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Abstract

Background: choice stepping reaction time (CSRT) is a functional measure that has been shown to significantly discriminate
older fallers from non-fallers.
Objective: to investigate how physiological and cognitive factors mediate the association between CSRT performance and
multiple falls by use of path analysis.
Methods: 294 retirement-village residents, aged 62–95 years, undertook CSRT tests, requiring them to step onto one of four
randomly illuminated panels, in addition to physiological and cognitive tests. Number of falls was collected during 1-year
follow-up.
Results: 79 participants (27%) reported two or more falls during the follow-up period. Regression analyses indicated CSRT
was able to predict multiple falls by a factor of 1.76 for each SD change. The path analysis model revealed that the association
between CSRT and multiple falls was mediated entirely by the physiological parameters reaction time and balance (postural
sway) performance. These two parameters were in turn mediated over a physiological path (by quadriceps strength and visual
contrast sensitivity) and a cognitive path (cognitive processing).
Conclusions: this study provides an example of how path analysis can reveal mediators for the association between a func-
tional measure and falls. Our model identified inter-relationships (with relative weights) between physiological and cognitive
factors, CSRT and multiple falls.
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Introduction

In order to understand and reduce fall risk in older adults,
many studies have investigated physiological performance
in relation to age and falls. Compared to non-fallers, fallers
have reduced lower limb strength, slow voluntary reaction
time and reduced sensory acuity and balance [1–5]. More-
over, cognitive tasks requiring visuospatial skills and
visuospatial working memory can affect balance control
[6, 7] and can discriminate between people with and with-
out a high risk of falls [8, 9].

Clinically, there is a need and preference for functional
tests that incorporate these physiological and cognitive per-
formances to efficiently identify people with increased fall

risk. In a previous study, we found that a functional test
of stepping performance—choice stepping reaction time
(CSRT)—was able to discriminate between older people
who had and had not fallen [10]. In this test, subjects must
step from either leg onto targets that are randomly illuminat-
ed. Body weight and balance transfers are similar to the step
responses required to avoid many falls, particularly those
that occur as a result of late visual detection of hazards
and unanticipated changes in the gait path.

It can, however, be questioned how the relationship be-
tween this functional measure and falls is mediated by
physiological and cognitive pathways. The aim of this study
was therefore to use path analysis to investigate the relation-
ship between CSRT, physiological and cognitive performance,
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andmultiple falls. We hypothesised that underlying physiolog-
ical and cognitive impairments are primary mediators for the
relationship between CSRT performance and falls. As path
analysis can distinguish between direct and indirect associa-
tions, it can confirm not only the strengths of inter-
relationships but also the extent to which the relationship be-
tween CSRT and multiple falls is direct or mediated via
physiological and cognitive capacities.

Methods

A total of 294 participants (46 men, 248 women) aged 62–
95 years (mean 79.2, SD 6.5) comprised the study sample.
The participants were residents of retirement villages in Syd-
ney, Australia, and consisted of the control group of a
randomised controlled trial of group exercise on fall risk fac-
tors [11]. For the prevalence of major medical conditions,
medication use, physical activity and activities of daily living
limitations in the study population, please see Appendix 1 in
the supplementary data on the journal website http://www.
ageing.oxfordjournals.org. The most common medical con-
ditions were high blood pressure (52%) and arthritis (64%).
About half of the participants used four or more medica-
tions, of which cardiovascular system medications were
most common (68%). A walking aid was used by 30% of
the participants, and the majority (75% or more) did not ex-
perience limitations in activities of daily living.

For the CSRT measurements, subjects stood on a non-
slip black platform (0.8 × 0.8 m) that contained four rect-
angular panels (32 × 13 cm), one in front of each foot and
one to the side of each foot [10]. One panel per trial was
illuminated in a random order. Subjects were instructed to
step on to the illuminated panel as quickly as possible, using
the left foot only for the two left panels (front and side) and
the right foot only for the two right panels. Each panel
contained a pressure switch to determine the time of foot
contact. After four to eight practice trials, 20 trials were
conducted with five trials per panel. CSRT was measured
as the time period between panel illumination and the foot
making contact with it. The average time of the 20 trials was
used in the analysis.

