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ABSTRACT The capacity to exercise is a major contributor to functional limitation and is accompanied
by increased morbidity and mortality. What are the most important physiological contributors to exercise
capacity?

Cross-sectional data from consecutive patients referred to the McMaster University Medical Centre
exercise laboratory for incremental cardiopulmonary exercise testing from 1988 to 2012 were analysed.
Exercise capacity was determined by maximal power output (MPO) in kpm·min−1. The contributions of
quadriceps strength (maximal peak force in kg using maximal dynamic voluntary contractions against
hydraulic resistance), inspiratory muscle strength (determined using maximal inspiratory pressure (MIP)),
maximal breathing capacity (MBC) and gas exchange (carbon monoxide transfer coefficient (KCO)) were
determined using regression coefficients in a multiple linear regression model. Dyspnoea and leg fatigue
were measured using the modified Borg scale. Contributors to dyspnoea and leg fatigue were assessed
using nonlinear regression.

A total of 36389 patients were included (60% male, mean±SD age 53±18 years). Mean±SD MPO,
quadriceps strength and MIP achieved were 792±333 kpm·min−1, 46±18 kg and 75±31 cmH2O,
respectively. MIP and quadriceps strength accounted for over half the variation in MPO (R2=0.57).
Quadriceps strength was a stronger predictor of MPO (standardised regression coefficient, β±SE

0.37±0.005) than MBC (β±SE 0.16±0.005) and KCO (β±SE 0.16±0.004), when adjusted for age, sex, height
and weight. The effort required to cycle and breathe at any given power intensified systematically as both
respiratory and peripheral muscle strength declined.

Muscle weakness causes exercise intolerance and should be routinely assessed in patients presenting
with fatigue and dyspnoea, and those with functional limitation both in the presence or absence of disease.
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Introduction
The adverse health consequences of exercise intolerance are well described, and include increased
morbidity from cardiovascular disease, diabetes and osteoporosis, increased healthcare utilisation, and
increased mortality [1–4]. With an ageing population, the prevalence of exercise intolerance together with
its contribution to functional limitation is expected to rise. Despite the presence of over 67 frailty
instruments, no consensus criterion or assessment tool for frailty currently exists [5]. Frailty in the absence
of weakness is difficult to imagine.

The physical frailty derived by Fried’s criteria [6–8] is based on the assessment of weight loss, muscle
weakness, exhaustion, slowness and reduced physical activity. Three of these domains (exhaustion,
slowness and reduced physical activity) are closely associated with the capacity to exercise, and are
typically determined by self-report and subject to bias. Muscle strength can be objectively and easily
measured and is shown to be independently associated with adverse health outcomes including the
development of cardiovascular disease and mortality [9]. Impairment in muscle strength may be a
fundamental cause of functional limitation. The rate of fatigue for all muscles intensifies whenever the
physiological support systems required decline or fail (i.e. cardiovascular, ventilatory, gas exchange,
biochemical and metabolic). Independently of this support, all muscles fatigue more rapidly as their
strength decreases. The contribution of muscle strength compared to these physiological systems in
patients presenting with exercise limitation, fatigue and dyspnoea is often underappreciated. Muscle
weakness is not commonly measured in clinical practice, nor is it currently recommended in guidelines on
exercise testing when evaluating patients with dyspnoea, fatigue and reduced exercise capacity [10].

The objectives of this study were: 1) to investigate the contribution of quadriceps and inspiratory muscle
strength to exercise limitation compared to ventilatory and gas exchange parameters and 2) determine the
contributors to perceived effort required to cycle (fatigue) and breathe (dyspnoea) at incremental power
outputs in a large cohort of both healthy subjects and patients with cardiac and respiratory disorders
referred to a tertiary care exercise laboratory.

Methods
Study design and participants
Cross-sectional data from consecutive patients referred to the McMaster University Medical Centre
exercise laboratory for incremental cardiopulmonary exercise testing from 1988 to 2012 were analysed.
Baseline muscle strength and the physiological support parameters were measured during stepwise
incremental exercise testing to capacity. All patients and healthy subjects with complete data for
quadriceps and respiratory muscle strength and achieving a maximal power output (MPO) of
>100 kpm·min−1 were included. Standard exercise testing was performed on patients according to
American Thoracic Society guidelines [10]. The procedure and risks were explained to all patients and
written informed consent obtained to exercise.

