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Background: A better understanding of the neural mechanisms that underlie the
development of fear of falling (FoF) in seniors may help to detect potential treatable
factors and reduce future falls. We therefore investigate the neural correlates of
FoF in older adults using 18F-fluorodeoxyglucose-positron emission tomography
(FDG-PET).

Methods: This cohort study included 117 community-dwelling older adults. At baseline,
participants were assessed for FoF, psychiatric symptoms, walking speed, global
cognition and cerebral glucose metabolism with FDG-PET. The incidence of FoF in
the participants who did not report FoF (N-FoF) at baseline was again ascertained
2 years later. FDG uptake was compared between the FoF and non-FoF groups. Logistic
regression analyses to examine the predictors of newly developed FoF (D-FoF) using
normalized regional FDG uptake were then performed.

Results: At baseline, 50.4% (n = 59) of participants had FoF. The FoF group
had significantly decreased glucose metabolism in the left superior frontal gyrus
(supplementary motor area, SMA; BA6) compared to the non-FoF group. After 2 years,
19 out of the 58 participants in the non-FoF group developed FoF. Logistic regression
analysis revealed that decreased cerebral glucose metabolism in the left SMA at the
baseline was a significant predictor of the future development of FoF, independently of
psychiatric symptoms and walking speed.

Conclusion: In healthy older adults, hypometabolism in the left SMA, which is involved
in motor planning and motor coordination, contributes to the development of FoF. Our
result might help elucidate underlying mechanism of the association between deficits in
motor control and FoF.
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INTRODUCTION

Fear of Falling (FoF) is a clinical entity that includes symptoms
related to fall-related fear, concern about falling and lack of
balance confidence. The prevalence of FoF varies between
21% and 85% and is higher in women (Arfken et al., 1994;
Niino et al., 2000; Scheffer et al., 2008). FoF is a major
mental health problem with potentially serious outcomes for
older adults. Numerous studies have indicated that FoF is
both a risk factor and consequence of impaired physical
function and falls (Arfken et al., 1994; Cumming et al.,
2000; Friedman et al., 2002; Lach, 2005; Austin et al., 2007;
Scheffer et al., 2008; Denkinger et al., 2015). Thus, a better
understanding of the neural mechanisms that underlie the
development of FoF in older adults without physical disabilities
may help to detect potential treatable factors and reduce future
falls.

The finding of previous studies raised the possibility that
deficits in motor control, including increased gait variability,
might directly cause or worsen FoF by increasing gait
unsteadiness (Rochat et al., 2010; Ayoubi et al., 2014; Sawa
et al., 2014). Indeed, recent systematic review supports this
hypothesis (Ayoubi et al., 2015).Motor control, which is involved
in regulating gait variability, relies on frontal brain networks
which are vulnerable to the aging process and comorbidities (Raz
et al., 1997, 2004; Seidler et al., 2010). Therefore, disruptions of
these networks including reduced neural activity in the frontal
lobe may pose a risk of new-onset of FoF through impairment of
motor control.

This hypothesis of the association of frontal brain networks
with FoF is partly supported by the results of a study by
Tuerk et al. (2016), who reported that decreased regional
gray matter volume in areas, such as the left supplementary
motor area (SMA), was correlated with increased concern
about falls. Furthermore, their results suggested that this
relationship is primarily due to psychological factors and
not physical factors, such as muscle strength and postural
balance, because the significance of the relationships
is diminished after adjusting for anxiety and neurotic
personality. Although these results are consistent with the
finding that FoF is also strongly affected by psychological
deficits and personality (Delbaere et al., 2010; Painter
et al., 2012), the neural basis of new-onset FoF is still
unclear.

The goal of this study therefore was to elucidate the
neural correlates of having and developing FoF in community-
dwelling older adults. We hypothesize that new-onset FoF
would have a stronger relationship with reduced neural activity
in the frontal brain networks, and that this association
would be explained by psychological factors as shown by
the previous study. To this end, we conducted a 2-year
follow-up study and used 18F-fluorodeoxyglucose-positron
emission tomography (FDG-PET), which measures the cerebral
metabolic rate of glucose as a proxy of neural activity.
In the analysis consisting of participants with no FoF at
baseline, the baseline differences in cerebral metabolism
between participants who did not report FoF (N-FoF) and

who had newly developed FoF (D-FoF) at the follow-up
assessment were compared; then a logistic regression analysis
was conducted to examine the independent predictors of
the presence of newly developed FoF at the follow-up
assessment using the regional metabolic value of the brain areas
with statistically significant differences in the aforementioned
voxel-wise analysis.

MATERIALS AND METHODS

Participants
One hundred and seventeen community-dwelling older
adults (mean ± standard deviation age, 74.0 ± 5.3 years;
women, 77.8%) were recruited from the Tokyo Metropolitan
Institute of Gerontology (TMIG) database to participate
in the present study. Participants were included if they
met the following criteria: (i) 60 years old or older; (ii)
stable medical condition; (iii) fully functional in terms of
instrumental activities of daily living (ADL), which were
assessed with the TMIG-Index of Competence (TMIG-IC;
Koyano et al., 1991); and (iv) willing to consent to a FDG-PET
assessment. The exclusion criteria included the following:
(i) presence of any neuromuscular and/or mental disorder;
(ii) history of a cerebrovascular disorder; (iii) diagnosis of
parkinsonism by an experienced physician’s interview (YF);
(iv) gait disturbances, such as walking aid-dependent; (v)
use of psychoactive medications or tranquilizers; and (vi)
diagnosis of anatomical abnormalities, such as high levels
of cortical atrophy or grade-3 (Fazekas scale) white matter
hyperintensities (WMH), on magnetic resonance imaging (MRI)
by an experienced neuroradiologist (KI). During enrollment,
no participants reported episodes of dizziness, tinnitus, or
significant hearing loss.

