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Abstract Older adults do not get enough physical activity
increasing risk for chronic disease and loss of physical
function. The purpose of this study was to determine
whether neuromuscular, metabolic, and cardiorespiratory
indicators of walking effort explain daily activity in
community-dwelling older adults. Sixteen women and
fourteen men, 78 ± 8 years, performed a steady-state walk
on a treadmill at 1.25 m s−1 while muscle activation, heart
rate, lactate, respiratory exchange ratio, oxygen consump-
tion (VO2), ventilation, and rating of perceived exertion
(RPE) were recorded as markers of Walking Effort. Daily
walking time, sitting/lying time, energy expenditure, and
up-down transitions were recorded by accelerometers as
markers of Daily Activity. Structural equation modeling
was used to explore the relationship between the latent
variablesWalking Effort and Daily Activity controlling for
age and BMI. Participants spent 9.4 ± 1.9 h of the waking
day sedentary and 1.9 ± 0.6 h walking. In the structural
equation model, the latent variable Walking Effort

explained 64% of the variance in the Daily Activity latent
variable (β = 0.80, p = 0.004). Walking Effort was identi-
fied by heart rate (β= 0.64), ventilation (β = 0.88), vastus
lateralis activation (β = 0.49), and lactate (β = 0.58), all
p < 0.05, but not RPE or VO2. Daily Activity was identi-
fied by stepping time (β= 0.75) and up-down transitions
(β= 0.52), all p < 0.05.Walking effort mediated the effects
of age and BMI on older adults’ daily activity making
physiological determinants of walking effort potential
points of intervention.
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Introduction

Regular physical activity is recommended for older
adults to reduce risk for chronic conditions such as car-
diovascular disease, type 2 diabetes, osteoporosis, de-
mentia, and some cancers and is essential for conserving
muscle mass, strength, and power and for minimizing
adipose tissue accumulation during aging (Blair et al.
1989; Chodzko-Zajko et al. 2009; Garber et al. 2011;
Larson et al. 2006; Nelson et al. 2007). These positive
effects of exercise confer functional benefits to older
adults such as reduced fall risk, less mobility disability,
and greater autonomy in activities of daily living (ADL),
which are associated with increased life expectancy,
prolonged independence, and higher quality of life
(Cesari et al. 2005; Guralnik et al. 1994; Rejeski and
Mihalko 2001; Visser et al. 2002). Yet, data from the
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2015 Behavioral Risk Factor Surveillance Survey show
that across the USA, only 8–24% of Americans 65 years
and older participated in enough aerobic and muscle
strengthening exercise to meet guidelines and 22–43%
reported no physical activity in the previous month (Cen-
ters for Disease Control and Prevention et al. 2015;
Chodzko-Zajko et al. 2009). Significant deterrents of
physical activity are a lack of interest (odds ratio (OR) =
17.7), shortness of breath when physically active (OR =
6.1), and lack of energy (OR = 5.9) (Crombie et al. 2004).

Older adults’ favorite activities include walking, jog-
ging, and gardening (Szanton et al. 2015), each of which
is an ambulatory activity that stresses neuromuscular,
cardiorespiratory, and metabolic systems. Those who
report fatigue or exertion while walking have poorer
self-reported physical function, greater fear of falling,
decreased confidence in walking, and slower gait speed
and are more likely to have an ADL disability (Julius
et al. 2012; Simonsick et al. 2014; Vestergaard et al.
2009). Perceived exertion, or effort, has been defined
as Bthe conscious sensation of how hard, heavy, and
strenuous a physical task is,^ which is thought to be
mediated by central motor, muscular, ventilatory, meta-
bolic, circulatory, and hormonal stimuli (Pageaux 2016;
Robertson and Noble 1997). Older adults perform ADL
at a high percentage of capacity, with greater perceived
effort than young, which in turn may limit physical
activity participation (Hortobagyi et al. 2003; Malatesta
et al. 2004; Samuel et al. 2013). Currently, the relation-
ship between walking effort and physical activity is not
well understood because effort is a complex, subjective
perception that is influenced by many different stimuli
and moderating factors. Alternatively, objective, physio-
logical indicators of the effort of walking, including
oxygen consumption, ventilation, lactate, muscle activa-
tion, and heart rate, might be better suited for exploring
how effort affects physical activity in older adults.

