term (2,000 bootstrapped resamples). The indirect effect
is determined to be significant when the 95% CI does not
contain the value 0.

RESULTS

Sample Characteristics

Of the 945 older individuals who met the MCI criteria in
the OSHPE (n = 5,104), 389 (41.2%) agreed with partici-
pation in this study and met the MRI eligibility. Of the 389
participants, 79 were excluded from analysis: 65 who pro-
vided insufficient or/and inaccurate accelerometer data, 13
for whom hippocampal segmentations could not be created
by FIRST in FSL, and 1 who did not complete memory per-
formance tests. After exclusions, 310 participants remained.
Table 1 summarizes the characteristics of participants. The
mean age of the participants who were included in the
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Table 1. Sample Characteristics (N = 310)

Variable Mean (SD)
Age, mean (SD), y 71.3 (4.4)
Female, n (%) 172 (55.5)
Education, mean (SD), y 10.9 (2.2)
Diagnosis, n (%)

Hypertension 120 (38.7)

Diabetes mellitus 35(11.3)

Heart disease 38 (12.3)

Medication (3 and over) 116 (37.4)
Global cognition score (MMSE), mean (SD) 26.7 (1.9)

Duration of physical activity, mean (SD), min/d
Total*
Light-intensity"
Moderate-intensity*
Hippocampal volume, mean (SD), mm?
Memory performance, mean (SD)

370.1 (101.1)
347.3 (97.0)
22.6 (18.3)

7255.1 (826.0)

WMS-R Logical Memory-II 10.3 (6.4)
WMS-R Visual Reproduction-II 22.7 (8.5)
RAVLT 30-min delayed recall 7.53.3)

Notes: Values are mean (SD) and numbers (%) for sex and diagnosis.
MMSE = Mini-Mental State Examination; RAVLT = Rey Auditory Verbal
Learning Test; WMS-R = Wechsler Memory Scale-Revised.

*Total physical activity, 21.5 METs.

"Light-intensity, 1.5-2.9 METs.

“Moderate-intensity, 3.0-5.9 METs.

main analyses (n = 310) was 71.3 years (SD = 4.4; range
65-94 years), and over half (55.5%) were women. Individuals
who were excluded from the main analyses (n = 79) were
significantly older (73.0+6.4 years, p = .006) and less likely
to be female (39.2%, p = .010). There were no differences in
education levels or MMSE scores between individuals who
were included in versus excluded from the main analyses.
Of the 310 participants, 120 (38.7%) had hypertension, 35
(11.3%) had diabetes, and 38 (12.3%) had heart disease.

Relationship of Hippocampal Volume and Memory
With PA

Duration of total PA (r = .035, p = .544) and light PA
(r=-.003, p =.961) were not associated with hippocampal
volume (Table 2 and Figure 2a). There were no significant
correlations between duration of total PA and light PA and
memory performance tests. Moderate PA was significantly
associated with hippocampal volume (r = .195, p = .001),
and this association remained significant after adjusting for
age (p =.167, p = .003) (Figure 2b). However, duration of
moderate PA was not significantly associated with any of
the memory performance tests (Table 2).

Structural Equation Models

The chi-square test of the direct effects model was signifi-
cant, indicating a poorly fitting model (%> = 19.344, df = 5,
p = .002). The GFI, CFI, and RMSEA values were 0.976,
0.922, and 0.096, respectively. In this model (Figure 3a),
hippocampal volume was significantly associated with
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Table 2. Relationship of Hippocampal Volume and Memory With Physical Activity (N = 310)

Total Physical Light-Intensity Moderate-Intensity
Activity* Physical Activity" Physical Activity*
Simple Simple Age-Controlled Simple
Dependent Variable Correlation (r) p Age-Controlled (3) p Correlation (r) p (&) p Correlation (r) p Age-Controlled () p
Brain volume
Hippocampus 035 544 011 844 —003 961 -.021 713 195 001 .167 003
Memory performance
Logical Memory-IT 018 757 -014 813 .003 959 -.022 715 081 154 .038 513
Visual Reproduction-Il ~ —.010 857 -.050 401 —025 661 -.057 343 071 213 .021 762
RAVLT delayed recall 048 396 015 800 036 525 011 851 072 205 .022 703
Notes: RAVLT = Rey Auditory Verbal Learning Test.
*Total physical activity, 21.5 METs.
"Light-intensity, 1.5-2.9 METs.
‘Moderate-intensity, 3.0-5.9 METs.
memory (3 =.266), but there was no significant direct asso- a.
ciation of moderate PA (f = .059) with memory. The indi- 11000 1 .
rect effects model (Figure 3b) provided an excellent fit to the .
data (>=8.091,df=5,p =.151; GFI=0.989, CFI=0.983, %% .
RMSEA =0.045). This model showed that moderate PA was mé 00004 ° ° .
not directly associated with memory but contributed sig- g * e '," %o, 08 o
nificantly to hippocampal volume (3 = .195). Furthermore, é 8000 o ‘.'. -: o o 08 & §°°% o, -.:- .
hippocampal volume loss was significantly and directly 3 .. ::_.: o ;::.‘..o..’, % 3.. ::.x!.. 3o
associated with poor memory performance (§ = .277). The E 707, -:...-3,’; .‘{::'\ %, :{‘, S %
indirect effect of moderate PA on memory performance was % 6000 % Lo .' < .:' %0, 9% o
significant ( = .054, 95% CI [0.020, 0.104], p = .001). = . ° 48 0
5000 - . tt e e F =003 (p = .961)
. B=-021(p=.713)
DiscussIioN 4000 " . : . : .
In this cross-sectional study of community-dwelling 100 200 300 400 500 600 700
older adults with MCI, duration of moderate PA, as meas- Light-intensity physical activity (min/day)
ured objectively by a triaxial accelerometer, was signifi-
cantly correlated with hippocampal volume. Specially, © 11000
longer duration of moderate PA was associated with greater 10000
hippocampal volume. Our findings from structural equation _
modeling indicated that moderate PA had a beneficial influ- ME 9000
ence on hippocampal volume, and in turn, hippocampal vol- g
umes was directly associated with memory. In other words, Z 8000
the association between moderate of PA and memory was =
mediated by hippocampal volume. g 7000
MCI is a heterogeneous condition associated with the & 000
transitional phase between normal cognitive aging and =
dementia, and those progression rates to dementia and AD 5000 . . =195 (p=.001)
have been reported as being in the range of 6%-25% per =167 (p=.003)
year (33). Although rates of progression varies according to 4000 0 2 0 60 <0 100 120

