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Abstract

Background: Older adults may fatigue more easily than their younger counterparts during functional activities,
yet controlled laboratory studies have demonstrated the opposite; muscle becomes more fatigue-resistant with age.
We hypothesized that increased task intensities during daily activities due to strength loss may explain this apparent
dichotomy. Accordingly, the purpose of this study was to model the potentially opposing influences of age-related
improvements in muscle fatigue properties coupled with declining strength on predicted task endurance.

Methods: We developed two mathematical models to simulate the relative influences of age-related changes in
muscle fatigue and strength: 1) We adapted known endurance time-intensity fatigue models for young adults for
older adults based on previously published data; and 2) We modeled changes in functional task intensity for varying
levels of strength loss. Using these models, we predicted endurance times for functional tasks requiring from 10—
50% maximum strength.

Results: Even small declines in strength (i.e., 10%) more than offset these age-related improvements in fatigue
resistance when modeling endurance time for functional tasks. For example, a 30% decline in strength resulted in an
approximately 50% reduction in functional task endurance time, particularly for low intensity tasks.

Conclusions: This study provides a plausible explanation for the apparent dichotomy between laboratory fatigue
studies, showing greater fatigue-resistance with advancing age, and anecdotal observations that older adults fatigue
more rapidly with advancing age. Our findings suggest that declines in strength will ultimately have a larger effect on
fatigue for functional tasks despite the known age-related improvements in fatigue-resistance with age. This
information suggests targeted strengthening interventions may be effective in reducing muscle fatigue associated
with functional activities, but future controlled trials are needed to validate these findings.
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Introduction

Sarcopenia [1-3], the age-related loss of muscle mass, and
dynapenia, [2,4], the age-related loss of muscle strength, are
increasingly recognized as significant adverse detriments often
associated with advanced age. Loss of muscle mass and strength
increase the risk of physical disability [5], poor quality of life [6] and
death [7]. Conversely, numerous studies have demonstrated what may
be viewed as a positive adaptation with aging, namely that muscle
becomes more fatigue-resistant with advancing age.

Two recent meta-analyses have supported an increase in age-related
fatigue resistance based on controlled laboratory conditions; reporting
overall moderate effect sizes on the order of 0.49 [8] and 0.56 [9] based
on 46 and 37 studies, respectively. These controlled laboratory
conditions rely largely on normalized static workloads, i.e., isometric
contractions performed at a percentage of each individual’s maximum

strength, to assess for differences in muscle fatigue properties. Several
potential mechanisms have been proposed to explain the observed
age-related improvements in fatigue-resistance, such as slower
contractile properties that may result from a preferential loss of type II
muscle fibers [10-12]; lower motor unit discharge rates [13,14]; and
greater reliance on and use of oxidative metabolism [15]. One may
assume therefore that age does not result in any decrement in muscle
fatigue behavior, and in fact, improves for static contractions.

This improvement in muscle fatigue properties with age seems to be
at odds with what is more commonly observed during everyday living,
namely that older adults often fatigue more quickly than younger
adults during functional physical activities [16]. Similarly, the
perception of fatigue is a significant complaint in older adults [17-19]
and predicts functional deficits over time including gait speed and
physical performance [20]. Avin and Frey Law (2011) found that the
age-related fatigue advantage observed with static tasks was not
present for dynamic tasks (effect size=0.05) [8]. However, this still
does not explain the greater fatigue observed in older populations
during functional tasks. The disconnect between improved endurance
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in laboratory studies and decreased endurance with functional tasks
with advanced age has yet to be clearly resolved and in fact is rarely
discussed. While strength typically declines with age, the absolute joint
torques needed to perform functional tasks or activities of daily living
(ADLs) often change minimally with age [21,22]. Consequently, many
functional tasks involve higher relative task intensities (percentage of
maximum strength) with advancing age [21-23]. Because higher
intensity contractions cannot be maintained for as long as lower
intensity tasks [8,24], if a given task requires a higher proportion of
peak strength capability, it follows that fatigue (e.g. endurance time)
will occur more quickly. We propose that age-related strength loss,
e.g., sarcopenia, and the resulting increase in relative task intensity for
any given task (i.e., rising from a chair) with age, may be sufficient to
offset the age-related physiological improvements in fatigue-
resistance. Thus, we hypothesize it is the opposing influences of these
two age-related changes that can result in declines in endurance with
daily activities despite improvements in muscle fatigue properties.