Procedures
Incremental exercise testing was performed on an electrically braked cycle ergometer with ECG
monitoring (Siemens Elema 370; Siemens, Solna, Sweden) under the supervision of a trained pulmonary
function and exercise technologists and cardiac technologists with the immediate availability of a
physician. An incremental protocol to symptom limited capacity was used with 100 kpm·min−1

increments. Subjects were strongly encouraged to exercise to exhaustion. MPO was defined as the highest
power output in kpm·min−1 maintained for at least 30 s. Subjects were asked to rate the intensity of the
effort required to breathe (dyspnoea), the intensity of leg effort required to cycle (fatigue), and the
intensity of chest pain or any other perceived discomfort by matching the intensity to semantic phrases
tagged to numbers according to the modified Borg scale [11]. Spirometry included vital capacity (VC) and
the maximum forced expiratory volume in 1 s (FEV1); maximum forced expired and inspired flow rates at
75%, 50% and 25% of the vital capacity. Maximal breathing capacity (MBC) was measured using the
maximum tidal volume seen during exercise divided by the minimal time required to expire based on peak
expiratory flow rate, forced expiratory flow at 50% lung volume (FEF50%) and peak inspiratory flow rate
[12]. Carbon monoxide transfer coefficient (KCO) was measured using the standard single-breath method.
Respiratory muscle strength was determined using maximal inspiratory pressure (MIP) measured at
residual volume, and maximal expiratory pressure (MEP) measured at total lung capacity. Trials were
accepted if repeat values were within 5% of each other, with the larger two values used for analysis.
Peripheral muscle strength was measured for the quadriceps, hamstrings, bench press and seated row
using maximal dynamic voluntary contractions against hydraulic resistance (Hydrafitness Industries,
Belton, TX, USA). The maximal peak force (kg) was measured at the highest resistance and was quasi
isokinetic due to a very positively accelerating force relative to the rate of movement (“Starling Resistor”).
The quadriceps and MIP were the measures of muscle strength used for this study.
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Statistical analysis
Distribution of variables of interest MIP, quadriceps strength and MPO were evaluated by histogram and
expressed as mean, SD and ±95% confidence intervals. Statistical analysis was performed using univariate
linear regression, multiple linear regression and nonlinear regression where appropriate. MPO, fatigue and
dyspnoea were the outcomes of interest. Independent variables included peripheral and respiratory muscle
strength parameters (quadriceps strength, MIP), baseline characteristics, ventilatory and gas exchange
parameters. In order to illustrate the effects of muscle strength on MPO with greater clarity, we used
multivariate ANOVA. The categories for quadriceps strength were <20 kg, 20–40 kg, 40–60 kg, 60–80 kg
and >80 kg and for MIP were <30, 30–60, 60–90 and >90 cmH2O. All analyses were completed using
Statistica Academic (version 13).

Results
Demographic characteristics
In total, 36389 patients (60% male, mean±SD age 53±18 years) were included in the study. Descriptive
statistics of the population are shown in table 1. The distribution of quadriceps strength, inspiratory
muscle strength and MPO followed a normal distribution in this population (figure 1). In the presence of
both health and disease, the strength of the quadriceps, inspiratory and expiratory muscles and exercise
capacity vary widely.

Muscle strength and maximal power output
Quadriceps strength and MIP alone accounted for 57% of the variation in MPO (table 2). Covariates
were sequentially added to this model, starting with baseline characteristics (age, sex, weight and height)
followed by ventilation (MBC and VA) and gas exchange (KCO). Quadriceps muscle strength remained
the strongest predictor of MPO after adjusting for these covariates (standardised regression coefficient,
β±SE for quadriceps strength: 0.37±0.005; MBC: 0.16±0.005; and KCO: 0.16±0.004). The contribution of
quadriceps and inspiratory muscle strength to MPO is shown in figure 2. This figure describes the
multivariate ANOVA results and shows that incremental increases in both quadriceps strength and
inspiratory muscle strength resulted in respective increases in power output. This suggests that both
inspiratory muscle strength and quadriceps strength have a positive, linear relationship with power
output.

