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Abstract

Cardiopulmonary exercise testing (CPET) is a dynamic clinical tool for determining the cause 

for a person's exercise limitation. CPET provides clinicians with fundamental knowledge of 

the coupling of external to internal respiration (oxygen and carbon dioxide) during exercise. 

Subtle perturbations in CPET parameters can differentiate exercise responses among individual 

patients and disease states. However, perhaps due to challenges in interpretation given the amount 

and complexity of data obtained, CPET is underutilized. In this article, we review fundamental 

concepts in CPET data interpretation and visualization. We also discuss future directions for how 

to best utilize CPET results to guide clinical care. Finally, we share a novel three-dimensional 

(3D) graphical platform for CPET data that simplifies conceptualization of organ system-specific 

(cardiac, pulmonary, and skeletal muscle) exercise limitations. Our goal is to make CPET testing 

more accessible to the general medical provider and make the test of greater use in the medical 

toolbox.

In Brief

This article discusses fundamental concepts and future directions for cardiopulmonary exercise 

testing interpretation and visualization.
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Introduction

Cardiopulmonary exercise testing (CPET) is a dynamic tool with wide application in clinical 

medicine, including assessment of a person’s exercise limitation. CPET data are typically 

generated with temporal oxygen (O2) and carbon dioxide (CO2) gas exchange analysis 
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during progressive maximal exercise on a cycle ergometer or treadmill over approximately 

10 minutes. In addition to quantifying cardiorespiratory fitness and its cost-effective role 

in identifying disease-specific function-based prognosis, interpretation of integrated CPET 

and clinical data can distinguish the cause of unexplained dyspnea and exercise intolerance 

from among multiple potential etiologies (1). However, in part due to the amount and 

complexity of data generated from currently available CPET software packages, CPET is 

underutilized for the application of diagnosing exercise-limiting pathophysiology (2, 3). 

As such, CPET is not widely used outside of large medical centers having experienced 

consultant providers with advanced training—generally, cardiologists, pulmonologists, or 

clinical exercise physiologists. Further, interpretation of CPET results to distinguish the 

etiologies of exercise-induced dyspnea and exercise limitation are often poorly understood; 

therefore, the study is underutilized by general practitioners (4, 5). Here, we review current 

paradigms and challenges in CPET data interpretation. We then discuss the potential for 

future visualization tools to improve general clinical use of CPET for the assessment of 

exercise limitation.

CPET indications

CPET is indicated for the assessment of clinical diagnosis, prognosis, and response to 

therapy in a variety of clinical populations (2, 6). CPET measures physiological limitations 

in a broad range of disease states, such as ischemic heart disease and heart failure (2, 3, 

7) obstructive and restrictive lung disease, pulmonary vascular disease (8, 9) and skeletal 

muscle abnormalities, peripheral vascular disease and muscle mitochondrial myopathies (2, 

10). CPET is also a cost-effective method for cardiometabolic risk screening prior to surgery 

(11, 12). American College of Cardiology/American Heart Association class I (good level of 

evidence) indications for CPET include: 1) evaluation of exercise capacity and response to 

therapy in heart failure patients being considered for transplantation; and 2) differentiation 

of cardiac versus pulmonary limitation for patients with dyspnea on exertion (6, 13, 14). A 

Class IIa (weight of opinion) indication is to evaluate exercise capacity when indicated for 

medicine reasons when subjective estimates (exercise test time or work rate) are unreliable 

(6, 13, 14). Class IIb (efficacy less established) indications include: 1) evaluation of response 

to interventions in which improvement of exercise tolerance is an important end point; and 

2) determination of exercise training intensity for cardiac rehabilitation (6, 15). CPET is not 

indicated (class III - not recommended) for routine use to evaluate exercise capacity (6, 13, 

14). However, the use of CPET for this purpose is common in research settings.

Physiological basis of CPET

Interpretation of CPET data is based on knowledge of O2 and CO2 gas transport coupling 

among three organ systems at the core of exercise responsiveness and capacity: pulmonary, 

cardiac, and skeletal muscle (2, 3). Understanding this coupled physiology is essential 

for the facile and accurate interpretation of CPET-generated data. The pulmonary system 

transfers inspired O2 from the air to deoxygenated blood in pulmonary circulation. The 

cardiac system then pumps oxygenated blood from pulmonary circulation through the 

arterial vascular tree, to capillaries in the peripheral circulation of exercising muscles. 

Skeletal muscle mitochondria utilize O2 derived from the peripheral circulation for aerobic 

cellular energy metabolism to fuel movement and locomotion. CO2 generated from both 

Andonian et al. Page 2

Curr Sports Med Rep. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aerobic and anaerobic cellular metabolism is then transferred in reverse order from skeletal 

muscle back to the heart, through the venous circulation, where it is subsequently expired 

through the lungs. Given the interconnectedness from internal to external respiration, CPET 

assessment of inspired O2 and expired CO2 can identify small perturbations in each of 

these vital organ systems, leading to shared clinical manifestations of dyspnea and fatigue 

contributing to exercise intolerance.