Physiological performance was assessed according to the
Physical Profile Assessment [11]. ‘Visual contrast sensitivity’
was assessed using the Melbourne Edge Test. This test as-
sessed the correct identification of the orientation of the
edges in 20 circular patches containing edges with reducing
contrast. ‘Proprioception’ was measured using a lower limb
matching task. In this test, participants were seated with their
eyes closed and asked to align their lower limbs simultaneous-
ly on either side of vertical clear acrylic sheet (60 × 60 × 1 cm)
inscribed with a protractor and placed between the legs.
Errors in alignment of the great toes were recorded in de-
grees. ‘Quadriceps strength’ was measured as the maximal
isometric extension force. This test was performed while
subjects were seated with hip and knee angles of 90°, with
a strain gauge attached to a strap around the leg 10 cm above
the ankle joint. For each leg, the subject attempted to pull

against the strain gauge with maximal force for 2–3 s, and
the average of the best score for each leg was analysed.
‘Simple reaction time’ was measured using a light as the
stimulus and a finger-press as the response. ‘Postural sway’
was measured using a swaymeter that recorded displace-
ments of the body at the level of the waist. Testing was
performed with subjects standing on a foam rubber mat
(40 × 40 × 7.5 cm) with eyes open. The validity and reliability
of these tests have been established in previous studies [11].

In addition to the physiological measures, cognitive pro-
cessing performance was tested by the Trail Making Test
(TMT-B). This test required subjects to draw lines connect-
ing a number of circles alternately indicated by letters and
numbers (1-A-2-B) [12]. Time in seconds taken to com-
plete the test was measured, with less time indicating
better performance.

The subjects were followed up for 1 year to determine
the ‘number of falls’. A fall was defined as an event that re-
sulted in a person coming to rest unintentionally on the
ground or other lower level, not as the result of a major in-
trinsic event (such as a stroke) or overwhelming hazard [13].
Questionnaires were given to subjects each month, seeking
details on the number of falls in the past month such as the
location and cause and any injuries suffered. Subjects were
classified as multiple fallers if they fell twice or more times
during the follow-up period.

Statistical analyses were performed using SPSS (version
16.0) in conjunction with Analysis of Moment Structures
(AMOS 7.0) Graphics. For variables with skewed distribu-
tions, data were log normalised. A missing value analysis
was performed in SPSS to calculate 23 missing TMT-B values,
using Expectation Maximization algorithms based on the
complete variables simple reaction time, visual contrast sensi-
tivity and age. Differences in the means of the variables
between multiple fallers and non-multiple fallers were as-
sessed using independent samples t tests. Univariate logistic
regression analyses explored the ability of CSRT towards
predicting multiple fallers. Bivariate correlations between
numerical variables and point-serial correlations with the di-
chotomous variable multiple falls were calculated using
Pearson’s correlation analysis.

Path analysis in AMOS was performed to examine the
relationship between CSRT, multiple falls (multiple fallers
vs non-multiple fallers) and the physiological and cognitive
parameters. Path analysis has the major benefit that it can
confirm to what extent predictors are mediated via under-
lying variables and provide estimates of the relative
importance of direct and indirect factors. We constructed a
model based on our hypothesis and on significant correla-
tions. Then, as a means of investigating the model’s
robustness, we compared it with an alternative model [14]
as a way of questioning the hypothesised interpretation of
the direction of the identified paths. We explored whether
CSRT could be a result of the physiological and cognitive
measures and therefore a direct cause for multiple falls. To
do this, we switched the position of CSRT and the physiolog-
ical and cognitive measures in the model. To compare the fit
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of the models, we examined the standard fit indices chi square
(χ2), adjusted goodness-of-fit index (AGFI) and root mean
square error of approximation (RMSEA) [15]. The χ2 and de-
grees of freedom (DF) is a conventional overall statistical test
of lack of fit, resulting from over-identifying restrictions
placed on a model, and should not be significant. AGFI as-
sesses the extent to which the model provides a better fit
compared to no model at all; a high value (AGFI > 0.90) is
considered to reflect that the model fits the data well.
RMSEA estimates lack of fit in a model compared to a perfect
model, and should therefore be small (RMSEA< 0.08). Final-
ly, standardised direct and indirect regression coefficients (rc),
which are analogous to correlation coefficients, and explained
variance were calculated. A Bayesian Estimation analysis,
which is preferred over the standard maximum likelihood es-
timation when using a categorical outcome parameter
(multiple falls), resulted in the same explained variance for this
parameter and therefore justified the presentation of the stan-
dardised regression coefficients. Finally, model trimming [14]
was used to systematically remove associations that were not
significant in our initial model to obtain our final model.

Results

The mean CSRT for all participants was 1,200 ms (SD 220).
Age was significantly correlated with CSRT (r = 0.35, P <

0.001). Men had significantly faster CSRTs than women
(1,129 (SD 290) and 1,213 (SD 203) ms, respectively; t =
−2.49, P = 0.019), but this difference was not significant
after adjusting for quadriceps strength in an ANCOVA pro-
cedure (F1,291 = 0.276, P = 0.60).