Thus, the purpose of this study was to determine how
subjective and objective measures of walking effort
relate to objectively measured physical activity levels
in healthy, community-dwelling older adults. In this
study, Walking Effort is a construct characterized sub-
jectively by perceived exertion and objectively by mea-
sures of exercise intensity including muscle activation,
oxygen consumption, ventilation, heart rate, blood lac-
tate, and the respiratory exchange ratio. Daily Activity is
a construct characterized by accelerometer-derivedmea-
sures of daily stepping time, daily energy expenditure,
up-down (sit- or lie-to-stand) transitions, and daily

sitting/lying time. Based on this theoretical framework,
structural equation modeling (SEM) was used to test the
hypothesis that Walking Effort was related to Daily
Activity in older adults. SEM is a statistical technique
that combines graphical path diagrams, factor, and re-
gression analyses to relate theoretical constructs (latent
variables) that are identified by measured (observed)
variables (Hox and Bechger 1998). This approach helps
provide a greater understanding of which factors medi-
ateWalking Effort andDaily Activity in older adults that
may aid in the development of exercise and behavioral
interventions that target the origins of inactivity.

Methods

Participants

Thirty, healthy, older adults (≥ 65 years, 16 females)
were recruited from the community surrounding the
university by flyers and through presentations at local
senior centers. Participants were excluded if they were
unable to engage in treadmill walking, unwilling to
continuously wear an activity monitor for 4 days, or
had severe, limiting osteoarthritis, orthopedic fracture,
or surgery within the previous year, uncontrolled diabe-
tes, peripheral neuropathy, stage 2 hypertension, history
of cardiovascular disease, neurological disorders, or
other medical conditions that limited their safe partici-
pation. The University of New Hampshire Institutional
Review Board approved the protocol for use of human
subjects, and all participants gave their written informed
consent in accordance with the Declaration of Helsinki.
Participants were also required to furnish primary med-
ical provider consent before participating.

Procedures

The study required two visits to the laboratory. At
visit 1, age, height, mass, and body mass index (BMI)
were recorded, and then, participants completed the
Late-Life Function and Disability Instrument
(LLFDI) to assess self-reported lower extremity func-
tion and disability. LLFDI scores were interpreted
using the 0 (poor capability and infrequent perfor-
mance of life tasks) to 100 (high capability and per-
formance of life tasks) scale (Beauchamp et al. 2014).
Then, the Short Physical Performance Battery
(SPPB), which includes standing balance, usual gait
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speed, and chair rise tests, was used to objectively
assess lower extremity function (Guralnik et al.
1994). Participants were then familiarized to tread-
mill walking, first at a speed of 1.0 m s−1 for 4 min,
then at the test speed of 1.25 m s−1 for 4 min, and last
at their own self-selected maximal speed for 15 s to
obtain peak muscle activation. Self-selected maximal
walking speed was determined by asking participants
to identify their fastest speed as if they were late for
an important event as done previously (LaRoche
2017). Two-minute seated rests were provided be-
tween walks. During the familiarization walks, par-
ticipants wore the mask of the indirect calorimeter
over their nose and mouth to gain comfort and reduce
any related apprehension. After the walks, an activity
monitor was initialized and placed on the anterior
aspect of the thigh to record daily activity and seden-
tary patterns over the next 4 days as described in
detail below. Participants were given a sleep log and
instructed to record the time they went to bed for the
purpose of sleeping and time they arose each morning
during the 4-day monitoring period. Participants
returned to the laboratory 5–7 days later for assess-
ment of walking effort.

Daily activity

Daily Activity was assessed using a three-dimensional
activity monitor (activPAL micro, PAL Technologies,
Glasgow, Scotland) that has been previously validated
(Grant et al. 2008; Taraldsen et al. 2011). At visit 1, the
monitor was placed in a nitrile sleeve, was positioned on
the midline of the right thigh at 1/3 the distance from the
anterior superior iliac spine of the pelvis to the proximal
border of the patella, and was covered with a non-
allergenic waterproof dressing (Tegaderm, 3M, St. Paul,
MN). Participants were instructed to wear it at all times
(including sleeping and bathing) over the 4-day moni-
toring period with the only restriction that they were not
allowed to swim. The days of the week recorded
depended on when participants reported to the laborato-
ry, and all data were recorded in the summer months.
Recording automatically began at midnight of the first
day and ceased at midnight of the fifth day resulting in
four, complete, 24-h activity records for each participant.
At visit 2, the sleep logs were collected and the event
data file from the activity monitor was downloaded. All
participants were compliant with wearing the device as
assessed by participant interviews and screening of the

