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2019 (COVID-19) are rapidly evolving.  Initial evidence indicates higher levels of CRF,
and muscle function protect individuals infected with COVID-19 from a complicated
medical course.  Moreover, for those individuals infected with COVID-19, there are
initial signs of a reduction in CRF following the initial phase of recovery. We are also
gaining an understanding of long COVID syndrome, where individuals who have
recovered from the acute phase of viral infection present with lasting symptoms, which
include but are not limited to reduced CRF, shortness of breath and fatigue.  Clearly,
these individuals will require rehabilitation to restore/improve CRF, muscle function,
bone/joint health, functional capacity (i.e., the ability to perform activities of daily living),
and quality of life.  The importance of assessing the synergistic function of systems
essential to performing activities that require physical exertion is a health care
imperative.  This graphical narrative provides an update to the gear model initially
proposed by Wasserman and updated to a gear and circuit in 2015.  External CRF,
muscle function, and bone/joint health influencers and an approach to clinical
assessment are also introduced.
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Abstract 

Cardiorespiratory fitness (CRF) is now an established vital sign. CRF, along with muscle function 

and bone/joint health are related to functional independence and a higher quality of life. 

Wasserman and colleagues proposed a gear model illustrating the integrated role of the respiratory, 

cardiovascular, and skeletal muscle systems during aerobic exercise; in 2015, a revision to the 

original model was proposed.  Our understanding of the effects and challenges associated with the 

coronarvirus disease 2019 (COVID-19) are rapidly evolving.  Initial evidence indicates higher 

levels of CRF, and muscle function protect individuals infected with COVID-19 from a 

complicated medical course.  Moreover, for those individuals infected with COVID-19, there are 

initial signs of a reduction in CRF following the initial phase of recovery. We are also gaining an 

understanding of long COVID syndrome, where individuals who have recovered from the acute 

phase of viral infection present with lasting symptoms, which include but are not limited to reduced 

CRF, shortness of breath and fatigue.  Clearly, these individuals will require rehabilitation to 

restore/improve CRF, muscle function, bone/joint health, functional capacity (i.e., the ability to 

perform activities of daily living), and quality of life.  The importance of assessing the synergistic 

function of systems essential to performing activities that require physical exertion is a health care 

imperative.  This graphical narrative provides an update to the gear model initially proposed by 

Wasserman and updated to a gear and circuit in 2015.  External CRF, muscle function, and 

bone/joint health influencers and an approach to clinical assessment are also introduced. 
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Introduction 

The importance of cardiorespiratory fitness (CRF), now recognized as a vital sign, muscle 

function, and bone/joint health to functional independence, quality of life and health trajectory are 

established – the evidence supporting these assertions spans decades and are beyond dispute.1-3  

Wasserman and colleagues initially proposed a gear model that illustrated the integrated role of 

the respiratory, cardiovascular, and skeletal muscle systems during aerobic exercise.4  Normal, 

synergistic function of the respiratory, cardiovascular, and skeletal muscle systems are required 

for an appropriate response to a bout of aerobic exercise.  Dysfunction in one or more of these 

systems leads to decreased CRF and functional capacity.  In 2015, Myers et al.5 proposed a revision 

to the CRF-centric Wasserman gear model, adding arterial and venous circuits to distinguish 

between right and left sided cardiac function and recognizing the role of chemo/egro receptors and 

autonomic nervous system balance.  This revised model provided greater detail to the systems 

involved in oxygen consumption (V̇O2) and carbon dioxide production (V̇CO2) elimination, 

creating an opportunity to conceptualize physiologic dysfunction and determine the mechanisms 

for diminished CRF with enhanced precision.   

 Our understanding of the effects of the novel coronarvirus disease 2019 (COVID-19) is 

rapidly evolving. From a global population standpoint, physical activity (PA) patterns are 

declining because of social distancing, remote working, and other local/state/federal restrictions 

put in place to reduce viral transmission.6-9  These changes in PA may have lasting detrimental 

impacts on population CRF, leading to a further increase in risk for a multitude of poor health 

outcomes, posing global challenges for health care providers and policymakers.  There are also 

concerns over the impact COVID-19 will have on muscle function and bone/joint health.10, 11  