To test our hypothesis, we have developed a conceptual model
linking age-related changes in muscle strength and age-related
improvements in muscle fatigue properties to predict endurance
behavior during functional tasks, using previously developed
mathematical fatigue models and available data in the literature. Thus,
the purpose of this study was to examine the relationship between
strength declines and muscle fatigue properties in older adults using
simulation techniques to better understand the apparent dichotomy
between improved muscle fatigue properties seen in laboratory studies
and declines in endurance observed functionally with advancing age.
This information may be useful in developing optimal rehabilitative
strategies to best counteract fatigue during functional tasks in the
aging population.

Materials and Methods

We developed two models for this simulation study. First, we
modified previously reported mathematical fatigue models for young
adults to represent older adults, referred to as Endurance time (ET) -
intensity models. Second, we modeled changes in relative task
intensity of daily activities due to muscle weakness, referred to as
relative intensity-strength decline models. Using these two models
cooperatively, we then simulated how long (i.e., endurance time, ET)
upper extremity (elbow) and lower extremity (knee) muscles would be
able to sustain a contraction needed for a functional task. This enabled
us to determine the relative influences of age-related declines in
strength and improvements in fatigue-resistance on functional task
endurance.

Endurance time (ET)-Intensity models for older adults

It has been long recognized that how long a muscle contraction can
be sustained (i.e. endurance time) is inversely related to the intensity
of the task. This relationship has been most fully developed in the
ergonomics literature where it is known as the endurance time-
intensity relationship or “Rohmert’s curve” [24]. Studies have
demonstrated that this relationship is nonlinear; muscle contractions
can be held exponentially longer as the relative task intensity (% max)
decreases [24-26]. These curves typically represent only static or quasi-
static contractions, as they are easily defined, controlled and
performed in a laboratory setting. Accordingly, they may best
represent slow functional and postural tasks, such as slowly raising
from a chair (knee torque) or holding groceries (elbow or shoulder
torque). We previously developed endurance time-intensity models

for young adults [26] that we modified for this study by increasing the
expected endurance times according to mean age-related differences in
endurance time observed in the literature. This adaptation would
cause a rightward shift in the endurance time- intensity curve for older
adults.

The mean effect size used for estimating the age-related fatigue
advantage was determined from a previously published meta-analysis
[8]. The full details of the age-related fatigue meta-analysis, including
inclusion and exclusion criteria, are available elsewhere [8]. The largest
age-related fatigue advantage has been observed with static
contractions [8]. To examine if strength declines can offset even a
relatively large age-related advantage in fatigue resistance and to best
match the endurance time-intensity models, we used effect sizes from
static contractions only. The effect sizes used to shift our previously
reported young adult endurance time models to better represent older
adults were Hedge’s g=0.61 and 1.08 for the knee and elbow,
respectively. Because effect size is a standardized estimate of between
group differences, we were able to use these values to estimate the
endurance time curves for older adults as a function of task intensity
(% maximum) using the young adult mean and standard deviation
estimates [26].

Relative intensity-strength decline models

With advancing age, the absolute joint torques required to complete
a functional task do not appreciably change [21,22], but with
advancing age, peak joint torque, a measure of strength, typically
declines. Thus the same functional task can require a greater
proportion of an older adult’s peak strength (i.e., greater relative
effort). For example, if holding a bag of groceries or laundry requires
40 Nm of elbow flexion torque and the individual’s peak elbow
strength is 100 Nm, then the task requires 40% of their maximum
strength. If peak strength were to decline by 20% to 80 Nm, that same
task (i.e., requiring 40 Nm) would now represent an intensity of 50%
of maximum (i.e., 40/80 or 50%). Mathematically, we modelled this
increase in task intensity (referred to as the adjusted task intensity) as a
function of strength decline (eq 1); where the ratio, 1/(1-strength
decline) acts as a multiplier of the “initial” task intensity (i.e., before
the strength decline). For this analysis, five age-related strength
declines from 10% to 50% were evaluated (0.1 to 0.5, by 0.1
increments), representing the range of age-related strength loss
previously observed with aging [2,27-29].

% Task intensity= (% Initial Task Intensity)/ (1-strength decline)
(eq. 1)

Combining models to estimate functional endurance time

Using the two mathematical models described above, we simulated
functional task endurance times for both young and old adults, with
and without strength loss. We assumed the functional tasks involved
quasi-static contractions, such as holding an object with both hands or
slowly rising from sit-to-stand. We represented these hypothetical
functional tasks simply as a given initial task intensity (i.e., effort
expected in young adults) ranging from 10% to 50% of maximum
effort. This represents a wide range of daily tasks such as holding light
to moderately heavy objects, rising slowly from different chair heights
with or without upper extremity assistance, or stair climbing.

