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Abstract

Objectives

To determine the test-retest and inter-rater reliability, concurrent and discriminative validity
of the Four Square Step Test (FSST), the Choice Stepping Reaction Time Test (CSRTT), the
Maximum Step Length Test (MSLT), and the Alternate Step Test (AST) in older adults with

dementia.

Methods

Thirty-seven older adults with dementia who could walk independently for at least 10 m
were recruited at community centers and day care centers for older adults. The participants
completed the step tests conducted by two independent raters on three separate testing
occasions within three weeks. In addition, the physical and cognitive function of the

participants were evaluated at baseline.

Results

The FSST, CSRTT, and MSLT showed good-to-excellent test-retest reliability (intraclass
correlation coefficient (ICC) = 0.83-0.91), and the AST exhibited fair test-retest reliability
(ICC = 0.70). All the step tests showed good-to-excellent inter-rater reliability (ICC = 0.75—
0.94). The step tests had moderate-to-strong correlations with various physical and cognitive
measures (Pearson correlation coefficients = 0.34—0.72). The MSLT side step and AST could
differentiate between individuals who did and did not use a walking stick to ambulate (p
< .046). The FSST, CSRTT, and AST could differentiate between individuals with and without

a major neurocognitive impairment (p < .005).

Conclusion

The FSST, CSRTT, and MSLT were reliable and valid for examining the stepping

performance of older adults with dementia. Clinicians can use these tests to evaluate the
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physical and cognitive function of this population and identify those with significant cognitive

impairment.

Keywords

Dementia; Clinical assessment; Falls; Stepping performance

Key points

The Four Square Step Test, the Choice Stepping Reaction Time Test, and the
Maximum Step Length Test had good-to-excellent test-retest and inter-rater reliability.
The Alternate Step Test had only modest test-retest reliability and good inter-rater
reliability.

All the four step tests had moderate-to-high correlations with different physical and
cognitive outcome measures, indicating that they had generally good-to-excellent
concurrent validity.

The Maximum Step Length Test and the Alternate Step Test could differentiate
between people with dementia with and without using a walking stick to ambulate.
The Four Square Step Test, the Choice Stepping Reaction Time Test, and the
Alternate Step Test could differentiate between people with dementia with and without
a major neurocognitive impairment.

Clinicians can use the Four Square Step Test, the Choice Stepping Reaction Time
Test, and the Maximum Step Length Test to evaluate the physical and cognitive
function of people with dementia and identify those with significant cognitive

impairment.
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Introduction

The ability to walk is a significant indicator of overall health and well-being in older adults.
Walking ability predicts functional independence, hospital admission, and mortality in older
adults 2. Poor walking ability is also a risk factor for dementia in older adults 3.
Furthermore, the walking ability of older adults with dementia is reduced °. Gait impairments
(e.g., reduced walking speed, reduced step length, and increased gait variability) are
associated with falls, functional dependence, and mortality in older adults with dementia 8-°.
Therefore, studying gait-relevant parameters and ambulatory components associated with

walking ability can be used to predict health outcomes in this population.

Stepping is a daily task that older adults need to perform to walk, maintain their posture
and balance. When older adults walk in the community and encounter environmental
challenges (e.g., uneven ground and slippery surfaces) and external perturbations (e.g.,
(e.g., trip over an obstacle or are bumped by other people), they must adjust their steps
(e.g., changing their step length, width, and height) or increase their base of support through
stepping to regain balance and prevent falls "'-'3. Taking fast and precise steps is crucial for
older adults to walk safely, maintain balance, and prevent falls. Although walk tests have
been widely used to evaluate the walking ability of older adults with dementia ' and may
partially evaluate their stepping performance, walk tests usually assume individuals to walk
in a controlled environment (e.g., on a leveled ground and a straight corridor in one
direction). Therefore, developing specific tests to evaluate stepping performance in
demanding circumstances (e.g., taking bigger steps to overcome obstacles, taking steps in
changing directions, and avoiding wrong step placements) is essential for clinicians to

determine the levels of independence of older adults when ambulating in the community.