Key terms in CPET

Multiple terms are essential for proper interpretation of data obtained via ventilatory 

gas exchange analysis during CPET. Oxygen consumption (VO2) is a measure of 

cardiorespiratory fitness in absolute (mL/min) or relative (mL/kg/min) values. Peak VO2 is 

the greatest rate of oxygen consumption during progressive exercise. Respiratory exchange 

ratio (RER) is the molar ratio of CO2 produced per O2 consumed; it is progressive from 

less than 0.80 to greater than 1.0 during progressive exercise, is related to progressive 

use of glucose as more muscle glycolytic fibers are recruited as work load increases, 

and is a measure of cardiometabolic stress during CPET. Oxygen-pulse (O2-pulse) is the 

amount of oxygen uptake per heartbeat (VO2/HR; mL/beat); it is a surrogate measure for 

stroke volume (16). Breathing reserve or dyspnea index (VE/MVV) is the ratio of peak 

minute ventilation (VE; volume of air exhaled per min; L/min) during exercise to maximum 

voluntary ventilation (MVV; maximal volume of air a person can exhale in a minute; L). 

VE/VCO2 is the slope of VE versus carbon dioxide production (VCO2); it is a measure of 

ventilatory efficiency or dead space ventilation (17). Ventilatory threshold (VT) is the point 

at which ventilation disproportionally increases compared to oxygen consumption, reflecting 

increased energy demands from anaerobic metabolism (expressed as VO2 at VT (mL/min), 

or HR at VT (beats/min)); it is roughly equivalent to lactate threshold, when muscles begin 

to rely on anaerobic glycolysis for ATP production. Of note, additional testing—such as 

electrocardiography (ECG), blood pressure monitoring, and pulse oximetry—are commonly 

performed during CPET, however detailed discussion of changes in these parameters during 

exercise is beyond the scope of this communication.

CPET data reporting

Each CPET data report displays simultaneously measured heart rate, ventilation, and gas 

exchange data as averaged values over fixed intervals (i.e., every 30 seconds). Tabular data 

are used to identify key physiologic responses to exercise at test end (i.e., VO2, VE, and 

RER at peak exercise). However, further interpretation of CPET data (i.e., for identification 

of organ specific limitations to exercise) requires graphical visualization of relationships 

between multiple key variables. For the past few decades, the gold standard for CPET 

data visualization has been the Wasserman “nine-panel plot”, which incorporates multiple 

channels of data into a one-page summary containing nine distinct scatter plots (Figure 1) (1, 

18).

CPET data interpretation

Standard interpretation of CPET data requires evaluation of data both during and at the end 

of testing; visualization of relationships between key physiologic variables using tools such 

as the Wasserman nine-panel plot are often used by experienced readers. Identification of 
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specific etiologies of exercise intolerance or exertional dyspnea using CPET is made by 

trained clinicians with the assistance of various algorithms and flowcharts (1, 6). Here, we 

summarize a common CPET data interpretation pathway we use in clinical practice:

Step 1) Evaluate pulmonary function tests.—Spirometry is commonly—but not 

universally—performed in exercise testing laboratories prior to CPET. Key respiratory 

parameters assessed by spirometry include forced vital capacity (FVC) and forced expiratory 

volume (FEV1). FVC (L) is the maximal volume of air a person can exhale in one breath. 

FEV1 (L) is the maximal volume of air a person can exhale in one second. A FEV1/FVC 

ratio of less than 0.80 suggests an obstructive pulmonary limitation. FEV1 can also be used 

to estimate MVV (i.e., MVV = FEV1 x 35 or 40).

Step 2) Evaluate test adequacy.—During progressive maximal aerobic exercise, 

increased lactic acid production from anaerobic metabolism results in greater bicarbonate 

buffering and subsequent CO2 exhalation, leading an increase in RER. An RER greater than 

1.05 during CPET is generally considered suggestive of maximal effort at peak exercise and 

allows for interpretation of the test using standard procedures (19). An RER less than 1.05 

at test end suggests either a submaximal test or the presence of a severe exercise limitation 

(i.e., advanced chronic obstructive pulmonary disease, interstitial lung disease, or peripheral 

arterial disease); interpretation should then take into consideration other factors such as 

percent predicted heart rate at peak exercise (i.e., greater than 85% estimated max heart 

rate), rating of perceived exertion (i.e., greater than 17 on Borg 6-20 scale), and clinical 

symptoms associated with stopping exercise (i.e., dyspnea, muscle pain) (20).

Step 3) Evaluate total oxidative capacity.—VO2 at peak exercise is compared to 

predicted values based on the patient’s age, gender, and weight (21, 22). VO2 peak values 

(mL/kg or mL/kg/min) less than predicted indicate a limitation in total oxidative capacity; 

further evaluation regarding organ-specific limitations (i.e., cardiac versus pulmonary versus 

skeletal muscle) can then be performed. Interpretation of total oxidative capacity should also 

consider that percent predicted values for VO2 peak will vary based on the use of absolute 

(mL/kg) versus relative (mL/kg/min) terms (i.e., obese persons may have a normal absolute 

VO2 peak but low relative VO2 peak) and the reference equation used for prediction (23).