24-h data profile. For each day, sleeping time was calcu-
lated from the logs and used to determine the number of
hours of the day spent awake (i.e., 24 h − sleeping
hours = awake hours). Then, data from the monitor were
used to determine the average number of hours of the
waking day spent stepping, MET·h day−1 of energy
expenditure, hours of the waking day spent sitting/lying,
and the number of up-down transitions per day.

Walking effort

At visit 2, objective and subjective measures of Walking
Effort were obtained during a 4-min, steady-state walk
on a motorized treadmill (Gaitway II, Kistler Instrument
Corp., Amherst, NY). Prior to the walk, participants
were prepared by securing a heart rate band (Polar,
Kempele, Finland) around the chest, securely fitting
the mask of the indirect calorimeter over the nose and
mouth, and placing of electromyography (EMG) elec-
trodes over the vastus lateralis (VL) muscle. For the
latter, the skin of the right leg was prepared to minimize
impedance, and silver silver-chloride electrodes
(Meditrace 530, Tyco Healthcare, Mansfield, MA,
USA) were placed at 2/3 the distance of the line between
the anterior superior iliac spine and the lateral border of
the patella. Following a 4-min warm-up walk on the
treadmill at 1.0 m s−1 and a 2-min seated rest, partici-
pants completed the 4-min steady-state walk at
1.25 m s−1. A fixed-speed treadmill walk was chosen
over a self-paced overground walk to elicit a metabolic
steady state and to keep the workload constant between
participants as Walking Effort metrics are speed depen-
dent. Thewalk was performed at 1.25m s−1 as this speed
approximates that required to cross a signaled intersec-
tion in the USA, is in the range of usual walking speeds,
and based on our experience, is a workload intense
enough to differentiate Walking Effort between low-
and high-functioning older adults (LaRoche et al. 2015).

During each test, a subjective measure of Walking
Effort was obtained as RPE using the Borg 6–20 scale
with terminal descriptors of Bno exertion at all^ and
Bmaximal exertion.^ We also obtained objective mea-
sures of Walking Effort based on markers of exercise
intensity, including heart rate, oxygen consumption
(VO2), minute ventilation (VE), respiratory exchange
ratio (RER), VL muscle activation, and blood lactate
concentration. Respiratory gas exchange data were ob-
tained breath-by-breath using an indirect calorimeter
(TrueOne 2400, ParvoMedics, Sandy, UT), and VO2
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(mL kg−1 min−1), VE (L min−1), and RER were aver-
aged over the final minute of the walk. Heart rate was
synchronously recorded by telemetry with gas exchange
data and averaged over the final minute. Also in the final
minute, VL EMG was recorded from the skin (BN-
EMG2, Biopac Systems, Inc., CA, USA) at a gain of
2000×, bandpass filtered (20 and 500 Hz) and then
rectified and integrated using a data acquisition system
(MP150, Biopac Systems, Inc., CA, USA). When the 4-
min walk was completed, participants were seated, and
at 1-min post-exercise, a capillary blood sample was
obtained from a finger for determination of lactate con-
centration (GL5, Analox Instruments, Stourbridge,
UK). After a 3-min recovery period, participants walked
at their self-selected maximal speed for 15 s for the
determination of peak dynamic VL activation during
walking. VL muscle activation obtained during the 4-
min steady-state walk was then normalized as a percent-
age of the peak dynamic activation, an approach that
reduces intersubject variability in comparison to nor-
malizing to isometric contractions (Burden et al. 2003;
Yang and Winter 1984).

Statistical analysis

Means and standard deviations were calculated for sub-
ject descriptive and dependent variables using a statisti-
cal software package (IBM SPSS Statistics 24, Chicago,
IL, USA). The Shapiro-Wilk test was used to test nor-
mality of data. Pearson product-moment correlations
were obtained between age, BMI, metrics of Walking
Effort, and metrics of Daily Activity.