These initial task intensities (10-50% max) were used to predict the
baseline endurance times for young and older adults using the
endurance time-intensity model, allowing for changes in fatigue
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properties with aging without a loss of strength. The same functional
task intensities were then adjusted to account for strength loss (e.g.,
sarcopenia) using the relative strength-intensity model. These adjusted
intensities were then applied to the endurance time-intensity model to
obtain adjusted ETs for each level of strength loss. Thus, the same
functional task was modelled as requiring greater proportions of
maximum strength as a function of the muscle strength decline. For
example, a functional task requiring 30% of maximum effort initially
would increase to 33.3% and 60% of maximum effort with 10% and
50% strength losses, respectively. Endurance times for each
combination of initial task intensity and degree of strength decline
were assessed for older adults. Thus, this methodology allowed us to
estimate changes in endurance time for functional tasks between
young and older adults considering age-related changes in muscle
fatigue properties with and without the confounding effects of age-
related weakness.

Results

Age-adjusted joint-specific endurance time models

The old adult endurance time-intensity curves for the knee and
elbow shifted to the right by approximately 16% and 23%, respectively
(Figure 1). The corresponding equations relating ET to intensity (0 -
1.0 range of intensities) were: ET=22.043*(Intensity)>2!? for the knee
and ET=22.225*(Intensity) 192 for the elbow. This represents the
frequently reported improvement in fatigue resistance with advancing
age.

Relative intensity-strength decline models

The predicted effect of age-related strength decline on relative task
intensity is shown in Figure 2 (and Supplemental materials, Table 1).
A 10% strength loss increases the relative task intensity of any given
initial workload or effort by 1.11 times using Equation 1, whereas a
loss of 60% of strength predicts task intensities would increase by 2.5
times. However, when the modified task intensity became greater than
100% (maximum capability), we applied a maximum of 100%.
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Figure 1: Endurance time (ET) - intensity models for younger (solid
blue) and older (dashed red) adults for A) the elbow and B) the
knee. Note the differences in ET for each task intensity between
joints [26] as well as the increased ET for older adults relative to
younger adults based on previous literature [8].

Initial Task Intensity | Strength-adjusted Task Intensity

(% max) (% max)

full strength (0% loss) (110.:/01)()strength loss fﬁ‘;ﬁ,sx)strength loss ?ﬁ:ﬁsx)strength loss 211().‘(’){:)7X)strength loss (520‘(’4;) strength  loss ?20_?)() strength  loss
10.0 11.1 12.5 14.3 16.7 20.0 25.0

20.0 22.2 25.0 28.6 33.3 40.0 50.0

30.0 33.3 37.5 42.9 50.0 60.0 75.0

40.0 44.4 50.0 57.1 66.7 80.0 100.0

50.0 55.6 62.5 71.4 83.3 100.0 125.01

Table 1: Estimated changes in relative task intensity due to strength declines for tasks requiring initially 10-50% max intensity. Notes: Adjusted
task intensity estimated using Eq 1 from text: Intensity multiplier=1/ (1- relative strength loss). tFor values over 100% (greater than maximal

strength capability), a value of 100 was used in all subsequent simulations.
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Figure 2: Relative intensity-strength decline models for age-related
strength loss ranging from 10-60%. For a given functional task, the
initial task intensity represents the % effort required for a young
adult to complete the task. The adjusted task intensity represents
the relative effort (% max) required to complete the functional task
as strength declines with aging. Note that no strength loss results in
identical adjusted and initial task intensity levels.

Simulating the combined influences of age-related fatigue-
resistance and strength loss

When applying the adjusted relative task intensities to the ET-
intensity curves for young and older adults, functional task endurance
time decreased with each successive increase in strength loss (Table 1).
One graphic example is provided in Figure 3, showing the old and
young adult endurance time curves for the elbow joint, with three
relative task intensities reflecting no strength decline, a 10% decline
and a 30% decline in strength. When estimating the endurance time
for a functional task at the elbow requiring 30% of maximum intensity,
but no strength loss, the endurance time was just over 250 sec for
young adults and over 300 sec for older adults without strength loss
due to the improved fatigue-resistant muscle properties seen with
advanced age (Table 1). However, even a small 10% loss of strength
counteracted the age-related improvement in fatigue resistance (ET
declined to 251 sec), and was further compromised when considering
the 30% decline in strength (ET declined to 143 sec). This same
finding was consistently modelled across initial baseline task
intensities and for both knee and elbow joint regions (Table 2). Note,
however, the magnitude of the effect is dependent on the initial
baseline task intensity, where less strenuous tasks show the most
dramatic loss of endurance time with strength loss due to the
nonlinear curvature of the endurance time-intensity relationship.