The study was conducted in accordance with the ethical
standards of the Declaration of Helsinki. The research protocol
was approved by the TMIG. All participants gave written
informed consent.

Measures
The participants underwent comprehensive assessments,
including medical and psychological interviews and physical
and cognitive evaluations, within 3 months of the FDG-PET
scan. The comprehensive assessments were conducted in
an ambulatory tertiary health center. Two years after the
comprehensive baseline assessment, a follow-up assessment was
conducted to determine if any participants who had not reported
FoF at baseline had developed FoF during the follow-up period
(mean, 23.5 months).

Fear of Falling
The presence of FoF was determined with a questionnaire widely
used in previous studies (Maki et al., 1991; van Haastregt et al.,
2008; Sakurai et al., 2017a). The participants were asked to
respond ‘‘yes/no’’ to the question: ‘‘Are you afraid of falling?’’
They were assigned to the FoF or non-FoF group based on their
responses.
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Medical and Psychological Variables
All participants were interviewed by either a physician
or physical therapist who assessed their health-related
characteristics, including demographics, comorbidities, history
of hospitalization, medication and body-mass index (BMI).
Years of education, frequency of going outdoors, fall history in
previous year, subjective health, functional capacity, depression
symptoms, anxiety, neuroticism and self-esteem were also
assessed by a trained interviewer. The frequency of going
outdoors was defined as high (going out daily) or low (going
out every few days a week or less). Fall was defined as an event
resulting in an individual inadvertently coming to rest on
the ground, floor or other lower level. Subjective health was
assessed as excellent, good, fair, or poor, and the participants
were assigned to either a good (excellent or good) or poor
(fair or poor) group (Sakurai et al., 2014a). Functional capacity
was evaluated with the TMIG-IC, which is a questionnaire
consisting of three multidimensional subscales: the instrumental
ADL, intellectual activity and social function, with higher
scores indicating greater functional capacity (Koyano et al.,
1991). Depressive symptoms were assessed with a 15-item
version of the Geriatric Depression Scale (GDS; Almeida
and Almeida, 1999). Anxiety was determined based on a
questionnaire comprising nine questions regarding anxiety
about health, social interaction, economics, disasters and crime
prevention with each item rated on a 4-point scale (0, ‘‘not
at all concerned’’ to 3, ‘‘very concerned’’; Kobayashi et al.,
2011). Neurotic personality was assessed with one question of
the 36-item Short-Form Health survey; the participants were
asked ‘‘Were you very nervous in the previous month?’’ The
answers were rated 0–4 (‘‘no’’ to ‘‘always’’; Fukuhara et al.,
1998). To measure self-esteem, which is a crucial variable in
one’s overall sense of worthiness as a person, we used the
Rosenberg Self-Esteem Scale (RSES; Mimura and Griffiths,
2007).

Physical and Cognitive Assessments
To assess physical function, we measured maximum grip
strength, gait velocity under usual and fast conditions, Timed
Up and Go (TUG) and postural balance (Sakurai et al.,
2013). The maximum grip strength of the dominant hand was
measured using a handheld dynamometer. For gait velocity,
the participants were asked to walk once along an 11-m
straight walkway on a flat surface at their usual pace and
then walk twice along the walkway at their fastest and
safest pace possible. A trained tester measured their walking
duration using a chronometer (INTERVALTIMER SVAE109,
Seiko Watch Corporation, Tokyo, Japan (temporal precision
of within ± 0.0012%)). Velocity was calculated at a steady
state by including only the data for the five middle meters
of the 11-m pathway using the measured time. For the TUG,
the participants were asked to stand up from a chair, walk
around a marker located 3 m away, and return to and sit on
the chair as fast as possible. Postural balance was measured
with the one-leg standing test, which measures how long
the participants can stand on their non-dominant leg with
their eyes open. Global cognitive function was assessed using

the Mini-Mental State Examination (MMSE; Fujiwara et al.,
2010).

MRI/PET Scanning Protocol and Image Processing
After more than 5 h of fasting, each participant underwent
FDG-PET scanning at the TMIG for research purposes. The
blood of the participants was drawn before the MRI/PET
scanning, and an analysis was conducted with a sequential
autoanalyzer.

Three-dimensional (3D) MRI images were collected to detect
abnormal brain structure (1.5-T Sigma Excite scanner, GE
Healthcare, Milwaukee, WI, USA). 3D FDG-PET imaging (PET
scanner SET 2400W; Shimadzu Corporation, Kyoto, Japan)
was subsequently performed to evaluate the regional cerebral
glucose metabolic values. Forty-five min after an intravenous
injection of FDG (approximately 150 MBq), a 6-min emission
scan was conducted to create images with a 128× 128 (transverse
section) × 63 (slice) matrix size and 2.0 × 2.0 × 3.125-mm
voxel size. Attenuation was corrected with a transmission scan
using a 68Ga/68Ge source. During the tracer-accumulation phase,
the participants remained supine, quiet and motionless in a
dimly lit and quiet room with their eyes open and their ears
unplugged. A total of 1–2 mL of venous blood was drawn twice,
immediately before the intravenous FDG injection and 30 min
after the injection, and the plasma glucose concentration was
measured.

Basic image processing was conducted with Dr. View software
(AJS, Tokyo, Japan) and Statistical Parametric Mapping, version
8 (SPM8; Wellcome Trust Center for Neuroscience, London,
UK), which is implemented in MATLAB (version R2014a;
The MathWorks, Inc., Natick, MA, USA). All 3D-FDG-PET
images were anatomically normalized and resampled (XYZ
matrix, 79 × 95 × 80 mm; voxel size, 2 × 2 × 2 mm)
with a FDG template that was created from the FDG images
of 15 physically, neurologically and psychiatrically healthy
subjects. The images were smoothed with a 12-mm full-width
half-maximum isotropic kernel.