The stepping performance of older adults is determined by their sensorimotor (e.g.,
reaction time and muscle power) and cognitive function (e.g., attentional control and
visuospatial orientation) 5. Older adults with dementia often have significantly deteriorated

cognitive function, particularly executive function, which decreases their ability to integrate
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sensory information and implement appropriate motor responses. In addition, older adults
with dementia often have a reduced ability to mobilize their cognitive resources in balance-
challenging conditions to maintain their balance and thus have an increased risk of falls 6.
Previous studies have reported that falls are common in older adults with dementia, and
impaired stepping (e.g., reduced step length and increased step width during walking) is one
of the factors leading to falls in this population &'7. Thus, a reliable and valid tool for
evaluating the stepping performance of older adults with dementia would help assess

balance and predict fall risk in this population.

Several step tests, such as the Four Square Step Test (FSST) '8, the Choice Stepping
Reaction Time Test (CSRTT) '®, the Maximum Step Length Test (MSLT) 2°, and the Alternate
Step Test (AST) 2!, have been developed to evaluate the stepping performance of older
adults. The FSST assesses the ability of older adults to execute a predetermined step
sequence that involves stepping in four different directions (e.g., forward, backward, and
sideways). The CSRTT evaluates how fast older adults respond to the verbal instructions of
an assessor to take steps correctly. The MSLT measures the maximum step length that older
adults can achieve without losing balance. The AST assesses the ability of older adults to
shift their body weight when taking steps. These step tests have been used to evaluate the
effects of different interventions in improving the stepping performance of healthy older
adults 22725, Previous studies have shown that the aforementioned step tests are reliable
and valid for assessing stepping performance and can estimate the risk of falls in healthy
older adults '®2! and other special populations 26-?°. In addition, the performance of older
adults in these step tests has been found to be highly correlated with different aspects of
their physical function, such as muscle strength and balance 332, However, only one
study with a small sample size (n = 14) has investigated the reliability of the Step Test
developed by Hill and his colleagues in older adults with dementia 33. The reliability of other
common step tests in this population has not been investigated. Furthermore, no study was

conducted to evaluate the validity of step tests in older adults with dementia. The association
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between stepping performance and cognitive function in this population has yet to be

thoroughly investigated.

This study aimed to determine the test-retest and inter-rater reliability and concurrent and
discriminative validity of the FSST, CSRTT, MSLT, and AST in older adults with dementia. In
addition, the minimal detectable changes (MDCs) of these step tests were also determined.
We hypothesized that these step tests would exhibit good test—retest and inter-rater
reliability, be moderately correlated with other physical and cognitive outcome measures,
and could differentiate older adults with dementia with different levels of ambulatory abilities

and cognitive impairment.

Materials & Methods
Participants

The participants were recruited from community centers and day care centers for older
adults in Hong Kong from September 2019 to July 2023. The inclusion criteria were (i) age
265 years; (ii) the ability to walk independently without any walking aid or with a walking stick
for at least 10 m; (iii) a physician-based, clinically-defined diagnosis of dementia or a score
on the Hong Kong version of the Montreal Cognitive Assessment (HK-MoCA) of less than
the age- and education-adjusted cut-offs **; and (iv) the presence of a main caregiver to
provide informed consent. The exclusion criteria were (i) a severe musculoskeletal,
cardiopulmonary, or neurological condition that restricted participation in the assessment; (ii)
a substantial visual or hearing impairment that limited the ability to follow instructions; or (iii)

hospitalization in the past 30 days.
Procedures

This study was conducted following the Declaration of Helsinki **> and approved by the

XXXXXXXXXXXXXXXXX and the participating centers. Eligible participants and their main
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caregivers were given written information and face-to-face explanations about the study.

Before data collection, all participants and their main caregivers provided written consent.