Joint Initial Young Old Adult ET
Task Intensity Adult ET (sec)t
(% max) (sec)
Full Full 10% 20% 30% 40% 50% 60%
Strength Strength loss loss loss loss loss loss
Elbow/ 10 2916 3591 2851 2192 1628 1155 775 473
20 630 775 615 473 351 249 167 102
30 257 316 251 193 143 102 68 42
40 136 167 133 102 76 54 36 22
50 83 102 81 62 46 33 22 22
Mean% differencef 22.9% -2.4% -25.0% -44.3% -60.5% -73.5% -81.7%
Knee 10 1470 1736 1425 1138 882 658 468 307
20 399 468 384 307 238 177 126 83
30 186 217 178 142 110 82 59 38
40 109 126 103 83 64 48 34 22
50 71 83 68 54 42 31 22 22
Mean % differencet 16.5% -4.2% -23.5% -40.7% -55.8% -68.6% -77.2%

Table 2: Predicted endurance times (ET) for young and old adults (with and without strength loss) for tasks involving the elbow and knee joints.
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Figure 3: This is an example of applying the strength decline
estimates (i.e., increased functional task intensity due to strength
loss) to the endurance time (ET) - intensity models. ETs for a
functional task requiring 30% max initial intensity (dot-dash dark
gray line) demonstrate the age-related advantage (~23%) for the
older versus younger adults in the absence of strength decline.
However, even a 10% loss of strength (relative task intensity
increases to 33.3% max) offsets this advantage which worsens with
greater strength declines (i.e., only 10% and 30% decline in strength
are shown).

Discussion

The main purpose of this study was to assess age-related changes in
functional task endurance considering both enhanced muscle fatigue-
resistance properties and varying levels of strength loss using
simulations and known mathematical relationships of muscle fatigue.
In particular, this study found even a small degree of strength loss
(e.g., 10%) more than offsets the average improvement in age-related
fatigue resistance reported previously [8,9]. These findings provide a
plausible explanation for the apparent dichotomy between greater
fatigue with aging for functional tasks despite improved muscle fatigue
resistance when assessed under controlled, relative-intensity
laboratory conditions. Further, these findings suggest that
rehabilitative efforts targeting strength gain (or even maintenance)
may provide significant improvements in functional task endurance,
particularly for low intensity tasks. However, the extent to which loss
of strength impairs function or the interplay between atrophy and
strength were not extrapolated from the current model. Rather, this
model identified age-related strength loss and associated change in the
ability to perform a functional task over time.

Localized muscle fatigue may depend on several factors, such as
variations in fiber type [30], motor unit distribution/activation [31],
neural activation [32], task specificity [33], and/or absolute force/
muscle cross-sectional area [34]. The complex interplay of these
processes may be further influenced by common age-related changes
in human muscle, including: muscle fiber atrophy [10], reduced

number of motor units [35], contractile slowing [36] and a transition
towards slow-twitch muscle fibers [37]. Although, it is not clear how
these age-related changes proportionally influence fatigue
development, it is clear that the net fatigue response is altered with
aging. This alteration allows for older adults to maintain a given
relative-intensity contraction longer than young adults as represented
by a rightward shift in the endurance time - intensity (i.e., “Rohmert”)
curves.

While significant differences in endurance time exist with
advancing age for relative-intensity tasks, as demonstrated by
significant moderate to large effect sizes consistently seen in the
literature [8,9], these age-related differences produced relatively small
percent changes in endurance time. For example, we have previously
demonstrated the magnitude of age-related differences in ET vary
between young and old adults from 10-23% [8]. While these age-
related improvements in fatigue resistance have been reliably observed
for isometric contractions [8,9], in our modeling study, they were
readily offset by even small losses of strength.