The regions of interest were the brain areas with statistically
significant differences between participants who did not report
FoF and who had newly developed FoF at the follow-up
assessment in the voxel-wise analysis (see ‘‘Data Analysis’’
Section). The regional cerebral glucose metabolic values were
normalized to cerebellar glucose metabolic values because the
cerebellum is relatively preserved in older adults, even in patients
with Alzheimer’s disease (Kuntzelmann et al., 2013). These
normalized values were defined as the normalized regional
cerebral metabolic rates of glucose (Sakurai et al., 2014b,
2017b).

Data Analysis
Comparisons between the non-FoF and FoF groups were made
with chi-square or two-sample t-tests. With SPM8, two-sample
t-test was performed to detect voxels with decreased glucose
metabolism in the FoF group compared with the non-FoF
group. The t-test was adjusted for the demographic and
biological covariates of FoF and cerebral glucose metabolism,
including gender, age, BMI, and blood glucose levels and
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the resulting significant and marginally significant differences
between the non-FoF and FoF groups. The set cluster size
was greater than 50 voxels, and the initial cluster threshold
for statistical significance was set to p < 0.001, uncorrected.
Clusters were considered significant when the p values
were below a cluster-corrected p(family−wise error) = 0.05. The
locations of the brain regions were transformed from Montreal
Neurological Institute coordinates into Talairach standard brain
coordinates.

For the participants with no FoF at baseline, the differences
in the measurement variables, including FDG-PET, at baseline
between the participants who did not report FoF (N-FoF group)
and who had newly developed FoF (D-FoF group) at the
follow-up assessment were compared in the same manner as
the aforementioned analyses. We then conducted a logistic
regression analysis to examine the independent predictors of the
presence of newly developed FoF at the follow-up assessment.
For the logistic regression analysis, we set values for the regions
of interest for which the voxel-wise analyses found statistical
significance as independent variables and confirmed the absence
of multicollinearity between the variables (variance inflation
factors <0.3). Statistical analyses, excluding the two-sample
t-tests for FDG-PET, were conducted with IBM SPSS PC for
Windows (version 20.0, IBM Corporation, Armonk, NY, USA).
All tests were two tailed, and p values less than 0.05 were
considered statistically significant.

RESULTS

A total of 59 participants (50.4%) had FoF at the baseline
assessment. Table 1 presents the characteristics of the
participants in the non-FoF and FoF groups. Overall, the
participants had a normal gait velocity (mean usual gait velocity,
1.49 m/s) and global cognitive functioning (mean MMSE, 29.3),
without any instrumental ADL disability (mean TMIG-IC,
12.5). The FoF group had significantly more females, a higher
GDS score, higher anxiety, less years of education (marginal
significance, p = 0.065), lower RSES, and lower grip strength
compared with the non-FoF group.

Figure 1 presents the regions of significantly decreased
cerebral glucose metabolism in the FoF group compared with
the non-FoF group. After adjusting for age, gender, BMI and
blood glucose level, the FoF group showed significantly decreased
glucose metabolism in the left superior frontal gyrus (SMA or
BA6). These results remained significant after adjusting for years
of education, GDS score, anxiety, neuroticism, RSES and grip
strength (Talairach Coordinates: Z = −13, Y = −7, Z = 63,
K = 563, T-value = 5.03).

At the follow-up assessment, 19 participants had newly
developed FoF (21.5% of the participants with no FoF at
baseline). Table 2 presents a comparison of the baseline data
for the D-FoF group with the N-FoF group. The D-FoF group
showed significantly higher percentages of participants who have
hypertension and arthritis, take five or more medications and
had a fall in the previous year (with marginal significance,
p < 0.054), slower gait speed under fast conditions (with
marginal significance, p < 0.088), and longer TUG time (with

marginal significance, p < 0.071) than those in the N-FoF
group.

Figure 2 presents the regions of significantly decreased
cerebral glucose metabolism in the D-FoF group compared
with the N-FoF group. Of the 58 participants without FoF
at baseline, a two-sample t-test showed significantly decreased
glucose metabolism in the left middle frontal gyrus (BA6),
which was independent of age, gender, BMI, blood glucose level,
presence of hypertension and arthritis, number of medications,
fall history, gait speed under fast conditions and TUG (Talairach
Coordinates: Z = −17, Y = −6, Z = 58, K = 2342,
T-value = 4.51).

The adjusted logistic regression analysis using
aforementioned covariates showed that the decreased
normalized regional cerebral glucose metabolism in the left
SMA was an independent predictor of the future development
of FoF (Odds Ratio, 1.03; 95% Confidence Interval, 1.01–1.06;
p = 0.015). This association remained significant after adjusting
for GDS, anxiety, neuroticism, and RSES (Odds Ratio, 1.03; 95%
Confidence Interval, 1.01–1.06; p = 0.030).

DISCUSSION

In this cohort of older adults free of impending physical
and cognitive dysfunction at baseline, participants with
FoF showed significantly decreased glucose metabolism in
the SMA, which correspond to left superior frontal gyrus.
Longitudinally, participants without FoF at baseline but
having decreased glucose metabolism in the left superior
frontal gyrus were more likely to develop FoF, independent
of psychiatric symptoms and physical functioning at the
baseline. Our findings suggest that low functionality of the
SMA, which is critical for motor planning and coordination,
may contribute to FoF. To the best of authors’ knowledge, our
results provide the first evidence of a potential mechanism
underlying the relationship between aging brain and new-onset
of FoF.