A total of 79 subjects (27%) reported two or more falls
during the follow-up period. The multiple fallers were signif-
icantly older than the non-multiple fallers (81.1 (SD 6.9) and
78.5 (SD 6.1) years, respectively; t = −3.04, P = 0.003). Table
1 shows the mean values, standard deviations and statistical
test results for the CSRT and the physiological and cognitive
test measures for the multiple fallers and non-multiple fallers.
Multiple fallers scored worse on all cognitive and physiolog-
ical measures, except for quadriceps strength. CSRT was
significantly associated with multiple falls and with all test
measures (Table 2). Univariate logistic regression analyses in-
dicated CSRTwas able to predict multiple falls by a factor of
1.76 (95% CI 1.30 and 2.37, P ≤ 0.001) for each SD change.

Path analysis was performed to evaluate whether the re-
lationship between CSRT and multiple falls was mediated by
physiological and cognitive measures. The initial model in-
cluded the associations of CSRT and multiple falls with all
variables, in addition to the associations between physiolog-
ical and cognitive variables with correlation coefficients
>0.30 (Table 2). Despite a significant chi square (χ2 =
20.4, P = 0.026), the goodness-of-fit indicators (AGFI =
0.939 and RMSEA = 0.059) revealed that this model had
a good fit, with a reasonable number of degrees of freedom
(DF = 10). The solution of this model, with the standardised
direct effects, is shown in Figure 1. This model showed that
there was no direct effect of CSRT on multiple falls (rc =
0.004). The standardised indirect effect of CSRT on multiple
falls was 0.23, mainly mediated by simple reaction time and
balance (postural sway). These two parameters were in turn
mediated over a physiological path (by quadriceps strength
and visual contrast sensitivity) as well as over a cognitive
path (cognitive processing). This initial model explained
18% of the variance in multiple falls.

The alternate model, in which the positions of CSRT and
the physiological and cognitive measures were switched, had
an unacceptable fit (χ2 = 54.2, DF = 10, P < 0.001, AGFI =
0.834, RMSEA = 0.123), indicating that a poor CSRT perfor-
mance was not a direct cause for multiple falls.

Path analysis on choice stepping and falls

Table 1. Mean (SD) test results for multiple fallers and
non-multiple fallers. Note that low scores in the visual
contrast sensitivity and quadriceps strength, and high scores
in all other tests indicate impaired performance. Significant
differences between groups are indicated with P values

Test Multiple
fallers

Non-multiple
fallers

P

(n = 79) (n = 215)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Choice stepping reaction time (ms) 1,280 (202) 1,171 (220) <0.001
Visual contrast sensitivity (dB) 17.0 (2.5) 18.3 (3.4) 0.001
Proprioception (degrees error) 2.3 (1.6) 1.8 (1.2) 0.003
Quadriceps strength (N) 203 (84) 226 (92) 0.047
Simple reaction time (ms) 315 (80) 279 (51) <0.001
Sway eyes open on foam (mm) 270 (147) 161 (110) <0.001
TMT-B (s) 93.7 (64.8) 65.5 (44.0) 0.001

Table 2. Correlations between CSRT, test measures and multiple falls

CSRT Visual contrast
sensitivity

Proprioception Quadriceps
strength

Simple
reaction time

Balance
(sway eyes open foam)

Cognition
(TMT-B)

Multiple
falls

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CSRT 1.000 0.292** 0.161** −0.484** 0.449** 0.446** 0.346** 0.231**
Visual contrast sensitivity 1.000 0.090 −0.196** 0.284** 0.361** 0.336** 0.251**
Proprioception 1.000 −0.143* 0.156** 0.229** 0.195** 0.171**
Quadriceps strength 1.000 −0.318** −0.225** −0.194** −0.112
Simple reaction time 1.000 0.279** 0.380** 0.260**
Balance (sway) 1.000 0.382** 0.389**
Cognition (TMT-B) 1.000 0.249**

Significant correlations are indicated: *P < 0.05, **P < 0.01. Correlations in bold are included in the path analysis model.
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Finally, model trimming removed five paths that were not
significant in our initial model (represented by dashed lines in
Figure 1) and consequently the parameter proprioception.
This improved the goodness-of-fit of our model considerably
(AGFI = 0.974, RMSEA = 0.000); with χ2 no longer signifi-
cant (χ2 = 8.9, DF = 9, P = 0.451). This final model also
resulted in stronger direct regression coefficients for simple
reaction time (rc = 0.16) and balance (rc = 0.34), and still ex-
plained 17% of the variance in multiple falls.