The strength of one muscle group predicts the strength of all within a population, as seen in the
correlation matrix that highlights the individual contribution of each factor to the MPO achieved and the
interrelationship between the independent contributors (table 3). Quadriceps strength had the strongest
correlation with MPO (Pearson r=0.74) and MIP correlated with MBC (Pearson r=0.60).

TABLE 1 Baseline characteristics

Mean SD 5th percentile 95th percentile

Height m 1.69 0.10 1.52 1.85
Age years 53.11 17.54 16.00 77.00
Weight kg 78.58 18.73 50.80 110.20
BMI kg·m−2 27.41 5.44 19.45 37.13
MIP cmH2O 74.66 30.54 30.00 130.00
MEP cmH2O 106.36 0.70 0.70 2.97
Quads kg 46.06 18.19 18.00 76.00
FEV1 L BTPS 2.74 0.88 1.40 4.30
VC L BTPS 3.43 1.03 1.90 5.20
DLCO mL·mmHg−1·min−1 22.30 6.70 12.10 34.00
KCO mL·mmHg−1·min−1·L−1 4.39 0.99 2.84 6.06
VA L BTPS 5.15 1.33 3.00 7.30
MPO kpm·min−1 792.14 333.14 300.00 1400.00

Total population n=36 389, 60% male. BMI: body mass index; MIP: maximal inspiratory pressure; MEP:
maximal expiratory pressure; Quads: quadriceps strength; FEV1: forced expiratory volume in 1 s; BTPS:
body temperature, ambient pressure, saturated with water vapour; VC: vital capacity; DLCO: transfer
capacity for carbon monoxide; KCO: carbon monoxide transfer coefficient; VA: alveolar volume; MPO:
maximal power output.
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Muscle strength and symptoms
The perceived effort required to cycle and breathe at power outputs required during every day activity
intensified systematically as both respiratory and peripheral muscle strength declined (figure 3). This
shows that for power outputs required during daily activity, muscle strength is a key determinant of
symptoms of dyspnoea and fatigue. This was modelled as: leg effort=0.017×power1.16×quads−0.56, r=0.73;
breath effort=0.016×power1.06×MIP−0.42, r=0.64.

Discussion
This study demonstrates that leg and respiratory muscle strength are major contributors to the exercise
capacity and symptom limitation during exercise in both health and disease. The novelty of this study is
that we have taken an unbiased approach in including all subjects referred for cardiopulmonary exercise
testing in a real-world setting irrespective of any underlying cardiac, respiratory or neuromuscular
disorder. Our data promote the concept that exercise limitation is a consequence largely of deteriorating
muscle strength; hence, assessment of muscle strength should strongly be considered when evaluating
patients with poor functional status, impaired exercise tolerance and symptom limitation with exercise.

Muscle strength, functional limitation and frailty
Functional limitation is associated with adverse health outcomes and is often incorporated in models
assessing and defining frailty, broadly conceptualised as a state of increased vulnerability to physiological
stressors [13]. Traditional disease-specific risk factors such as those used in cardiovascular disease do not
completely account for adverse outcomes [14, 15], and the expected epidemiological transitions that result
from an ageing population suggest that a frail state independently accounts for these outcomes [16, 17].
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FIGURE 1 Distribution of a) quadriceps (Quad) strength, b) maximal inspiratory pressure (MIP) and c) maximal power output (MPO).

TABLE 2 Multivariate regression analysis using maximal power output (MPO) as the dependent variable and muscle strength
measures (quadriceps and maximal inspiratory pressure (MIP)) as independent variables

Dependent variable MPO (kpm·min−1) Unadjusted
R=0.76, R2=0.57

Adjusted for baseline
characteristics
R=0.80, R2=0.63

Adjusted for baseline
characteristics and ventilation

R=0.83, R2=0.68

B (SE) β (SE) B (SE) β (SE) B (SE) β (SE)