Possible Association of SMA and Gait
Control with FoF
Any cortical deficits or reduced metabolism in the regions
related to gait control may result in FoF because deficits in
gait control can predispose us to a severe accident, which
is the main cause of developing FoF. Numerous studies
have indicated that the SMA is involved in motor control
(Harada et al., 2009; Iseki et al., 2010). For instance, Harada
et al. (2009) used functional near-infrared spectroscopy to
demonstrate increased oxygenated hemoglobin in the SMA
during walking in older adults and correlation of its activation
with locomotor speed and cadence. This finding suggests
that the SMA controls gait by regulating stride frequency
(i.e., cadence). Considering that older adults with FoF tend
to show a lower stride frequency (Rochat et al., 2010), low
functionality of the SMA might affect onset of FoF through
deficit in gait control, such as lower performance of stride
frequency.
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TABLE 1 | Characteristics and differences of measurements of the participants with fear of falling (FoF) and without FoF (non-FoF) at baseline.

Baseline Characteristic, mean (SD) All participants FoF non-FoF p value
(n = 117) (n = 59) (n = 58)

Female, n (%) 91 (77.8) 51 (86.4) 40 (69.0) 0.023
Age 74.0 (5.3) 73.3 (5.5) 74.6 (5.0) 0.173
BMI 22.2 (3.1) 22.0 (3.3) 22.4 (3.0) 0.460
Years of education 13.1 (2.2) 12.8 (2.0) 13.5 (2.4) 0.065
Blood glucose level, mg/dL 96.2 (12.7) 95.9 (12.2) 96.4 (13.2) 0.844
Hypertension, n (%) 42 (35.9) 24 (40.7) 18 (31.0) 0.277
Cardiac disease, n (%) 7 (6.0) 4 (6.8) 3 (5.2) 0.714
Diabetes mellitus, n (%) 10 (8.5) 6 (10.2) 4 (6.9) 0.527
Arthritis, n (%) 16 (13.7) 9 (15.3) 7 (12.1) 0.616
Five or more medications, n (%) 20 (17.1) 11 (18.6) 9 (15.5) 0.653
Low frequency of going outdoors, n (%) 17 (14.8) 11 (20.3) 5 (8.9) 0.115
One or more falls in previous year, n (%) 22 (81.2) 14 (23.7) 8 (13.8) 0.169
Poor subjective health, n (%) 19 (16.2) 7 (11.9) 12 (20.7) 0.196
TMIG-IC (max, 13) 12.5 (0.8) 12.5 (0.8) 12.4 (0.8) 0.682
GDS (max, 15) 2.6 (2.4) 3.3 (2.5) 1.9 (2.1) 0.001
Anxiety (max, 30) 14.0 (6.0) 17.1 (5.5) 10.8 (4.8) <0.001
Neuroticism (max, 3) 0.7 (0.8) 0.5 (0.6) 0.8 (0.9) 0.074
RSES (max, 40) 4.3 (1.5) 3.9 (1.5) 4.7 (1.3) 0.001
MMSE (max, 30) 29.3 (0.9) 29.2 (1.0) 29.4 (0.8) 0.155
Grip strength, kg 23.7 (6.9) 22.1 (6.1) 25.4 (7.3) 0.008
Usual gait speed, m/s 1.49 (0.33) 1.48 (0.25) 1.51 (0.41) 0.710
Fast gait speed, m/s 2.32 (0.45) 2.26 (0.43) 2.37 (0.47) 0.183
TUG, s 5.28 (1.02) 5.35 (0.93) 5.22 (1.11) 0.632
One-leg standing test, s 44.8 (19.8) 44.8 (20.2) 44.8 (19.4) 0.999

Note: FoF, fear of falling; BMI, body-mass index; TMIG-IC, Tokyo Metropolitan Institute of Gerontology-Index of Competence; max, maximum; GDS, Geriatric Depression

Scale; RSES, Rosenberg Self-Esteem Scale; MMSE, Mini-Mental State Examination; TUG, Timed Up and Go test.

This speculation, the association of SMA and gait control with
FoF, is also supported by the evidence that gait variability—a
reflection of the inconsistency in the central motor control
system’s ability to regulate gait and maintain a steady and
stable walking pattern—is associated with having and developing
FoF among older adults (Rochat et al., 2010; Ayoubi et al.,
2014; Sawa et al., 2014). Although the underlying neural
mechanism of the association between increased gait variability
and FoF is still unclear, one experimental study revealed
an association between the amount of activity seen in the
SMA and the amount of gait variability (Kurz et al., 2012),
suggesting that the SMA may play a prominent role in the
subtle motor control. Since this previous finding does not
directly explain why reduced neural activity in the SMA is

associated with new-onset of FoF, future studies are needed
to examine interrelationship between change in SMA activity,
gait performance (e.g., stride frequency and gait variability),
and FoF.

Possible Association of SMA and Motor
Planning with FoF
We found that the relationship between glucose metabolism in
the SMA and FoF was seen in the left hemisphere only. This
result is in agreement with the concept that deficit in motor
planning is associated with the expression of FoF. The left SMA
plays an important role in the elaboration/preparation of motor
behavior (Ackermann et al., 1996; White et al., 2013). Previous
studies have shown that older adults with FoF face environmental

FIGURE 1 | Regions of significantly decreased glucose metabolism in the Fear of Falling (FoF) group compared with the non-FoF group in the baseline assessment.
The significance level for the correlated clusters was set at a voxel-level significance of p < 0.001 (uncorrected) combined with cluster-level information of p < 0.05
(family-wise error corrected).
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TABLE 2 | Characteristics and differences of measurements of the participants
with newly developed FoF (D-FoF) and those who did not report FoF (N-FoF) at
follow-up assessment.