Initial evidence indicates higher levels of CRF and muscle force production, as well as a physically 
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active lifestyle, protect individuals infected with COVID-19 from more severe symptoms and a 

complicated medical course (e.g., intensive care unit admission, mechanical ventilation, and 

mortality).12-15  Moreover, for those individuals infected with COVID-19, there are initial signs of 

a reduction in CRF during the initial stages of recovery.16 We are also rapidly gaining an 

understanding of long COVID syndrome, where individuals who have recovered from the acute 

phase of viral infection continue to have lasting symptoms; exertional dyspnea, fatigue and 

reduced CRF and functional capacity are common characteristics of long COVID syndrome.17-20  

Clearly these individuals will require specialist and multidisciplinary rehabilitation to improve 

CRF, muscle function, functional capacity and quality of life.21, 22  Consistent with the pre-COVID-

19 pandemic era, the importance of assessing the synergistic function of systems essential to 

performing activities that require physical exertion, and prescribing interventions that target 

physiologic dysfunction in one or more systems when identified, is a health care priority. This 

graphical commentary provides an update to the gear and circuit model proposed by Myers et al.5 

in 2015.  External CRF and muscle influencers, as well as an approach to clinical assessment, are 

also introduced. 

A Revised Gear and Circuit Model 

Systems Involved in Oxygen Consumption, Carbon Dioxide Production, and Muscle Force 

Production 

 Figure 1 illustrates the systems involved in V̇O2, V̇CO2, and muscle force production.  This 

illustration has been adapted from the model proposed by Myers et al.5  Primary modifications 

include: 1) The addition of gears for skeletal muscle and bone/joint health; and 2) Arrows to 

indicate force generation by the respiratory and skeletal muscle systems. Force generation varies 

in magnitude and duration, ideally meeting the need for a given bout of PA. An inability to generate 
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and sustain the force needed for activities requiring physical exertion by the respiratory or skeletal 

muscle systems results in functional limitations. Bone/joint health is an indicator of both bone 

density and joint integrity, both of which can influence skeletal muscle force generation, which in 

turn impacts bone modelling and turnover, and its ability to provide mechanical integrity for 

locomotion and protection.  Moreover, in addition to the importance of skeletal muscle force 

generation to perform anaerobic activities, the capacity for the respiratory and skeletal muscle 

systems to generate force at lower levels, repetitively, influences the capacity to perform aerobic 

activities and thus CRF.  With these additions, Figure 1 provides a comprehensive illustration of 

all systems involved in performing tasks/activities that require physical exertion, from both an 

aerobic and anaerobic perspective.  This model can be used by health care professionals in 

assessing these systems for potential dysfunction and subsequently guiding clinical decision 

making, which will be discussed in subsequent sections.   

 Numerous approaches exist to assess CRF, muscle function, and bone/joint health; the 

approach that is utilized is dependent upon resources and the expertise of personnel available.  

Cardiopulmonary exercise testing (CPX) is the gold standard approach to assessing CRF, 

providing the most comprehensive, non-invasive approach to assessing the integrity of the gears 

and circuits involved in physical exertion during aerobic activity,1, 23, 24 and is important in the 

post-COVID-19 period.25 Cardiorespiratory fitness is defined as the integrated function of multiple 

physiologic systems (e.g. respiratory, cardiovascular, and skeletal muscle), reflecting the 

interdependence of processes including pulmonary ventilation/perfusion, right/left ventricular 

(RV/LV) function, ventricular–arterial coupling, vascular accommodation of efficient blood 

transport to match O2 requirements, metabolic consumption of O2 and nutrients by muscle cells 

received from the blood, and communication of these metabolic demands to the cardiovascular 
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control center.1  A primary subcomponent of CRF is exercise capacity, defined as the maximum 

amount of physical exertion that an individual can achieve during aerobic activity.  Peak/maximal 