SEM software (IBM SPPS Amos 24, Wexford, PA,
USA) was used to test the hypothesis that the construct
of Walking Effort was related to the construct of Daily
Activity in older adults. In our first measurement model,
the latent variable Walking Effort was identified by VL
activation, VO2, VE, heart rate, lactate, RER, and RPE
observed variables. In the second measurement model,
the latent variable Daily Activity was identified by
stepping time, energy expenditure, up-down transitions,
and sitting/lying time observed variables. Maximum
likelihood estimation was used to determine model fit,
obtain standardized regression coefficients, and estimate
means and intercepts for missing data. Initially, each of
the observed variables was included in their respective
measurement models; then, variables with non-
significant regression coefficients were sequentially
trimmed until the simplest, good-fitting model that

conformed to our theoretical framework remained.
Age and BMI were then independently tested as control
variables. Model identification and goodness of fit were
assessed by statistics appropriate for small sample size
SEM including relative chi-square (χ2/df) ≥ 2, Root
Mean Square Error of Approximation (RMSEA) ≤
0.07, Comparative Fit Index (CFI), and Tucker-Lewis
Index (TFI) ≥ 0.95 in accordance with guidelines pub-
lished by Hooper et al. (2008).

Results

Participant characteristics

Participants had a mean age of 78.0 ± 8.0 years (range
65–92 years), height of 1.69 ± 0.08 m (range 1.54–
1.88 m), mass of 75.2 ± 14.5 kg (range 54.5–117.0 kg),
and BMI of 26.1 ± 4.3 kg m−2 (range = 20–36 kg m−2).
Mean scores for the LLFDI were 59.0 ± 5.4 for disability
frequency, 77.8 ± 11.5 for disability limitation, 69.0 ±
10.1 for overall function, 81.6 ± 12.7 for basic lower
extremity function, and 64.7 ± 12.9 for advanced lower
extremity function, each out of a possible 100 points.
The mean total SPPB score was 11.3 ± 1.0 out of a
possible 12 points. The mean balance score was 3.8 ±
0.6, gait speed score was 4.0 ± 0.0, and chair rise score
was 3.5 ± 0.8, each out of a possible 4 points. Usual gait
speed from the SPPB 4-m walk was 1.22 ± 0.19 m s−1.
Together, the LLFDI, SPPB, and gait speed data indicate
that participants had good lower extremity function and
were not mobility limited (Sayers et al. 2004).

Physical and sedentary activities

During the monitoring period, participants were awake
an average of 16.2 h per day (range 14.4–18.5) and slept
an average of 7.8 h per day (range 5.5–9.6 h). Partici-
pants spent an average of 1.88 ± 0.55 h (range 0.65–
3.28 h) of the waking day stepping and 9.39 ± 1.93 h
(range 4.75–13.45 h) of the waking day sitting or lying.
This equated to 12 ± 3% (range 4–20%) of the waking
day stepping and 58 ± 11% (range 31–79%) of the wak-
ing day sitting or lying. The average number of steps
taken per day was 8642 ± 2790 (range 3087–16,705),
and participants completed an average of 50 ± 12 up-
down transitions per day (range 22–74). Estimated daily
energy expenditure was 34.1 ± 1.2 MET·h day−1 (range
31.7–37.6 MET·h day−1).
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Walking effort

The steady-state treadmill walk at 1.25 m s−1 elicited a
mean exercise heart rate of 101 ± 19 bpm (range 72–
143 bpm), which is equivalent to 71% (range 51–101%)
of age-predicted maximum heart rate (using 220-age
estimation). Mean VO2 was 11.3 ± 1.3 mL kg−1 min−1

(range 8.5–13.5 mL kg−1 min−1), VE was 27.2 ±
6.9 L min−1 (range 17.4–42.4 L min−1), and RER was
0.89 ± 0.07 (range 0.75–1.02). VL activation during the
walk was 82 ± 19% of the peak activation obtained at
maximal speed (range 52–133% peak). Blood lactate
was 1.3 ± 0.5 mmol L−1 (range 0.6–2.5 mmol L−1), and
the mean RPE was 11.2 ± 2.0 (range 7–15), which cor-
responds to a rating of Blight^ with responses ranging
from Bextremely light^ to Bhard.^

Correlations

Table 1 presents the correlation matrix that associates
age, BMI, Walking Effort metrics, and Daily Activity
metrics that were considered in the SEM. Age was
weakly, but significantly (p < 0.05) and positively cor-
related with ventilatory cost of walking, heart rate, lac-
tate, and RER, but inversely correlated with stepping
time and daily energy expenditure. Similarly, BMI was
weakly and positively correlated with ventilation, but
inversely correlated with stepping time, daily energy

expenditure, and the number of up-down transitions
per day. VE was inversely related to stepping time and
daily energy expenditure. Lactate was inversely related
to daily energy expenditure and the number of up-down
transitions per day. RER was inversely related to the
number of up-down transitions.