Baseline Characteristic, mean (SD) D-FoF N-FoF p-value
(n = 19) (n = 39)

Female, n (%) 15 (78.9) 25 (64.1) 0.251
Age 76.1 (4.8) 73.9 (5.0) 0.112
BMI 22.7 (3.0) 22.2 (3.0) 0.593
Years of education 13.5 (2.1) 13.5 (2.5) 0.984
Blood glucose level, mg/dl 95.5 (18.3) 96.8 (10.2) 0.735
Hypertension, n (%) 10 (52.6) 8 (20.5) 0.013
Cardiac disease, n (%) 1 (5.3) 2 (5.1) 0.983
Diabetes mellitus, n (%) 2 (10.5) 2 (5.1) 0.446
Arthritis, n (%) 6 (31.6) 1 (2.6) 0.001
Five plus medications, n (%) 6 (31.6) 3 (7.7) 0.018
Low frequency of going outdoors, n (%) 2 (10.5) 3 (7.7) 0.718
One or more falls in previous year, n (%) 5 (26.3) 3 (7.7) 0.054
Poor subjective health, n (%) 4 (21.1) 8 (20.5) 0.962
TMIG-IC (max 13) 12.5 (0.7) 12.4 (0.9) 0.541
GDS (max 15) 1.3 (1.7) 2.1 (2.2) 0.167
Anxiety (max 30) 9.4 (5.1) 11.5 (4.6) 0.121
Neuroticism (max 3) 0.9 (0.9) 0.7 (0.9) 0.477
RSES (max 40) 5.1 (0.9) 4.6 (1.4) 0.136
MMSE (max 30) 26.7 (1.6) 26.3 (2.4) 0.476
Grip strength, kg 22.1 (6.1) 25.4 (7.3) 0.526
Usual gait speed, m/s 1.48 (0.16) 1.55 (0.30) 0.302
Fast gait speed, m/s 2.26 (0.43) 2.37 (0.47) 0.088
TUG, s 5.64 (1.44) 5.07 (0.92) 0.071
One-leg standing test, s 44.8 (20.2) 44.8 (19.4) 0.835

Note: FoF, fear of falling; BMI, body-mass index; TMIG-IC, Tokyo Metropolitan

Institute of Gerontology-Index of Competence; max, maximum; GDS, Geriatric

Depression Scale; RSES, Rosenberg Self-Esteem Scale; MMSE, Mini-Mental State

Examination; TUG, Timed Up and Go test.

challenges, and they are not able to select the appropriate strategy
for visual searching and anticipatory postural adjustments to
overcome these fall hazards (Uemura et al., 2012; Young and
Mark Williams, 2015). More recently, Sakurai et al. (2017a) have
shown that older adults with FoF cannot accurately imagine
their gait performance, and a significant relationship exists
between deficits in gait-related motor imagery ability, which
is the ability to mentally simulate an action without its actual
execution, and FoF. Motor imagery likely corresponds to the
activation of the neural representations of motor planning in
the frontoparietal network, including the SMA (Jeannerod and

Decety, 1995). These findings suggest that reduced activity in
the SMA, particularly in the left hemisphere, contributes to
a functional decline in motor planning and the expression
of FoF.

Differences in the Findings between a
Previous Study and the Present Study
In contrast to a prior study (Tuerk et al., 2016), we did not find
any interactions of the psychological factors in the relationship
between cerebral glucose metabolic change and FoF. One
possible reason for this inconsistency is the different methods
that were used to measure FoF. The previous study used the Falls
Efficacy Scale-International (FES-I) to assess the participants’
concern about falling in various situations in ADL, such as
cleaning the house, shopping and walking on uneven surfaces,
whereas a dichotomized question was used in the present study.
Psychological factors are likely to be strongly associated with
the results of the FES-I, which reflect the different levels of
FoF in various circumstances. Furthermore, we used different
measures to examine participants’ psychological characteristics
from the previous study. If we had measured the participants’
levels of concern about falling with the FES-I and used same
measures for examining psychological factors, we might have
found interesting results for the effects of psychological factors on
the relationship between reduced cerebral metabolism and FoF.

Limitations
Some limitations in our study need to be considered. First,
as discussed above, although a dichotomized question for
assessing FoF is widely used, there is limited evidence about
the measurement properties of this single-item measure and
this approach was limited to measuring different levels of FoF
in various circumstances (Jørstad et al., 2005). Second, we
used one question of the 36-item Short-Form Health survey to
examine neurotic personality. However, since the question is
not a question developed for assessment of neurotic personality,
it might be insufficient to confirm such personality. Third,
we included a relatively small number of participants which
may affect the power to find significant additional associations
between change in cerebral glucose metabolism and FoF.
Fourth, our participants were all high functioning older adults

FIGURE 2 | Regions of significantly decreased glucose metabolism in the newly developed FoF (D-FoF) group compared with the who did not report FoF (N-FoF)
group at follow-up assessment. The significance level for the correlated clusters was set at a voxel-level significance of p < 0.001 (uncorrected) combined with
cluster-level information of p < 0.05 (family-wise error corrected).
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free of impending physical and cognitive dysfunction, and,
consequently, our results are only generable to high functioning
populations. Finally, one-time assessment of FDG-PET during
2 years of follow-up may not be enough to detect the causal
relationship between changes in cerebral glucose metabolism
with aging and new-onset of FoF. Further studies including
multiple follow-up assessments are needed to confirm the results
of the present study in a larger sample with more detailed
measures of FoF.

CONCLUSION

Lower cerebral glucose metabolism in the SMA was associated
with the development of FoF in our cohort of high-functioning
older adults. This suggests that functional impairments in motor
planning and motor control might be an early phenomenon
in the development of new-onset FoF and precede significant
impairments in physical function. Our findings provide
mechanistic evidence of a potential mechanism underlying the
relationship between the aging brain and FoF.

AUTHOR CONTRIBUTIONS

RS, YF, KK, MM-O and KI: manuscript preparation and editing;
data analysis and interpretation. RS, YF, MY, HS and KI:

acquiring data. RS, YF,MY,HS, KK,MM-O andKI: study design.
RS, YF, KK and KI: study funding.