An initial assessment was conducted by rater A to collect the demographic data and
assess the physical and cognitive function of the participants. Personal characteristics (age,
sex, education, body mass index, past medical history, and history of falls in the past six
months) were collected from the reports of the main caregivers of the participants and the
medical records available in the participating centers. The ambulatory status of the
participants was determined based on whether they needed to use a walking stick when they
walked for 10 m. The physical function of the participants was evaluated using (i) the 2-
minute Walk Test (2MWT), which evaluates general mobility '#; (ii) the 10-meter Walk Test
(10mWT), which evaluates gait speed ' (iii) the 30-second Sit-to-Stand Test (30STS), which
evaluates lower limb muscle strength *37; (iv) the Berg Balance Scale (BBS), which
evaluates balance %%; and (v) the Chinese Disability Assessment for Dementia (CDAD),
which evaluates daily functioning “%41. The cognitive function of the participants was
examined using the HK-MoCA **. The participants with HK-MoCA scores equal to or less
than the second percentile of the age- and education-adjusted cut-offs were regarded as

having a major neurocognitive impairment 4.

The participants completed the step tests on three different testing occasions within three
weeks. Two testing occasions were overseen by rater A, and one was conducted by rater B.
The two raters were randomly assigned to the three testing occasions for each participant.
The three testing occasions were at least one day apart from each other to reduce learning

effects on the participants 2.

Two research assistants with a psychology background were appointed to be the raters.
They received a 3-hour training on conducting the assessment and step tests,
communicating effectively with older adults with dementia, and ensuring safety. The principal
investigator (WC) trained the raters and asked them to adhere to the published guidelines

when administering the step tests to the participants 4?43, For example, the raters were
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advised to use one-step commands and a calm and pleasant voice and to maintain constant
eye contact with the participants when instructing them to perform the step tests.
Furthermore, the raters were asked to deliver verbal and physical cues to help the
participants complete the physical and step tests when necessary 244, They provided such
cues if a participant failed to follow the instructions and testing procedures (e.g., failed to

begin, suddenly stopped moving, or walked away from the testing location).
Step tests
1. FSST 1

The participants were asked to stand at the lower-left corner of a cross formed by four 90-
cm-long walking sticks, unsupported or with a walking stick (Supplementary Figure 1a).
Next, they were asked to step clockwise into each corner and retrace their steps in an
anticlockwise direction as fast as possible. The time taken to finish stepping in both
directions was recorded. The participants completed two stepping trials, and the average
time in two trials was calculated and recorded. The FSST was previously found to be reliable
(intraclass correlation coefficient (ICC) = 0.98-0.99), strongly correlated with other balance
tests (Pearson correlation coefficient (r) = 0.47-0.88), and able to identify fallers among

older adults 8.
2. CSRTT "

A “low-tech,” non-electronic version of the CSRTT was used®. First, the participants were
asked to stand on the standing panels on a non-slip plastic mat with both feet unsupported
(Supplementary Figure 1b). Next, they were asked to step onto specific stepping panels
using their right or left foot, according to a pre-determined sequence of 20 steps, as fast as
possible. The first eight steps were regarded as practice trials, and the time taken to perform
the final 12 steps was recorded. This version of the CSRTT was previously found to show
moderate-to-good test-retest reliability (ICC = 0.74) and to be able to predict falls in healthy

older adults °.
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3. MSLT?

The participants were instructed to stand behind the starting line marked with colored
tape and fold their arms across their chests (Supplementary Figure 1c¢). Next, they were
asked to step with their left or right leg in a specific direction (either forward, sideways, or
backward) as far as possible and then return to their initial position in one step. One practice
trial and three stepping trials were completed for each leg and each direction. The average
step lengths of the three trials for each direction were calculated and recorded. The MSLT
previously exhibited excellent test-retest reliability (ICC = 0.90-0.96) and strong correlations

with balance measures (r = 0.65-0.68) in older adults 2.
4. AST?