Structural equation model

In the first model, heart rate, VO2, VE, VL activation,
lactate, RER, and RPE were included as indicators of
Walking Effort, and stepping time, up-down transitions,
energy expenditure, and sitting/lying timewere included
as indicators of Daily Activity. However, results sug-
gested that this model did not fit the data adequately (χ2/
df = 1.75, RMSEA = 0.14, CFI = 0.80, TLI = 0.70).
RPE (β = 0.36, p = 0.08) and VO2 (β = 0.39, p = 0.06)
were insignificant indicators of Walking Effort and had
the lowest standardized regression weights and were
therefore trimmed. Energy expenditure and stepping
time had similar standardized regression weightings
(β > 0.90) on Daily Activity because energy expenditure
is dependent on stepping and the two variables are
essentially redundant. Similarly, greater VE is associat-
ed with higher RER. Thus, during model respecification
and simplification, heart rate, ventilation, VL activation,
and lactate were retained as markers of Walking Effort,
and stepping time, up-down transitions, and sitting/lying

Table 1 Correlation matrix of measured study variables considered in the structural equation model

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13

1. Age –

2. BMI − 0.18 –

3. VL activation 0.14 0.30 –

4. VO2 0.21 − 0.09 − 0.01 –

5. Ventilation 0.41* 0.41* 0.40* 0.37* –

6. Heart rate 0.36* 0.28 0.44* 0.38* 0.56* –

7. Lactate 0.40* 0.15 0.50* 0.17 0.54* 0.42* –

8. RER 0.36* − 0.07 0.30 0.22 0.54* 0.23 0.51* –

9. RPE 0.03 − 0.09 0.21 0.25 0.34* 0.24 0.15 0.36* –

10. Stepping time − 0.38* − 0.45* − 0.08 − 0.14 − 0.52* − 0.26 − 0.34 − 0.22 0.08 –

11. Energy expenditure − 0.33* − 0.45* − 0.12 − 0.08 − 0.47* − 0.28 − 0.35* − 0.27 0.10 0.98* –

12. Up-down transitions − 0.19 − 0.41* − 0.12 − 0.18 − 0.31 − 0.09 − 0.50* − 0.49* − 0.02 0.39* 0.36* –

13. Sitting/lying time − 0.04 0.38* − 0.01 − 0.02 0.07 − 0.05 − 0.33 − 0.09 0.04 − 0.61* − 0.66* − 0.03 –

BMI body mass index, VL vastus lateralis, VO2 oxygen consumption, RER respiratory exchange ratio, RPE rating of perceived exertion

*Significant correlation, p < 0.05
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time were retained as markers of Daily Activity. The
second model was identified, with slightly improved fit
statistics (χ2/df = 1.38, RMSEA = 0.10, CFI = 0.88,
TLI = 0.74), but up-down transitions and sitting/lying
hours became insignificant indicators of Daily Activity.
They were then each considered independently, and it
was found that trimming of sitting/lying time and
retaining up-down transitions resulted in the best fitting
model (Fig. 1, Table 2).

The structural model in Fig. 1a indicates that when the
latent variable Walking Effort increases by 1 standard
deviation, the latent variable Daily Activity decreases
by 0.80 standard deviations (p = 0.004). This effect can
also be interpreted as Walking Effort explained 64% of
the variance in Daily Activity. Walking Effort was most
closely related to VE, then heart rate, lactate, and VL
activation in order of decreasing regression weightings.
Daily Activity was more strongly associated with
stepping time than with up-down transitions.