study populations, these are higher than the 1%-2% annual-
ized incidence rates of dementia and AD in the general older
population (34). Smaller hippocampal volume is associated
with increased risk for progression from MCI to AD (8,9).
In contrast, greater hippocampal volume is one of associ-
ated factors with reversion from MCI to normal cognition
(35). Therefore, identifying factors that are associated with
the maintenance of hippocampal volume among older peo-
ple with MCI have important implications for dementia pre-
vention and disease progression.

Moderate-intensity physical activity (min/day)

Figure 2. Correlations between duration of physical activity and hippocam-
pal volume. Pearson correlation coefficients (r) and standardized beta values
(controlling for age) are presented. (a) Light-intensity physical activity. (b)
Moderate-intensity physical activity.

Our study results concern and extend our current under-
standing of the benefits of PA on the brain. The results of
a previous longitudinal study indicated that greater PA
assessed by a questionnaire (the number of blocks walked
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a. *=19.344 (df =5, p =.002), GFI =.976, CFI =.922, RMSEA =.096
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Figure 3. Results of structural equation models of the correlations among
moderate-intensity physical activity, hippocampal volume, and memory. The direct
effects model (a) and the indirect effects model (b) are represented. The estimated
standardized coefficients are shown. Latent variables (Memory) are represented
with ovals and observed variables are represented with rectangles. The dashed line
indicates an association that was not significant (p > .05). In the indirect effects
model (b), the indirect effect of moderate PA on memory performance was signifi-
cant (3 =.054, 95% CI [0.020, 0.104], p = .001). Notes: LM = Logical Memory;
RAVLT = Rey Auditory Verbal Learning Test; VR = Visual Reproduction;
WMS-R = Wechsler Memory Scale-Revised. **p <.01.

over 1 week) predicted greater volume of hippocampus
9 years later among healthy older people (5). Recent results
of randomized trials suggest that moderate-intensity physical
exercise increases hippocampal perfusion (36) and the size of
hippocampus (6) among healthy older adults. A randomized
trial demonstrated by Erickson and colleagues (6) found that,
in the exercise group, increased hippocampal volume was
directly related to improvements in memory performance.
The indication that increase in hippocampal volume after
exercise augments memory function in late adulthood was
mentioned. However, these previous studies did not include
objectively measured PA data and older adults with MCL
Our current study findings suggest that the benefits of PA,
specifically moderate PA, on hippocampal volume and mem-
ory performance extend to older adults with MCL.

The strengths of our study include the objectively meas-
ured data of PA and neuroimaging data of hippocampal
volume. In addition, well-sampled data from MCI subjects
could be another strength. Although some previous studies
examined relationships between objectively measured PA
levels and cognition in aged population (16,37,38), these
studies did not indicate participants defined as MCI or if
they did, and the sample size was relatively small. These
strengths in the present study may extend the role of pro-
motion of moderate PA among older adults with MCIL
However, we recognize our study limitations. This is a
cross-sectional study, and thus the temporal direction of the
associations among PA, hippocampus volume, and memory
cannot be determined. To clarify those causal relationships,

we would need to implement a longitudinal design and con-
sider other factors that might be related to the relationship
between moderate PA and hippocampal volume, such as the
etiology and severity of MCI and physical functional status.
We should note the potential for selection bias. Over 15%
of the cohort was unable to comply with accelerometry. We
found that individuals who were excluded from the main
analyses (n = 79) were significantly older and more likely
to be male relative to participants who were included in the
main analyses. In addition, although vigorous activity might
promote healthy aging including cognitive status (39), we
were unable to assess a separate category for vigorous PA
(26.0 METs) in the current analysis. Because 270 partici-
pants of our sample (n = 310) did not perform any daily
vigorous activities, and mean (+SD) duration of vigorous
activity was 0.2 (+1.6) min/d. Ignoring vigorous activity
could potentially have led to overestimation of the effect of
moderate activity if those who engaged in moderate activ-
ity were also more likely to engage in vigorous activity.
Finally, we recognize that the lack of generalizability is a
potential limitation and that future longitudinal studies with
relevant cohorts are needed to add weight to our findings.
In summary, this study of data from older adults with MCI
found that higher level of moderate rather than light PA is
associated with hippocampal volume. In addition, moder-
ate PA is not associated directly with memory, but medi-
ated through hippocampal volume. Our findings strongly
imply that regular PA of moderate-intensity levels at even
at the MCI stage may have a beneficial influence on hip-
pocampal volume, and in turn, hippocampal volumes may
affect memory loss. Longitudinal studies and clinical trials
are needed to understand the temporal direction of associa-
tions among PA, hippocampal volume, and memory, and
the efficacy of moderate PA on memory mediated through
the changing size of hippocampus in older adults with MCL.
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