V̇O2 is the primary measure of exercise capacity obtained from CPX.  According to the Fick 

equation, variability in the peak/maximal V̇O2 response is driven by left-sided cardiac output and 

is therefore an indicator of left ventricular function.26  However, there are additional systems that 

influence peak/maximal V̇O2, such as the ability of working skeletal muscle to consume oxygen 

during PA.  Ventilatory efficiency, primarily assessed through the minute ventilation/carbon 

dioxide production (V̇E/V̇CO2) slope and the partial pressure of end-tidal carbon dioxide 

production (PETCO2) during CPX, reflect right-sided cardiac function, pulmonary hemodynamics, 

and integrity of the cardiopulmonary interface.23, 27  Other measures obtained during CPX provide 

additional insight into the circuits and gears illustrated in Figure 15, 28, 29  Readers are referred to 

previous publications on CPX that provide a comprehensive review of key measures as they relate 

to these systems. Respiratory muscle function is now recognized as having an important influence 

on CRF and exercise capacity.5, 23, 28, 29  Assessment of respiratory muscle strength and endurance 

provides an indication of the ability of the respiratory musculature to generate maximal force 

during a single maneuver as well as sustain submaximal force repetitively; devices incorporating 

a pressure transducer and digital interface provide the most detailed assessment.30, 31  The ability 

of skeletal muscle to generate maximal force during a single maneuver as well as sustain 

submaximal force repetitively is comprehensively determined through computerized isokinetic 

testing (e.g., Biodex system).  Lastly, lean body mass, a surrogate for muscle mass, and bone 

density can be assessed through a dual energy X-ray absorptiometry (DEXA) scan.  In summary, 

combining CPX, respiratory muscle testing, isokinetic skeletal muscle testing, and a DEXA scan 
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provides a technologically advanced and comprehensive approach to assessing the systems 

illustrated in Figure 1. 

Influencers of CRF, Muscle Function, and Bone/Joint Health 

 Several factors can impact CRF, muscle function and bone/joint health.  These influencers 

are illustrated in Figure 2 and Table 1 provides definitions of these influencers.  These influencer 

interactions are complex and may present as varying phenotypes.  Unfavorable influencer 

characteristics facilitate a higher likelihood for unhealthy lifestyle behaviors, including a sedentary 

lifestyle, which leads to lower CRF as well as poor muscle function and bone/joint health.32-39  

Over a longer term, these influencers can increase the prevalence of risk factors for chronic 

diseases, and ultimately a confirmed diagnosis of one or more chronic diseases (e.g., diabetes, 

cardiovascular disease, certain forms of cancer).  Clinicians and exercise scientists assessing CRF, 

muscle function, and bone/joint health should be cognizant of these influencers and make efforts 

to improve/correct unfavorable influencer characteristics when possible.40  

Interpretation of CRF, Muscle and Bone/Joint Assessments 

 A wealth of clinically relevant information is provided through the assessment of CRF, 

muscle function and bone/joint health.  Figure 3 illustrates clinically relevant areas to consider 

through these assessments.  Direct assessments of the integrity, physiologic function, and signs of 

pathophysiology in the cardiovascular, pulmonary/respiratory, and skeletal muscle systems are all 

made from this battery of tests. While not directly assessed, higher levels of CRF and muscle 

function are associated with higher levels of immune function and reduced systemic inflammation, 

which are particularly relevant in the context of the COVID-19 pandemic.41-45  In those diagnosed 

with one or more chronic diseases affecting physiological function, assessments of disease severity 

can be made. CRF has been consistently shown to be highly prognostic and indicative of health 
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trajectory in virtually all individuals, from those who are apparently healthy to patients diagnosed 

with one or more chronic diseases.1  As such, prognostic assessments should be performed in all 

individuals undergoing CPX.  Respiratory and skeletal muscle force production also appears to 

have prognostic utility, where lower responses are indicative of an increased risk for a poor health 

trajectory.2, 46  Balance and fall/fracture risk information can be obtained from skeletal muscle 

assessments and fracture risk from DEXA scanning.47, 48  Lastly, this battery of assessments 

provide valuable information on prescribing individualized interventions targeting specific areas 

of dysfunction that have been identified as well as assessing treatment efficacy during follow-up 

assessments. 

When should CRF, Muscle and Bone/Joint Assessments be Performed? 

 Assessments related to the integrity of systems illustrated in Figure 1 are relevant at 

multiple timepoints across an individual’s health trajectory. The medical conditions leading to the 

greatest burden, from an individual to the population level, are intricately related to CRF, muscle 

function and bone/joint health.  