Studies evaluating joint torques for functional activities between
younger and older adults are consistent with our findings, providing a
degree of construct validity of our models. Analyses of sit-to-stand
transfers and stair climbing indicate relative task intensities of these
functional tasks are greater in older versus young adults [22,23], but
no differences with age have also been reported [38]. When differences
have been observed, tasks required 30- 54% of maximum strength for
the young adult and 78-100% of maximum in older adults [22,23].
This is despite nearly identical or even higher absolute knee joint loads
in the young cohorts to perform the sit-to-stand task compared to the
older aged cohorts [21-23]. These increases in task intensity for
functional tasks with aging are consistent with our relative intensity—
strength decline model. We estimated tasks of 30-50% maximum
effort in young adults would increase to 43% to 71% maximum effort
in older adults experiencing a 30% loss of strength. Accordingly, these
previous biomechanical analyses support our estimates of increased
relative task intensities as a function of age-related muscle weakness
for functional tasks. Currently, among the multiple professional
organizations, societies and workgroups, there is not a consensus on
how to best define sarcopenia clinically. While sarcopenia involves loss
of muscle mass, declines in peak strength (also referred to as
dynapenia), performance and function assessments may also provide
useful measures of sarcopenia. While this study broadly focused on the
commonly observed levels of strength loss with aging; this loss may
occur as the result of atrophy or impaired muscle quality that may or
may not be clinically defined as sarcopenia.

Anecdotally, it is common to think of older adults as fatiguing more
rapidly, which is consistent with the finding that older adults fatigue
more quickly or to a greater extent than their younger counterparts for
functional tasks [16]. Interestingly, this same relationship between the
development of muscle fatigue during relative and absolute task
intensities was noted several decades ago, distinct from aging effects
[39]. Stronger and weaker young men were equally able to sustain a
relative task intensity (62.5% max), but when using an absolute force
(50 Ibs) the weakest men fatigued more quickly than the strongest
men. While the explanation for this is likely multifactorial including
muscle perfusion, glycolytic versus oxidative energy utilization, etc.,
similar behavior is explained in our study using the traditional
“Rohmert” curves and adjustments for declines in peak strength,
despite similar absolute joint torques (i.e., elevated relative task
intensity as a result of reduced peak strength).
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Due to the nonlinear relationship between relative task intensity
and endurance time, these results demonstrate that even moderate
reductions in strength loss could result in relatively large
improvements in functional task endurance time. This was particularly
true for tasks that require low relative intensities prior to strength loss.
For example, if an older individual were to exhibit a strength loss of
approximately 40% compared to young adult levels, rehabilitation
exercises resulting in a net loss of only 30% compared to young adults
would increase the endurance time for a low-intensity functional task
(i.e, 10% of maximum) by 35 to 40%. Accordingly, these results
suggest that strength training may provide a desirable approach for
therapeutic interventions for older adults not only for the purpose of
improving strength, but also for improving daily activity endurance,
given the inter-connectedness between strength and fatigue for
functional tasks. Further, this information may have an impact when
evaluating the clinically utility of power versus strength training in
older adult. Focusing on strength training will not only increase
strength, but improve the ability to repeatedly perform a functional
task. Future investigations should consider the impact strength
training versus power training may have upon endurance, functional
performance and falls.

A limitation of this current study is that we did not include the
many additional factors that likely change with advancing age,
including body mass or anthropometric distribution of mass, and did
not explicitly model age-related differences such as muscle fiber type
or motor unit activation ratio. Clearly, this investigation employed a
heuristic model that simply represents the global behavioral changes
observed in younger versus older adult cohorts, namely improved
fatigue-resistance properties coupled with declines in peak muscle
strength. Further, we recognize peak strength is not an isolated
influence on the relative task intensity for functional tasks, but for
these analyses we made the assumption that all other biomechanical
factors remained constant (i.e. body weight and limb lengths). This
allowed us to focus on the relative influences of strength loss versus
improvements in muscle fatigue properties with advancing age. Thus,
our models reflect the differences that might occur between “matched”
pairs of individuals (i.e. similarly sized) or the same individual across
time (e.g. considering changes in strength and fatigue resistance only).
Despite their simplicity, these models highlight the relative importance
of using age-appropriate model inputs (i.e. relative task intensity for a
functional task) when quantifying fatigue differences (e.g. time to task
failure or endurance time) for young and old adults.

In summary, this study provides a plausible explanation for the
apparent dichotomy between laboratory fatigue studies using relative-
intensity tasks, showing greater fatigue-resistance with advancing age,
and the more commonly held anecdotal observations that older adults
fatigue more rapidly with advancing age. Our findings suggest that
declines in strength will ultimately have a larger effect on fatigue for
functional tasks despite the known age-related improvements in
fatigue-resistance with age. This information suggests targeted
strengthening interventions may be effective in reducing muscle
fatigue associated with functional activities, but future controlled trials
are needed to validate these findings.
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