FUNDING

This study was supported by Grants-in-Aid for Japan Society for
the Promotion of Science (JSPS) fellows (23-5365 and 26-7168).

ACKNOWLEDGMENTS

The authors gratefully acknowledge Drs. Muneyuki Sakata,
Keiichi Oda, Kenji Ishibashi and Kiichi Ishiwata (Research
Team for Neuroimaging, TMIG) for their help in acquiring the
FDG-PET data. We also gratefully acknowledge Mika Tanaka
(Micron Inc.) for her technical efforts. Dr. Montero-Odasso’s
program in ‘‘Gait and Brain Health’’ is supported by grants
from the Canadian Institute of Health and Research (CIHR),
the Ontario Ministry of Research and Innovation, The Ontario
Neurodegenerative Diseases Research Initiative (ONDRI), the
Canadian Consortium on Neurodegeneration in Aging (CCNA),
and by Department of Medicine Program of Experimental
Medicine (POEM) Research Award, University of Western
Ontario. He is the first recipient of the Schulich Clinician-
Scientist Award and holds the CIHR New Investigator Award.

REFERENCES

Ackermann, H., Daum, I., Schugens, M. M., and Grodd, W. (1996). Impaired
procedural learning after damage to the left supplementary motor area (SMA).
J. Neurol. Neurosurg. Psychiatry 60, 94–97. doi: 10.1136/jnnp.60.1.94

Almeida, O. P., and Almeida, S. A. (1999). Short versions of the geriatric
depression scale: a study of their validity for the diagnosis of a major
depressive episode according to ICD-10 and DSM-IV. Int. J. Geriatr. Psychiatry
14, 858–865. doi: 10.1002/(sici)1099-1166(199910)14:10<858::aid-gps35>3.0.
co;2-8

Arfken, C. L., Lach, H. W., Birge, S. J., and Miller, J. P. (1994). The prevalence
and correlates of fear of falling in elderly persons living in the community. Am.
J. Public Health 84, 565–570. doi: 10.2105/ajph.84.4.565

Austin, N., Devine, A., Dick, I., Prince, R., and Bruce, D. (2007). Fear of
falling in older women: a longitudinal study of incidence, persistence, and
predictors. J. Am. Geriatr. Soc. 55, 1598–1603. doi: 10.1111/j.1532-5415.2007.0
1317.x

Ayoubi, F., Launay, C. P., Annweiler, C., and Beauchet, O. (2015). Fear of falling
and gait variability in older adults: a systematic review andmeta-analysis. J. Am.
Med. Dir. Assoc. 16, 14–19. doi: 10.1016/j.jamda.2014.06.020

Ayoubi, F., Launay, C. P., Kabeshova, A., Fantino, B., Annweiler, C., and
Beauchet, O. (2014). The influence of fear of falling on gait variability:
results from a large elderly population-based cross-sectional study. J. Neuroeng.
Rehabil. 11:128. doi: 10.1186/1743-0003-11-128

Cumming, R. G., Salkeld, G., Thomas,M., and Szonyi, G. (2000). Prospective study
of the impact of fear of falling on activities of daily living, SF-36 scores, and
nursing home admission. J. Gerontol. A Biol. Sci. Med. Sci. 55, M299–M305.
doi: 10.1093/gerona/55.5.m299

Delbaere, K., Close, J. C., Brodaty, H., Sachdev, P., and Lord, S. R. (2010).
Determinants of disparities between perceived and physiological risk of falling
among elderly people: cohort study. BMJ 341:c4165. doi: 10.1136/bmj

Denkinger, M. D., Lukas, A., Nikolaus, T., and Hauer, K. (2015). Factors
associated with fear of falling and associated activity restriction in community-
dwelling older adults: a systematic review. Am. J. Geriatr. Psychiatry 23, 72–86.
doi: 10.1016/j.jagp.2014.03.002

Friedman, S. M., Munoz, B., West, S. K., Rubin, G. S., and Fried, L. P.
(2002). Falls and fear of falling: which comes first? A longitudinal
prediction model suggests strategies for primary and secondary prevention.
J. Am. Geriatr. Soc. 50, 1329–1335. doi: 10.1046/j.1532-5415.2002.
50352.x

Fujiwara, Y., Suzuki, H., Yasunaga, M., Sugiyama, M., Ijuin, M., Sakuma, N., et al.
(2010). Brief screening tool for mild cognitive impairment in older Japanese:
validation of the Japanese version of the Montreal Cognitive Assessment.
Geriatr. Gerontol. Int. 10, 225–232. doi: 10.1111/j.1447-0594.2010.00585.x

Fukuhara, S., Ware, J. E. Jr., Kosinski, M., Wada, S., and Gandek, B. (1998).
Psychometric and clinical tests of validity of the Japanese SF-36 health survey.
J. Clin. Epidemiol. 51, 1045–1053. doi: 10.1016/s0895-4356(98)00096-1

Harada, T., Miyai, I., Suzuki, M., and Kubota, K. (2009). Gait capacity affects
cortical activation patterns related to speed control in the elderly. Exp. Brain
Res. 193, 445–454. doi: 10.1007/s00221-008-1643-y

Iseki, K., Hanakawa, T., Hashikawa, K., Tomimoto, H., Nankaku, M.,
Yamauchi, H., et al. (2010). Gait disturbance associated with white matter
changes: a gait analysis and blood flow study. Neuroimage 49, 1659–1666.
doi: 10.1016/j.neuroimage.2009.09.023

Jeannerod, M., and Decety, J. (1995). Mental motor imagery: a window into
the representational stages of action. Curr. Opin. Neurobiol. 5, 727–732.
doi: 10.1016/0959-4388(95)80099-9