Assessing CRF, muscle function and bone/joint health prior to a medical event (e.g., viral 

infection) can be used to quantify physiologic resiliency, stratify risk, and prescribe preventative 

interventions specifically directed toward systems that demonstrate dysfunction.  Specific to the 

current viral pandemic, we are continually gaining an appreciation of those at highest risk for a 

complicated medical course (e.g., hospitalization, mechanical ventilation) if infected with COVID-

19; dysfunction in systems illustrated in Figure 1 as indicated by poor responses in the proposed 

battery of assessments appear to be indicative of increased risk.12, 13, 30  As such, routine CRF 

assessments included as part of an annual physical exam would provide information on the degree 

of physiologic resiliency an individual has if contracting a viral infection. Our group has recently 
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proposed a CPX algorithm to assess health risks in the event of a viral infection and short- to long-

term effects in patients who are diagnosed with a viral infection.49  Assessment of muscle function 

and bone/joint health are also a relevant part of a resiliency assessment, particularly for identifying 

individuals who demonstrate compromised muscle function and bone/joint prior to a viral 

infection. A complicated medical course requiring hospitalization and immobilization can further 

deteriorate muscle function and bone/joint health and significantly decrease mobility and increase 

the risk for fall and fracture at discharge.10, 11, 13, 50  

For patients infected with and recovering from COVID-19, CRF, muscle function and 

bone/joint health assessments provide integral information pertaining to the trajectory of recovery 

and identifying systems with lasting dysfunction.  Evidence has already emerged demonstrating a 

reduced peak V̇O2 and an elevated V̇E/VCO2 slope are common in patients recovering from 

COVID-1919, 20, both of which are primary CPX measures in the recently proposed algorithm.49  

In patients suffering from long COVID syndrome, exertional fatigue and dyspnea are primary 

manifestations which can be quantified by this battery of assessments.  The information obtained 

should also serve as the basis for prescribing individualized and bespoke COVID-19 interventions 

that address the identified dysfunction in one or more systems.  Longitudinal assessments of CRF, 

muscle function and bone/joint health should be performed to track both changes in health status 

over time (i.e., annual physical exam) as well as therapeutic efficacy when interventions are 

prescribed.  Avoiding declines and, when dysfunction is identified, improving the function of 

systems illustrated in Figure 1 is essential to improving quality of life, functional capacity, and 

health trajectory.  

Assessment of CRF, muscle function and bone/joint health is also highly relevant to 

quantifying the likelihood for developing the risk factors for chronic disease as well as the risk for 
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being diagnosed with one or more chronic diseases (i.e., primary prevention).1, 2  Moreover, these 

assessments remain relevant in those patients who develop chronic disease risk factors or are 

diagnosed with one or more chronic diseases to continually stratify risk for future adverse health 

events (i.e., secondary prevention).  This panel of assessments should likewise be used for 

developing interventions that specifically target dysfunction identified in one or more systems 

illustrated in Figure 1 and to gauge treatment efficacy longitudinally.   

Value of Individual Assessments and Considerations for Lack of Resources 

 While individualized CRF, muscle function and bone/joint health assessments, when 

performed together, provide the most comprehensive evaluation of the systems illustrated in 

Figure 1, it is not always indicated or feasible to perform the complete battery of assessments 

described herein.  In this context, CPX, inspiratory muscle testing, isokinetic muscle testing and 

DEXA scans are all valuable as individual assessments, each providing insightful clinical 

information.  Judgement should be exercised regarding which assessments should be ordered.  For 

example, isokinetic skeletal muscle testing and DEXA scans are more indicated in post-

menopausal women and elderly patients who present with decreased mobility and have indicators 

of increased fall/fracture risk.  Moreover, though DEXA scans to monitor bone health are 

recommended in all adults aged ≥65 years51, both skeletal muscle and DEXA assessments may 

also be indicated in patients with one or more chronic disease diagnoses at an advanced stage 

regardless of age. Assessment of CRF is applicable across the lifespan regardless of an individual’s 

health status given its robust, universal prognostic ability and, as such, should be assessed 

periodically as a clinical standard of care.1  Inspiratory muscle testing may be indicated in multiple 

situations, including patients with: 1) Unexplained dyspnea irrespective of age; 2) Chronic disease 

risk factors (e.g., obesity) or one or more chronic disease diagnoses irrespective of age; and 3) 
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Elderly individuals who are at risk for or present with frailty.30   In situations where all assessments 

are indicated but not feasible, thought should be given to prioritize the assessments that are of most 

importance. 