Intercept 161.5 (3.2) 0 −874.7 (22.2) 0 −721.3 (28.5) 0
Quadriceps strength kg 10.0 (0.1) 0.61 (0.004) 7.68 (0.08) 0.47 (0.005) 6.16 (0.09) 0.37 (0.005)
MIP cmH2O 2.25 (0.05) 0.21 (0.004) 1.77 (0.04) 0.16 (0.005) 1.01 (0.05) 0.09 (0.005)
Age <20 years 14.7 (0.71) 0.08 (0.004) 14.5 (1.0) 0.08 (0.004)
Age >35 years −4.30 (0.09) −0.18 (0.004) −2.33 (0.1) −0.09 (0.004)
Height m 785.4 (14.9) 0.24 (0.005) 342 (18.8) 0.10 (0.006)
Weight kg −0.81 (0.07) −0.05 (0.004) −1.13 (0.07) −0.06 (0.004)
Sex female −9.96 (3.21) −0.001 (0.005)
MBC L 1.10 (0.04) 0.16 (0.005)
VA L BTPS 59.8 (1.47) 0.27 (0.005)
KCO mL·mmHg−1·min−1·L−1 56.4 (1.35) 0.16 (0.004)

p-value <0.0001 for all analyses except for sex, p=0.82. B: regression coefficient; β: standardised regression coefficient; MBC: maximal
breathing capacity; VA: alveolar volume; BTPS: body temperature, ambient pressure, saturated with water vapour; KCO: carbon monoxide
transfer coefficient.
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Therefore, it is critical to develop clinically useful tools to measure frailty to allow clinicians and researchers
to optimise risk estimation and healthcare delivery. This is supported in white paper statements from
several medical societies [18–20]. Despite this, there continues to be a lack of consensus around the best
method to operationalise frailty, and most tools incorporate subjective, psychometric assessments of
self-reported physical activity and exhaustion that are susceptible to responder bias [18, 21]. Physiological
evaluation of frailty instruments and their components are needed. Our study assesses the physiological
contribution of muscle strength, a key criterion used in the physical frailty phenotype model [6].

Muscle strength can be simply and objectively measured using tools such as the dynamometer that have
been well standardised with age- and sex-based reference values [22]. As such, some authors have
recommended muscle strength assessment alone as a standardised way of screening for physical frailty and
as a reliable outcome measure for clinical trials [23, 24]. Muscle weakness is a consequence of
deconditioning and a downstream effect of comorbid disease. This is supported by direct, independent
associations of muscle strength with adverse health outcomes, including mortality [25]; however, few
studies have described its physiological contribution to exercise limitation and symptoms at day-to-day
levels of power output. One study in 33 patients with heart failure (81% men, mean age 60±12 years)
described quadriceps strength as the main physiological parameter correlating with power output and
symptom limitation [26]. Similar studies that evaluated the contribution of muscle strength using
cardiopulmonary exercise testing (CPET) as the measure of exercise capacity have been conducted in
patients with COPD have been small in size (n<100) [27]. No study to date has evaluated a
comprehensive, real-world cohort of both healthy patients and those with cardiorespiratory conditions.

FIGURE 2 Effect of variations in
quadriceps strength (quads) and
maximal inspiratory pressure (MIP)
on maximal power output (MPO)
during incremental cardiopulmonary
exercise testing. Results obtained
from multivariate ANOVA analysis
using MPO as the independent
variable and MIP and quads as
categorical dependent variables.
Data shown as mean and 95% CI.

1000

1200

1400

800

600

400

200

M
PO

 k
pm

·m
in

–1

Quads kg
<20 20–40 40–60 60–80

MIP cmH2O
<30

30–60

60–90

>90

>80

TABLE 3 Univariate correlation matrix of maximal power output (MPO), muscle strength and
lung diffusion and maximal breathing capacity (MBC)

Variable MPO Row Bench Quads MIP MEP KCO VA MBC

MPO 1.00 0.66 0.74 0.74 0.58 0.53 0.22 0.60 0.67
Row 0.66 1.00 0.86 0.80 0.59 0.63 0.05 0.63 0.63
Bench 0.74 0.86 1.00 0.84 0.63 0.64 0.10 0.64 0.67
Quads 0.74 0.80 0.84 1.00 0.61 0.61 0.11 0.60 0.65
MIP 0.58 0.59 0.63 0.61 1.00 0.69 0.11 0.45 0.60
MEP 0.53 0.63 0.64 0.61 0.69 1.00 0.01 0.46 0.53
KCO 0.22 0.05 0.10 0.11 0.11 0.01 1.00 −0.24 0.03
VA 0.60 0.63 0.64 0.60 0.45 0.46 −0.24 1.00 0.70
MBC 0.67 0.63 0.67 0.65 0.60 0.53 0.03 0.70 1.00