Jørstad, E. C., Hauer, K., Becker, C., Lamb, S. E., and ProFaNE Group. (2005).
Measuring the psychological outcomes of falling: a systematic review. J. Am.
Geriatr. Soc. 53, 501–510. doi: 10.1111/j.1532-5415.2005.53172.x

Kobayashi, E., Fujiwara, Y., Fukaya, T., Nishi, M., Saito, M., and Shinkai, S. (2011).
Social support availability and psychological well-being among the socially
isolated elderly. Differences by living arrangement and gender. Nihon Koshu
Eisei Zasshi 58, 446–456. doi: 10.11236/jph.58.6_446

Koyano, W., Shibata, H., Nakazato, K., Haga, H., and Suyama, Y. (1991).
Measurement of competence: reliability and validity of the TMIG index
of competence. Arch. Gerontol. Geriatr. 13, 103–116. doi: 10.1016/0167-
4943(91)90053-s

Kuntzelmann, A., Guenther, T., Haberkorn, U., Essig, M., Giesel, F., Henze, R.,
et al. (2013). Impaired cerebral glucose metabolism in prodromal Alzheimer’s

Frontiers in Aging Neuroscience | www.frontiersin.org 7 July 2017 | Volume 9 | Article 251

https://doi.org/10.1136/jnnp.60.1.94
https://doi.org/10.1002/(sici)1099-1166(199910)14:10<858::aid-gps35>3.0.co;2-8
https://doi.org/10.1002/(sici)1099-1166(199910)14:10<858::aid-gps35>3.0.co;2-8
https://doi.org/10.2105/ajph.84.4.565
https://doi.org/10.1111/j.1532-5415.2007.01317.x
https://doi.org/10.1111/j.1532-5415.2007.01317.x
https://doi.org/10.1016/j.jamda.2014.06.020
https://doi.org/10.1186/1743-0003-11-128
https://doi.org/10.1093/gerona/55.5.m299
https://doi.org/10.1136/bmj
https://doi.org/10.1016/j.jagp.2014.03.002
https://doi.org/10.1046/j.1532-5415.2002.50352.x
https://doi.org/10.1046/j.1532-5415.2002.50352.x
https://doi.org/10.1111/j.1447-0594.2010.00585.x
https://doi.org/10.1016/s0895-4356(98)00096-1
https://doi.org/10.1007/s00221-008-1643-y
https://doi.org/10.1016/j.neuroimage.2009.09.023
https://doi.org/10.1016/0959-4388(95)80099-9
https://doi.org/10.1111/j.1532-5415.2005.53172.x
https://doi.org/10.11236/jph.58.6_446
https://doi.org/10.1016/0167-4943(91)90053-s
https://doi.org/10.1016/0167-4943(91)90053-s
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Sakurai et al. Cerebral Glucose Metabolism and Fear of Falling

disease differs by regional intensity normalization. Neurosci. Lett. 534, 12–17.
doi: 10.1016/j.neulet.2012.11.026

Kurz, M. J., Wilson, T. W., and Arpin, D. J. (2012). Stride-time variability and
sensorimotor cortical activation during walking. Neuroimage 59, 1602–1607.
doi: 10.1016/j.neuroimage.2011.08.084

Lach, H.W. (2005). Incidence and risk factors for developing fear of falling in older
adults. Public Health Nurs. 22, 45–52. doi: 10.1111/j.0737-1209.2005.22107.x

Maki, B. E., Holliday, P. J., and Topper, A. K. (1991). Fear of falling
and postural performance in the elderly. J. Gerontol. 46, M123–M131.
doi: 10.1093/geronj/46.4.m123

Mimura, C., and Griffiths, P. (2007). A Japanese version of the rosenberg
self-esteem scale: translation and equivalence assessment. J. Psychosom. Res. 62,
589–594. doi: 10.1016/j.jpsychores.2006.11.004

Niino, N., Tsuzuku, S., Ando, F., and Shimokata, H. (2000). Frequencies
and circumstances of falls in the national institute for longevity sciences,
longitudinal study of aging (NILS-LSA). J. Epidemiol. 10, S90–S94.
doi: 10.2188/jea.10.1sup_90

Painter, J. A., Allison, L., Dhingra, P., Daughtery, J., Cogdill, K., and Trujillo, L. G.
(2012). Fear of falling and its relationship with anxiety, depression, and activity
engagement among community-dwelling older adults. Am. J. Occup. Ther. 66,
169–176. doi: 10.5014/ajot.2012.002535

Raz, N., Gunning-Dixon, F., Head, D., Rodrigue, K. M., Williamson, A., and
Acker, J. D. (2004). Aging, sexual dimorphism, and hemispheric asymmetry of
the cerebral cortex: replicability of regional differences in volume. Neurobiol.
Aging 25, 377–396. doi: 10.1016/s0197-4580(03)00118-0

Raz, N., Gunning, F. M., Head, D., Dupuis, J. H., McQuain, J., Briggs, S. D.,
et al. (1997). Selective aging of the human cerebral cortex observed in vivo:
differential vulnerability of the prefrontal gray matter. Cereb. Cortex 7,
268–282. doi: 10.1093/cercor/7.3.268

Rochat, S., Büla, C. J., Martin, E., Seematter-Bagnoud, L., Karmaniola, A.,
Aminian, K., et al. (2010). What is the relationship between fear of falling and
gait in well-functioning older persons aged 65 to 70 years? Arch. Phys. Med.
Rehabil. 91, 879–884. doi: 10.1016/j.apmr.2010.03.005

Sakurai, R., Fujiwara, Y., Saito, K., Fukaya, T., Kim, M. J., Yasunaga, M.,
et al. (2013). Effects of a comprehensive intervention program, including hot
bathing, on overweight adults: a randomized controlled trial. Geriatr. Gerontol.
Int. 13, 638–645. doi: 10.1111/j.1447-0594.2012.00955.x