Age and BMI were both correlated to the indicators of
Walking Effort and Daily Activity, and their effects were
independently tested on these latent variables in the struc-
tural model. Including age in the final model improved fit
statistics (Table 2), but reduced the amount of variance in
Daily Activity directly explained by Walking Effort to
52% (p = 0.019). Age was positively associated with
Walking Effort (β= 0.49, p = 0.013) but was not directly
associated with Daily Activity (β = − 0.12, p = 0.624).
However, age had an indirect effect on Daily Activity that
was mediated by Walking Effort (β= − 0.35, no p value)
bringing the total effect of age on Daily Activity to β= −
0.47 (no p value). That is, due to both direct (unmediated)
and indirect (mediated) effects of age on Daily Activity,
when age increased by 1 standard deviation, Daily Activity
decreased by 0.47 standard deviations.

Including BMI in the final model also improved fit
statistics (Table 2), but reduced the amount of variance in
Daily Activity directly explained by Walking Effort to
45% (p = 0.026). BMI was positively associated with
Walking Effort (β = 0.52, p 0.006), but was not signifi-
cantly related to Daily Activity (β = − 0.32, p = 0.182).
Like age, BMI had an indirect effect on Daily Activity
that was mediated by Walking Effort (β = − 0.35, no p
value) bringing the total effect of BMI on Daily Activity
to β = − 0.67 (no p value). That is, due to both direct
(unmediated) and indirect (mediated) effects of BMI on
Daily Activity, when BMI increased by 1 standard devi-
ation, Daily Activity decreased by 0.67 standard
deviations.

Discussion

The final SEM demonstrated a strong, inverse relation-
ship between Walking Effort and Daily Activity latent
variables. Specifically, older adults who had elevated
cardiovascular, pulmonary, neuromuscular, and meta-
bolic responses to a fixed-speed walk exhibited lesser
daily stepping time and fewer up-down transitions per
day. This provides evidence that the intensity of walking
is a mediating factor in older adults’ daily activity pat-
terns. An important finding of this study was that Walk-
ing Effort mediated the effects of age and BMI on Daily
Activity. Notably, neither RPE nor VO2 was related to
the construct of Walking Effort, nor were they related to
daily stepping time, energy expenditure, up-down tran-
sitions, or sitting/lying time. This finding is different
than that of Julius et al. (2012) who showed a signifi-
cant, albeit weak relationship between RPE at the end of
a short 15-m walk and accelerometer-measured 7-day
activity counts (r = 0.30, p = 0.04) in older adults. The
lack of association between RPE, physiological mea-
sures of effort, and daily activity in this study may have
occurred due the variability of interpretation of RPE
scale descriptors or differing strengths of association
between physiological stimuli and perceived effort
among participants (Pageaux 2016). The lack of associ-
ation between VO2, Walking Effort, and Daily Activity
likely occurred because in this study, VO2 was a sub-
maximal measure obtained during a fixed-pace walk
and its between-subject variation reflects subtle differ-
ences in walking economy rather than large-scale dif-
ferences in energy expenditure or aerobic capacity.

SEM has traditionally been used in behavioral sciences
with large numbers of subjects, often hundreds, yet the
requirement of large sample sizes and commonly used
rules regarding the number of cases per parameter have
been scrutinized (Wolf et al. 2013). The number of subjects
needed for an adequately powered and valid model de-
pends on the model itself, the strength of the relationship
between variables, the number of observed variables and
their reliability, whether correlation between factors is of
interest, and whether there are multiple indicators of latent
variables. A limitation of the current study is that only 30
older adults participated, and thus, results should be
interpretedwith caution because of the possibility ofmodel
propriety (i.e., model solutions from experimental data are
improper and not generalizable) and increased risk of
biased parameters estimates that may increase either type
I or II error (Wolf et al. 2013). Additional limitations of this
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study include exclusion of participants with chronic dis-
ease and mobility disability, lack of body composition
measurement, and measurement of physical activity on
only 4 days of the week. The potential effects of not
controlling for weekday and weekend activity are lessened

because all participants were retirees. Despite these limita-
tions, SEM is an appropriate statistical tool to help explain
the complex relationship between Walking Effort and
Daily Activity constructs. Model fit statistics appropriate
for studies with small sample sizes were employed

Fig. 1 Final structural equation model demonstrating the rela-
tionships between Walking Effort and Daily Activity latent
variables and their respective identifiers (a), and the final

model including the control variables age (b) and body mass
index (BMI) (c). Parameter estimates are standardized. *Sig-
nificant association, p < 0.05
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(Table 2). The final model aligns with our a priori theoret-
ical framework, the direction and magnitude of regression
coefficients is logical, and statistics suggest a good fitting
final model. We therefore believe that the model can be
interpreted with a reasonable degree of confidence.