Data shown as Pearson r correlations. Quads: quadriceps strength; MIP: maximal inspiratory pressure;
MEP: maximal expiratory pressure; KCO: carbon monoxide transfer coefficient; VA: alveolar volume.
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Such paucity of data may stem from guideline statements failing to emphasise the measurement of muscle
strength as part of routine CPET [10], despite early studies recommending its use [28, 29]. The
conventional approach to CPET assumes fatigue and evolving weakness as a consequence of
cardiopulmonary and other impairments and baseline strength goes underappreciated.

Effort, symptoms and weakness
The conscious sense of effort is generated by the intensity of the central motor command and not by
afferent information relating to the tension, displacement or metabolic status of the muscle [30]. Common
experience shows that a leg paralysed by a stroke leading to failure of transmission of the centrally
generated motor command is reported by patients as heavy (i.e. due to the increased sense of effort
required to move the leg). Likewise, the effort and the intensity of the central motor command required to
generate power is much greater in those with weak muscles. Furthermore, maximum effort does not
generate the same maximal power, which is dependent on the strength and amount of muscle available for
activation. These variations in muscle strength across individuals are obvious but seldom used to explain
exercise intolerance. Similarly, respiratory muscle weakness results in an increased motor command
required to perform the increased ventilatory workload during exercise, and contributes to the
multifactorial sensation of dyspnoea [31]. Our data support this view that subjects with weaker muscles
become more breathless and develop more leg fatigue at equal work rates between individuals, irrespective
of underlying cardiac and respiratory disease.

Strengths and limitations
Our study explores the relationship between peripheral and respiratory muscle strength, exercise capacity
and symptom limitation (fatigue and dyspnoea) associated with exercise in a large, real-life cohort of
patients evaluated with comprehensive CPET. We systematically describe the significant contribution of
muscle strength to effort and functional limitation and explain the importance of these findings in the
context of the increasingly recognised health burden of physical frailty. Despite these strengths, our study
has a few limitations. First, this is a cross-sectional study performed in one centre. It is unclear whether
similar results would be demonstrated prospectively within an individual over time. Secondly, underlying
comorbidities were not described in detail; however, by focusing on physiological contributors, we present a
much broader view of exercise limitation and its relationship with muscle strength. Third, we did not
measure frailty using an operational definition. Frailty is a term that is receiving increasing attention. By its
nature it is difficult to define. Failure to respond to stressors is such a broad generalisation that it is scarcely
possible to establish a robust experimental design where it can be refuted. In this sense, it lacks scientific
credibility. The cardinal sin of science is trying to be precise about something that is inherently vague. The
physiological implications of muscle weakness (a component of the most widely cited frailty instrument)
have been highlighted in this study. Fourth, we did not assess the effects of the mechanical disadvantage
due to altered lung volumes (hyperinflation) and its effects on muscle weakness. The relationships between
respiratory muscle weakness and dyspnoea are more complicated than that of leg weakness and fatigue.
Factors such as dynamic hyperinflation and ventilatory inefficiency contribute to dyspnoea but
measurements of these were beyond the scope of this paper. Nonetheless, our results clearly show
respiratory muscle weakness contributes to dyspnoea in all scenarios independently of the mechanics of
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Data shown as mean and 95% CI.
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airflow limitation. Finally, our measure of muscle strength (peak quadriceps force using maximal dynamic
voluntary contractions against hydraulic resistance) is not a routinely accessible test of muscle function.
There is a strong interdependence of one muscle group with others. Information may be extrapolated from
other measures of muscle strength, such as grip strength, which are more commonly used.

Conclusion
Despite the focus on identifying and treating cardiac and respiratory conditions, muscle weakness is an
underappreciated contributor to functional limitation in health and disease. Our results emphasise the
importance of muscle strength assessment in the evaluation of physical frailty. In addition to
cardiovascular and respiratory assessment, muscle strength should be assessed in patients presenting with
exercise limitation, fatigue and dyspnoea. Further studies that describe effect sizes and cost-effectiveness of
interventions that target strength improvement in functionally limited patients should be considered.
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