Discussion

In a retrospective study of older people, impaired CSRT was
found to be the strongest discriminator of falls status [10].
The present prospective study confirmed CSRT perfor-
mance to distinguish between multiple fallers and non-
multiple fallers. Path analysis was used to elucidate underly-
ing relationships between CSRT and falls. This analysis
revealed that the association between slow CSRT and mul-
tiple falls was mediated primarily by impaired balance and
reaction time, with reduced strength and cognitive proces-
sing having indirect mediating roles.

Postural sway, which requires integrated reflex response
to visual, vestibular and somatosensory inputs, had the
strongest correlation with falls in this study. Steady standing
on a compliant surface (the measure used in this study) has
been shown to also require contributions from strength and
reaction time [16]. In the present path analysis, however, we

found no significant path from reaction time to postural
sway; instead, both parameters were independently related
to falls. This suggests that reaction time may predispose to
falls independently of postural control by impairing re-
sponses to balance threats in daily situations that require
supraspinal processing. Indeed, slow voluntary reaction time
has been reported to independently discriminate between
older people who have and have not fallen [1, 17], possibly
due to vitamin D deficiency [18].

The indirect cognitive path (via TMT-B) indicates that
slow cognitive spatial processing can increase fall risk in frail
populations by influencing reaction time and balance. This is
consistent with other research that has found that balance
(sway) and gait performance are impaired in people with mild
cognitive impairment [9, 19]. The indirect physiological path
(via quadriceps strength and visual contrast sensitivity) rein-
forces the importance of poor vision [3] and lower limb
muscle strength [4, 20] as contributors to falls. It might be that
strength has a direct association with falls in general older po-
pulations that do not have multiple chronic conditions that
affect sway and reaction time.

In a recent study, Vance et al. [21] examined how physical,
cognitive, medical or medication risk factors are interrelated
and contribute to falls in a healthy older population. Their
model also resulted in a physiological (lower extremity mo-
bility) and cognitive path (i.e. TMT-B) leading to falls and
explained 11% of the variance of retrospective falls. Our
model builds on this work by including a greater range of
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Figure 1. Path analysis model and output. Direct standardised regression coefficients (analogous to correlation coefficients)
between variables are shown on each arrow; significant values are indicated: *P < 0.05, **P < 0.01. Explained variance is pro-
vided in bold above each variable. Dashed lines indicate associations that were not significant and were therefore removed from
this initial model to obtain our final model.
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physiological measures and prospective fall data in a path
analysis model, and added implications for the use of func-
tional tasks to predict fall risk. It is acknowledged, however,
that the explained variance by which physiological and cogni-
tive performance explained multiple falls in our model is also
relatively low (17%). This suggests that although the influ-
ence of medical conditions, associated medication use and
daily living limitations would be manifest to a large extent
in one or more of the physiological and cognitive measures
included in the model [22], a more comprehensive range of
medical and psychological factors [2, 5, 23, 24] are required to
account for a greater proportion of variance in falls outcome.

In conclusion, this study provides an example of how path
analysis can reveal mediators for the association between a
functional measure and multiple falls. Our path analysis elu-
cidated that physiological and cognitive pathways entirely
mediate the association between CSRT performance and
multiple falls. These findings have clinical implications, in
that they provide insight into the underlying physiological
and cognitive mechanisms for the functional CSRT tool.
Moreover, exercise-induced improvements in functional
measures such as CSRT may be due to multiple physiological
and cognitive changes. Further research could examine
whether greater beneficial effects in CSRT result from tar-
geted strength and balance training, direct training of
volitional and compensatory stepping responses [25–27], or
a combination of both.

Key points

• Choice stepping reaction time (CSRT) is a functional
measure that is able to prospectively predict multiple
fallers.

• Path analysis was used to examine the association be-
tween as CSRT and multiple falls and to which extent
this relationship is mediated via physiological and cogni-
tive performance.

• Our path analysis model revealed that this relationship
was mediated entirely by the physiological parameters re-
action time and balance performance, which were in turn
mediated over a physiological path and a cognitive path.

• These findings have clinical implications in that they pro-
vide insight in the underlying mechanisms for stepping
performance and can provide guidance for designing
falls prevention exercise interventions.
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Abstract

Background: dementia risk conferred by apolipoprotein-E (APOE) and angiotensin-1-converting enzyme (ACE) polymorphisms
have been reported for the MRC Cognitive Function and Ageing Study (CFAS) at 6-year follow-up. We concentrate on
incident dementia risk over 10 years.
Methods: participants come from MRC CFAS, a multi-centre longitudinal population-based study of ageing in England
and Wales. Three follow-up waves of data collection were used: 2, 6 and 10 years. Logistic regressions were undertaken to
investigate associations between APOE (n=955) and ACE (n=856) alleles/genotypes and incident dementia. Two types of
control groups were used: non-demented and highly functioning non-demented. Results were back-weighted.
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