This test is a modified version of one of the items in the BBS®*. The participants were first
required to stand unsupported before a low stool (18 cm x 40 cm x 60 cm). Next, they were
instructed to alternately put their entire right and left feet onto the stool as fast as possible.
The time required to complete eight steps with each leg was recorded using a stopwatch.
The AST was previously found to show good test-retest reliability (ICC = 0.78) and to
discriminate recurrent fallers from non-recurrent fallers among community-dwelling older

adults 2",
Sample size calculation

We estimated that a sample size of 30 would be required to achieve 90% power at a
confidence level of .05 to detect strong test-retest reliability (ICC = 0.90). Therefore, to

account for a potential 20% drop-out rate, we aimed to recruit 38 participants.
Statistical analyses

A two-way mixed absolute agreement model of the ICC was used to analyze the test-
retest reliability of the step tests, and a two-way random consistency model of the ICC was

used to analyze the inter-rater reliability of the step tests 6. Furthermore, a single-measures

10
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model was applied to analyze the reliability of the CSRTT and AST, and an average-
measures model was used to evaluate the reliability of the FSST and MSLT. ICCs of less
than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and greater than 0.9 were regarded

as poor, moderate, good, and excellent reliability, respectively 4.

Pearson correlation coefficients (r) were used to analyze the correlations between the
step test performances and physical and cognitive function and determine the concurrent
validity of the step tests. Correlation coefficients between 0.3 and 0.6 and greater than 0.6
were regarded as moderate and strong correlations, respectively +’. Independent t-tests
were conducted to compare the step test performances of the participants in different
subgroups (i.e., those who walked with a stick vs. those who walked without a stick, those
who had a major neurocognitive impairment vs. those who did not) and determine the

discriminative validity of the step tests.

The MDCs of a clinical test refers to the magnitude of change required to indicate an
“actual’ change in the individuals’ performance beyond measurement error and individual

variabilities *¢. The MDCs of the step tests were calculated as follows.

(1) The standard error of measurement (SEM) was calculated using the following formula

48.

SEM = sd x V(1 - ICC)

Where “sd” is the standard deviation of the step test performances, and “ICC” is the

ICC indicating the test-retest reliability.

(2) The absolute MDC at a 95% confidence interval (MDCgs) was calculated using the

following formula 484
MDCgs = SEM x 1.96 x \2

Where 1.96 represents the z score at the 95% confidence interval from a normal

distribution, and the square root of 2 adjusts for repeated measurement errors.

11
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(3) The relative MDC at a 95% confidence interval (MDCg5%) was calculated using the

following formula “8:
MDCg5% = (MDCgs/score) x 100
where “score” is the score on a step test.

All the analyses of concurrent and discriminative validity and MDCs were based on the
participants' step test performances on the first testing occasion conducted by rater A. SPSS
software (version 28.0) was used to perform the data analyses. A significance level of .05

was applied to all analyses.
Results
Characteristics

Figure 1 shows the participant recruitment, study procedures, and participants who have
completed the study. Forty participants fulfilled our study criteria and were recruited. Thirty-
seven participants completed the baseline assessments and the step tests. Three
participants withdrew from the study because of the physical distancing measures
implemented during the coronavirus 2019 pandemic or due to health problems unrelated to
the assessments. Table 1 shows the characteristics and physical and cognitive

measurements of the participants.
Test-retest and inter-rater reliability

The FSST, CSRTT, and MSLT showed good-to-excellent test—retest reliability (ICC =
0.83-0.96), whereas the AST exhibited modest test—retest reliability (ICC = 0.70). All step

tests showed good-to-excellent inter-rater reliability (ICC = 0.75-0.95) (Table 2).
Concurrent validity
FSST performances were moderately to highly correlated with the scores of the HK-

MOoCA (r = -0.55), 2MWT (r = -0.42), 30STS (r = -0.50), and CDAD (r = -0.62) (Table 3).

12
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CSRTT performances were moderately to strongly correlated with the scores of the HK-
MoCA (r = -0.60), 2MWT (r = -0.54), 10mWT (r = -0.46), 30STS (r = -0.49), and CDAD (r = -
0.67). MSLT performances were consistently correlated with the scores of the 2MWT (r =
0.53-0.70), 30STS (r=0.38-0.60), and CDAD (r = 0.32-0.37). AST performances were
moderately to highly correlated with the scores of the HK-MoCA (r = -0.60), 10mWT (r = -

0.45), 30STS (r = -0.55), CDAD (r = -0.59), and 2MWT (r = -0.64).