The final Walking Effort measurement model was
associated with elevated heart rate, VE, muscle activa-
tion, and lactate in response to the steady-state, submax-
imal walk at 1.25 m s−1. This relationship is rational as
these cardiac, pulmonary, neuromuscular, and metabolic
variables are objective markers of exercise intensity and
are thought to be physiological mediators of perceived
exertion (Robertson and Noble 1997). VE had the stron-
gest weighting on Walking Effort, which occurred be-
cause VE increases during exercise in proportion to
increased circulatory demands, elevated blood carbon
dioxide, decreased blood pH, with increased central
motor drive to muscles, and from heightened feedback
from group III and IV muscle afferents (Amann et al.
2010; Robertson and Noble 1997). Muscle activation
was positively associated withWalking Effort because it
is determined by motor unit firing rate and recruitment
that increase in proportion to relative muscular effort
(Pageaux 2016). Further, heightened muscle activation
increases the probability of recruiting high-threshold
motor units that are glycolytically oriented (Henneman
1985). Blood lactate was positively associated with
Walking Effort because it is a marker of the relative
metabolic demands of glycolytic and oxidative energy
systems in exercising muscle and its concentration
tracks inversely with intramuscular pH (Robergs et al.
2004). An interesting finding of this study was that
although RPE was weakly correlated to VE and RER,
it was not significant in theWalking Effort measurement
model, suggesting it did not vary in direct proportion to

the physiological metrics of walking effort. Thus, the
construct of Walking Effort, in this study, has a physio-
logical rather than a perceptual basis, which is important
when considering its relationship to Daily Activity.

The community-dwelling older adults in this study
spent more than 9 h of the day in sedentary activities and
spent nearly 2 h per day stepping to accumulate an
average of 8642 uncensored steps per day. These results
are comparable to objectively measured sedentary and
physical activity estimates from the National Health and
Nutrition Examination Survey (Matthews et al. 2008;
Tudor-Locke et al. 2009). In this study, the final Daily
Activity measurement model was identified by stepping
(walking) time and up-down (sit- and lie-to-stand) tran-
sitions. Stepping time had the stronger weighting on
Daily Activity, likely because standing from a seated
or lying position is a discrete event that initiates walk-
ing, which then is a continuous event of varied duration.
The variables are correlated, but not strongly, because it
is possible to rise from a seated position just a few times
per day, but spend a large portion of the day walking; for
example, attending an event, spending the day in the
city, or performing yardwork.

The impact of daily walking activity on the health
and function of older adults is recognized, but the im-
portance of regularly changing positions is less appreci-
ated. Sit-to-stand transitions are potentially a strong
stimulator for neuromuscular adaptation in older per-
sons as it has been shown that they use 73% of available
knee extensor strength and 88% of hip extensor strength
during chair rise, and 69 and 51% when sitting down
(respectively) (Samuel et al. 2013). In fact, these relative
efforts are in the range of resistance exercise loads that
are recommended by the American College of Sports
Medicine for the development of strength (Garber et al.

Table 2 Model fit statistics

Statistic Description Interpretation Final model Final model
+ age

Final model
+ BMI

Χ2/df Chi-square statistic normalized to model degrees
of freedom that accounts for sample size

≤ 2 indicates a good
fitting model

1.09 0.78 0.99

RMSEA Root Mean Square Error of Approximation ≤ 0.07 indicates a good
fitting model

0.05 < 0.001 < 0.001

CFI Comparative Fit Index is a revised form of the
Normed-Fit Index that accounts for sample size
and is normed to 0–1.0

≥ 0.95 indicates a good
fitting model

0.97 1.0 1.0

TLI Tucker-Lewis Index, or Non-Normed Fit Index,
is a revised form of the Normed-Fit Index considered
more appropriate for small sample sizes

≥ 0.95 indicates a good
fitting model

0.91 1.27 1.01
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2011). Considering that participants in this study per-
formed an average of 50 up-down transitions per day, it
is our opinion that they are an important component of
older adults’ daily activity profile. Inclusion of sitting/
lying time in the measurement model resulted in poor
identification of Daily Activity because, although it was
inversely related to stepping time, it did not track with
up-down transitions, andwhile sedentary time and phys-
ical activity are related, they are separate constructs.