 We have presented an ideal, technologically advanced approach to assessing the systems 

illustrated in Figure 1.  We do however acknowledge the ability to perform these assessments are 

not always feasible or practical due to a lack of equipment, personnel, expertise, or reimbursement.  

As highlighted in our previous work, we do encourage cross disciplinary collaboration between 

clinical and exercise scientists where resources, expertise and access to specialist equipment is 

often routine and can broaden access to specialist services.40 In the instances where this is not 

possible, it is still important to assess CRF, muscle function and bone/joint health via alternative 

approaches.  For example, timed walk tests, standard maximal and submaximal exercise testing 

without ventilatory expired gas, manual muscle testing, skin fold calipers, low-cost inspiratory 

muscle devices and functional and performance tests (e.g., Romberg, Berg Balance Scale, 

BESTest52, 53) are examples of viable options when resources are limited.  While the precision of 

measurements related to the integrity of the systems illustrated in Figure 1 is reduced when 

resources are limited, clinically valuable information regarding physical function and health risks 

can still be obtained. Obtaining this information by all available resources should be a considered 

a clinical imperative. 

Conclusions  

Chronic disease and now viral pandemics are the two leading health crises on a global 

scale.54  Moreover, chronic disease risk factors and confirmed chronic disease diagnoses clearly 

increase the likelihood of adverse outcomes following COVID-19, and have thus led to a new 

global syndemic, defined as two or more health conditions or diseases that negatively interact with 
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and affect the outcomes of one another.55  CRF, muscle function and bone/joint health are key 

factors in both the chronic disease and viral pandemics we currently face.  Favorable CRF, muscle 

function and bone/joint health indicate resiliency to these health conditions while poor, below 

average characteristics associated with these assessments indicate a much higher risk for poor 

health outcomes.  As such, performing CRF, muscle function and bone/joint health assessments 

should be considered a global standard of care and, when dysfunction is identified, employing 

evidence-based interventions to improve performance during these assessments is a health care 

priority.  A primary approach to improving and maintaining higher CRF, muscle function and 

bone/joint health is through healthy living behaviors, including being physically active throughout 

the day, participating in a structured exercise program, consuming a healthy diet, maintaining 

healthy body weight, and not smoking.  In particular, being physically active has a significant 

positive impact on the responses to the CRF, muscle and bone/joint health assessments described 

herein and significantly improve health trajectory.  As such, it is imperative that health care 

professionals embrace the practice of healthy living medicine and promote leading a healthier 

lifestyle to all patients under their care.54, 56   
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Table 1: Definitions of CRF, Muscle Function and Bone/Joint Health Influencers 

 

 Educational Attainment: The highest education level that an individual has 

completed (i.e., primary/k-12, undergraduate, graduate, professional).  

 

 Environment: A construct that describes the circumstances, objects, or conditions an 

individual is surrounded by (e.g., housing, access to food and environments to engage 

in physical activity, employment opportunities, transportation, safety, etc.). 

 

 Health Equity: The premise that all individuals have the same opportunities to be lead 

a healthy a life as possible and that these opportunities are fair and just. 

 

 Neurocognitive:  An individual’s capacity to think and reason, including the ability to 

concentrate, remember things, process information, learn, speak, and understand. 

 

 Psychosocial: The influence social factors have on an individual's cognition or 

behavior as well as the interrelationships amongst behavioral and social factors. 

 

 Social Justice: The premise that all individuals deserve equitable economic, political, 

social and health rights and opportunities. 

 

 Socioeconomic: An individual’s standing in society or class of an individual or group. 

This construct is frequently quantified as a combination of educational attainment, 

income level and occupation. 
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Figure 1: Systems Involved in Oxygen Consumption, Carbon Dioxide Production and 

Muscle Force Production 

 

Legend: ANS = autonomic nervous system, CO2 = carbon dioxide, O2, oxygen 

 

Adapted from: Myers J, Arena R, Cahalin LP, Labate V and Guazzi M. Cardiopulmonary 

Exercise Testing in Heart Failure. Current problems in cardiology. 2015;40:322-372. 

 

Figure 2: Influencers of CRF, Muscle Function and Bone/Joint Health 

 

Legend: CRF, cardiorespiratory fitness 

 

Figure 3: Clinician Interpretation of CRF, Muscle and Bone/Joint Assessments 

 

Legend: CRF, cardiorespiratory fitness 
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