Discriminative validity

The participants who used a stick had significantly shorter side step lengths in the MSLT
(p = .014) and took a significantly longer time to complete the AST (p = .046) than those who
did not use a stick to walk (Table 4). The participants who were regarded as having a major
neurocognitive impairment took a significantly longer time to complete the FSST (p = .004),

CSRTT (p =.005), and AST (p = .002) than those who did not.

Minimal detectable change

Supplementary Table 1 shows the SEM, MDCgs, and MDCgs5% of the step tests. The

MDCsg5% of the step tests ranged from 15% to 74%.

Discussion

This study is the first to investigate the psychometric properties of step tests in older
adults with dementia. Our findings show that the FSST, CSRTT, and MSLT had good-to-
excellent test-retest and inter-rater reliability. In contrast, the AST had fair test-retest
reliability and good inter-rater reliability. In addition, the step tests had moderate-to-strong
correlations with different physical and cognitive measures. The step tests could differentiate
our sample with different ambulatory and cognitive statuses. These results suggest that the
FSST, CSRTT, and MSLT can be used to evaluate the stepping performance of older adults

with dementia. Nevertheless, the MDCs of the FSST, CSRTT, and AST were generally high,

13
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suggesting that changes in the test results must be large to indicate actual changes in

individuals’ stepping performance in the real world.

The FSST, CSRTT, and MSLT had good-to-excellent test-retest and inter-rater reliability.
These findings are similar to those reported in other populations, such as healthy older
adults '8-20232 and people with hip osteoarthritis *°, vestibular disorder *', stroke %', and
Parkinson’s disease ?°. However, the AST had only a modest test-retest and good-to-
excellent inter-rater reliability. The lower confidence interval limit of the test-retest ICC was
less than 0.5 (95% CI = 0.49-0.83), indicating that the true test-retest reliability may be poor
46 The test-retest reliability of the AST in our sample was also less than that of previous
studies on healthy older adults *° and people with stroke?®. In contrast, the inter-rater
reliability of the AST in our sample is similar to that reported in a previous study on people
with stroke 2. Thus, the AST may not be a reliable tool for evaluating the stepping

performance of older adults with dementia.

This study found moderate-to-strong correlations between the step test performances and
general mobility, lower limb muscle strength, gait speed, and daily functioning. Furthermore,
the FSST, CSRTT, and AST performances were moderately correlated with global cognition.
Previous studies have shown moderate correlations between the step tests and measures of
physical performance in healthy older adults '®2?° and people with Parkinson’s disease 26?7,
stroke 2°%1-54 and multiple sclerosis 2. However, the strong correlation between the FSST
and the daily functioning measure in the current study is in contrast to another study, which
showed no significant correlation between the FSST and a functional measure in people with
vestibular disorder *'. Moreover, the current study is the first to demonstrate a significant
relationship between FSST, CSRTT, and AST performances and global cognition in older
adults with dementia. One previous study showed that CSRTT performance was weakly
associated with global cognition in healthy older adults (r = -0.29) '°. The results indicate that

the FSST, CSRTT, and AST require older adults with dementia to use both physical and

14
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cognitive functions to perform. These step tests may evaluate cognitive function in addition

to physical performance, particularly in older adults with dementia .

Older adults with dementia who walked without a walking stick performed significantly
better in the MSLT and AST than those with a walking stick. This suggests that MSLT side
step length and AST may be effective in distinguishing between older adults with dementia
who have different ambulatory statuses. Similarly, it was previously suggested that the MSLT
could be used to differentiate between people with and without chronic stroke®® and an
increased risk of falls 192126.2830 Fyrthermore, the CSRTT and AST were also found in
previous studies to be effective in predicting future falls among community-dwelling older
adults '9%. Future studies using a prospective design and a larger sample are required to
determine whether the step tests are equally effective in identifying fallers among older

adults with dementia.

Compared with older adults with dementia who had less impaired global cognition, those
with severely impaired global cognition took significantly more time to complete the FSST,
CSRTT, and AST. This study is the first to show that these step tests can differentiate
between people with different levels of cognitive impairment. The ability of step tests to
differentiate older adults with different severity of cognitive impairment and deficits in

selected cognitive domains (e.g., executive function) warrants further investigation.