Sakurai, R., Fujiwara, Y., Sakuma, N., Suzuki, H., Ishihara, M., Higuchi, T.,
et al. (2014a). Influential factors affecting age-related self-overestimation of
step-over ability: focusing on frequency of going outdoors and executive
function. Arch. Gerontol. Geriatr. 59, 577–583. doi: 10.1016/j.archger.2014.
07.017

Sakurai, R., Fujiwara, Y., Yasunaga, M., Takeuchi, R., Murayama, Y., Ohba, H.,
et al. (2014b). Regional cerebral glucose metabolism and gait speed in healthy
community-dwelling older women. J. Gerontol. A Biol. Sci. Med. Sci. 69,
1519–1527. doi: 10.1093/gerona/glu093

Sakurai, R., Fujiwara, Y., Yasunaga, M., Suzuki, H., Sakuma, N., Imanaka, K., et al.
(2017a). Older adults with fear of falling show deficits in motor imagery of gait.
J. Nutr. Health Aging 21, 721–726. doi: 10.1007/s12603-016-0811-1

Sakurai, R., Ishii, K., Yasunaga, M., Takeuchi, R., Murayama, Y., Sakuma, N.,
et al. (2017b). The neural substrate of gait and executive function relationship
in elderly women: a PET study. Geriatr. Gerontol. Int. doi: 10.1111/ggi.12982
[Epub ahead of print].

Sawa, R., Doi, T., Misu, S., Tsutsumimoto, K., Nakakubo, S., Asai, T., et al.
(2014). The association between fear of falling and gait variability in both leg
and trunk movements. Gait Posture 40, 123–127. doi: 10.1016/j.gaitpost.2014.
03.002

Scheffer, A. C., Schuurmans, M. J., van Dijk, N., van der Hooft, T., and
de Rooij, S. E. (2008). Fear of falling: measurement strategy, prevalence,
risk factors and consequences among older persons. Age Ageing 37, 19–24.
doi: 10.1093/ageing/afm169

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

Tuerk, C., Zhang, H., Sachdev, P., Lord, S. R., Brodaty, H., Wen, W., et al. (2016).
Regional gray matter volumes are related to concern about falling in older
people: a voxel-based morphometric study. J. Gerontol. A Biol. Sci. Med. Sci.
71, 138–144. doi: 10.1093/gerona/glu242

Uemura, K., Yamada, M., Nagai, K., Tanaka, B., Mori, S., and Ichihashi, N.
(2012). Fear of falling is associated with prolonged anticipatory
postural adjustment during gait initiation under dual-task conditions
in older adults. Gait Posture 35, 282–286. doi: 10.1016/j.gaitpost.2011.
09.100

van Haastregt, J. C., Zijlstra, G. A., van Rossum, E., van Eijk, J. T., and
Kempen, G. I. (2008). Feelings of anxiety and symptoms of depression
in community-living older persons who avoid activity for fear of falling.
Am. J. Geriatr. Psychiatry 16, 186–193. doi: 10.1097/JGP.0b013e3181
591c1e

White, O., Davare, M., Andres, M., and Olivier, E. (2013). The role of
left supplementary motor area in grip force scaling. PLoS One 8:e83812.
doi: 10.1371/journal.pone.0083812

Young, W. R., and Mark Williams, A. (2015). How fear of falling can
increase fall-risk in older adults: applying psychological theory to
practical observations. Gait Posture 41, 7–12. doi: 10.1016/j.gaitpost.2014.
09.006

Conflict of Interest Statement: 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.

Copyright © 2017 Sakurai, Fujiwara, Yasunaga, Suzuki, Kanosue, Montero-Odasso
and Ishii. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 8 July 2017 | Volume 9 | Article 251

https://doi.org/10.1016/j.neulet.2012.11.026
https://doi.org/10.1016/j.neuroimage.2011.08.084
https://doi.org/10.1111/j.0737-1209.2005.22107.x
https://doi.org/10.1093/geronj/46.4.m123
https://doi.org/10.1016/j.jpsychores.2006.11.004
https://doi.org/10.2188/jea.10.1sup_90
https://doi.org/10.5014/ajot.2012.002535
https://doi.org/10.1016/s0197-4580(03)00118-0
https://doi.org/10.1093/cercor/7.3.268
https://doi.org/10.1016/j.apmr.2010.03.005
https://doi.org/10.1111/j.1447-0594.2012.00955.x
https://doi.org/10.1016/j.archger.2014.07.017
https://doi.org/10.1016/j.archger.2014.07.017
https://doi.org/10.1093/gerona/glu093
https://doi.org/10.1007/s12603-016-0811-1
https://doi.org/10.1111/ggi.12982
https://doi.org/10.1016/j.gaitpost.2014.03.002
https://doi.org/10.1016/j.gaitpost.2014.03.002
https://doi.org/10.1093/ageing/afm169
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1093/gerona/glu242
https://doi.org/10.1016/j.gaitpost.2011.09.100
https://doi.org/10.1016/j.gaitpost.2011.09.100
https://doi.org/10.1097/JGP.0b013e3181591c1e
https://doi.org/10.1097/JGP.0b013e3181591c1e
https://doi.org/10.1371/journal.pone.0083812
https://doi.org/10.1016/j.gaitpost.2014.09.006
https://doi.org/10.1016/j.gaitpost.2014.09.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	Association between Hypometabolism in the Supplementary Motor Area and Fear of Falling in Older Adults
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Measures
	Fear of Falling
	Medical and Psychological Variables
	Physical and Cognitive Assessments
	MRI/PET Scanning Protocol and Image Processing
	Data Analysis


	RESULTS
	DISCUSSION
	Possible Association of SMA and Gait Control with FoF
	Possible Association of SMA and Motor Planning with FoF
	Differences in the Findings between a Previous Study and the Present Study
	Limitations

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