The effort of walking likely influences daily activity,
because activities that are effortful are often avoided, and
greater effort contributes to greater fatigability resulting in
early termination of an activity (Crombie et al. 2004;
Egerton et al. 2015). For example, Simonsick et al. showed
that older adults who had an RPE of 10 or greater after a
slow treadmill walk were more likely to report fatigue and
had slower gait speed, less strength, and poorer chair stand
ability (Simonsick et al. 2014). Participants of the
InCHIANTI study who reported fatigue were twice as
likely to be unable to walk 400 m and six times more
likely to have an ADL disability (Vestergaard et al. 2009).
The absolute intensity (e.g., VO2 or muscle force) of an
exercise task increases in proportion to the power required
to dowork on an external load or the body’smass, whereas
the relative intensity of an exercise task is largely influ-
enced by the proportion of maximal capacity (e.g., % VO2

MAX or % maximal strength) that is required to perform
that task. As such, declines in maximal aerobic capacity,
cardiac output, muscle strength, and power that accompa-
ny aging necessitate that older adults perform ADL at a
high percentage of capacity, or slow the pace of their
activities to stay at the same relative intensity
(Hortobagyi et al. 2003; Malatesta et al. 2004). For exam-
ple, Malatesta et al. (2004) demonstrated in older adults
that percentage of ventilatory threshold while walking was
inversely associated with preferred walking speed. Further,
studies of older adults from our laboratory showed that low
strength and high BMI contribute to elevated muscle acti-
vation, energy cost of walking, and ventilatory demand
(LaRoche et al. 2011; LaRoche et al. 2015).

Because age and BMI are factors known to affect
relative exercise intensity, as well as daily activity and
sedentary patterns of older adults, they were separately
tested as control variables in the SEM (Chastin et al.
2012; Harvey et al. 2014). Inclusion of age in the model
reduced the percent variance in Daily Activity explained
by Walking Effort from 64 to 52%. Greater age was
significantly associated with greater Walking Effort, but
not directly with Daily Activity. Yet, when the total

effect of age was tested, age explained 22% of the
variance in Daily Activity largely due to the mediating
effect of Walking Effort. Similarly, inclusion of BMI in
the model reduced the percent variance in Daily Activity
explained by Walking Effort to 45%, and like age,
greater BMI was associated with greater Walking Effort.
When the total effect of BMI was tested, BMI explained
45% of the variance in Daily Activity. These findings
suggest that at least a part of the decreased physical
activity that occurs with advanced age and greater
BMI is mediated by elevated effort of ambulation
(Lord et al. 2011).

SEM is dependent on the correlation or covariance
structure of data and thus is subject to many of the same
assumptions as these statistics, such as the inability to
assign causality (Hox and Bechger 1998). As such, it is
imperative that we consider the alternative hypothesis
that older adults who engage in high levels of Daily
Activity experienced a lower level of Walking Effort
during the standardized, submaximal walk. This hy-
pothesis is equally probable as reductions in heart rate,
VE, muscle activation, and lactate are well-known re-
sponses to exercise training programs, and cardiorespi-
ratory fitness has been previously associated with daily
physical activity of older people (Egerton et al. 2015). In
this case, low effort of walking would simply reflect a
higher level of fitness in the older adults who regularly
engage in physical activity.

Regardless of the direction of the relationship, this
study shows an association between physiological indi-
cators of walking effort and objective measures of daily
activity. Reducing the effort of ambulation with exercise
programs that improve cardiorespiratory and neuromus-
cular capacity might therefore positively impact physi-
cal activity patterns of older adults. In his seminal study
on perceived exertion during exercise, Gunnar Borg
stated BIt is not primarily the arm of physical training
to enable the individual to make maximal achievements,
but to provide him with so much reserve strength that he
can overcome daily physical strain without a subjective
feeling of fatigue and an incapacitating state of anxiety
about his condition^ (Borg 1962). Researchers and cli-
nicians should therefore consider both perceptual and
physiological metrics of walking effort as primary out-
come variables for exercise interventions in older adults
in addition to performance-based outcomes like Timed
Up and Go, Short Physical Performance Battery, 400-m
walk time, and gait speed that are less sensitive to the
effort of ambulation.
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