The current findings of MDCgs provide useful information for clinicians to determine what
magnitudes of changes in step tests are required to detect true changes in the stepping
performance of older adults with dementia in real life. Furthermore, the MDCg5% results
enable us to compare the required changes across different measures. We found that the
MDCg5% values of the FSST, CSRTT, and AST were greater (39%—-74%) than those of the
MSLT (15% — 23%), as well as those of common walk tests 44 and other physical
measures previously reported in the same population %57, These findings suggest that the
FSST, CSRTT, and AST may be less sensitive in identifying changes in the stepping
performance of older adults with dementia. Older adults with advanced age and cognitive

15
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impairment are expected to exhibit increased variability in their performances in physical
measures *+°¢ We estimate that the variability of the step test performances in people with
significant physical and cognitive deficits (e.g., older adults with dementia) may be further
increased when these tests demand additional cognitive resources to complete. Our
correlation analyses support this speculation, showing that these three-step tests may
require older adults with dementia to use not just physical resources but also cognitive
resources. Clinicians using the FSST, CSRTT, and AST to evaluate older adults with

dementia must carefully examine the variability and sensitivity of these tests.

Although step tests and walk tests (e.g., Groningen Meander Walk Test and 6-meter Walk
Test) share similar purposes and procedures — they both assess individuals’ ability to take a
series of steps and evaluate the mobility and motor function in older adults, step tests may
provide additional values over walk tests in assessing older adults with dementia. First, the
movements involved in some step tests (e.g., steps and lunges in different directions in the
FSST and MSLT) are expected to challenge the lower limb strength and balance of older
adults. These step tests may be more sensitive in identifying the related physical deficits in
older adults than walk tests. Second, our findings show that the performance of older adults
with dementia in step tests, particularly the FSST and CSRTT, is significantly associated with
their cognitive function. Thus, step tests may be useful in evaluating not only discrete
physical or cognitive function but also cognitive-motor performance in older adults with
dementia. Nevertheless, further studies are required to determine whether step tests can

predict health outcomes (e.g., falls, functional dependence, mortality) in this population.
Study Limitations

Our participants were relatively old and had comorbidities. Thus, our findings may not be
generalizable to young older adults without comorbidities. We used the HK-MoCA score as
one of the inclusion criteria. Some participants may have a cognitive impairment but not
necessarily a diagnosis of dementia. We also did not recruit older adults with a specific type
of dementia. The present findings provide an overview of the stepping performance of a

16
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group of older adults with dementia and significant cognitive impairment. However, we are
unable to determine whether the participants with different dementia subtypes performed
differently in the step tests. A previous study showed that older adults with different dementia
subtypes may have different walking performances and levels of fall risk 5. To be able to
generalize the data to type-, stage- and severity-specific types of dementia, future work
using a large sample of older adults with different types and severity of dementia is required.
The sample size was small and not sufficiently powered to allow comparisons of the step
test performances of different subgroups and analyses of the correlations between the step
tests and physical and cognitive measures. The small sample size and the large variance in

the stepping performance of the participants may also affect the interpretation of the MDCs.
Conclusion

Our findings show that the FSST, CSRTT, and MSLT are reliable and valid tests for
evaluating the stepping performance of older adults with dementia. These step tests
achieved good to excellent test—retest and inter-rater reliability and had moderate-to-strong
correlations with different physical and cognitive outcome measures. Moreover, the step
tests could distinguish between older adults with dementia with different ambulatory statuses
and severities of neurocognitive impairment. Nevertheless, clinicians need to be aware of
the variability and sensitivity of these step tests when evaluating their stepping
performances. The cognitive demand of the step tests and their ability to identify fallers in

older adults with dementia need to be further investigated.
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Figure legends

e Figure 1. Participant recruitment and study procedure.
e Supplementary Figure 1. Set-up of (a) Four Square Step Test, (b) Choice Stepping

Reaction Time Test, and (c) Maximum Step Length Test (dimensions in centimeters).
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