Step 4) Evaluate for cardiac limitation.—For a healthy non-athlete during progressive 

exercise, heart rate and rate of inspired oxygen should both (i.e., the O2-pulse) linearly 

increase at a near-constant rate until peak exercise (24, 25). In a patient with a cardiac 

system limitation (i.e., myocardial ischemia or congestive heart failure), oxygen utilization 

(VO2) begins to decrease relative to heart rate prior to maximal exercise (26). This is due 

to a drop on the amount of blood ejected from the heart per beat, requiring an increase in 

heart rate to maintain needed cardiac output (mL blood per beat x beats per minute) for 

aerobic exercise. Thus, a cardiac limitation to exercise can be assessed via analysis of the 

O2-pulse curve shape and comparison of the O2-pulse at peak exercise to predicted values. A 

downsloping or abnormally shallow O2-pulse curve indicates a cardiac limitation to exercise.

Alternative cardiac limitation methods.—The cardiac limitation can also be defined 

by CPET parameters other than the change in O2-pulse (2, 27). For example, exercise­
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induced myocardial ischemia is hallmarked by an abnormal trajectory of the change in VO2 

versus change in workload (ΔVO2/ΔW) on cycle ergometer. Further, the VE/VCO2 slope is 

a measure of dead space ventilation with strong associations and prognostic implications in 

heart failure and pulmonary arterial hypertension (2, 28). VE/VCO2 slope values < 30 are 

generally considered normal, while values > 40 are abnormal; however, abnormalities are 

also seen in patients with predominantly pulmonary limitations, such as chronic obstructive 

pulmonary disease or interstitial lung disease (29, 30). Further, electrocardiogram changes 

(i.e., ST segment abnormalities) and angina symptoms during exercise also suggest cardiac 

limitation (2, 3).

Step 5) Evaluate for pulmonary limitation.—During progressive exercise, a healthy 

person’s volume and rate of breathing increases but should never reach potential maximum, 

unless they have pulmonary disease or extremely high aerobic fitness (31). Thus, a 

pulmonary limitation to exercise can be identified when a patient’s breathing reserve (VE/

MVV) is greater than 0.80 during peak exercise.

Alternative pulmonary limitation methods.—As discussed above, an abnormal VE/

VCO2 slope can be seen in both pulmonary- and cardiac-limited patients. Desaturation 

during exercise (i.e., saturation of peripheral oxygen less than 95% or decrease by greater 

than 5%) is also suggestive of pulmonary limitation (2, 3).

Step 6) Evaluate for skeletal muscle limitation.—A healthy person uses balanced 

aerobic and anaerobic cellular metabolism for fuel during progressive exercise until VT, 

when skeletal muscle anaerobic metabolism begins to outpace aerobic metabolism. A patient 

with a skeletal muscle system limitation (i.e., deconditioning or mitochondrial myopathy) 

will reach VT earlier than expected and inefficiently use anaerobic systems to complete the 

work of exercise. Therefore, the lower the VT value compared to predicted (% of predicted 

maximum VO2 peak) and the longer relative time spent after VT during progressive 

maximal exercise, the more limiting to exercise is the skeletal muscle contribution.

Alternative skeletal muscle limitation methods.—Similar to the cardiac and 

pulmonary parameters, there are multiple CPET variables that can inform peripheral O2 

utilization and skeletal muscle impairment other than VT (6). For example, an elevation 

in the slope of change in cardiac output—measured by adjunctive methods such as inert 

gas rebreathing—relative to change in VO2 (ΔQ/ΔVO2) is suggestive of a mitochondrial 

myopathy. In addition, an abnormal elevation in the VE/VO2 ratio at peak exercise also 

raises the consideration of a mitochondrial myopathy; however, VE/VO2 can be significantly 

elevated in primarily pulmonary disorders as well.

Challenges in CPET data visualization

As previously noted, CPET data visualizations to assist interpretation are widely based 

on seminal work by Wasserman and the nine-panel plot (1). The nine-panel plot was 

revolutionary because of its ability to distill complex CPET data into the most important 

parameters necessary to inform diagnostic evaluation. Still, CPET interpretation using this 

excellent visualization tool requires training and extensive experience to incorporate into 
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clinical practice. Indeed, CPET data visualization using the Wasserman nine-panel plot 

method is not universally applied; there remains significant inter-individual variability in 

CPET interpretation (5, 9).

Subsequent CPET data visualizations attempt to refine the nine-panel plot method 

for CPET clinical interpretation. Relatively simple methods for improving CPET data 

visualization include optimization of graphical scaling, stylizing, and plot standardization 

(32). Other alternative visualizations include multidimensional graphs focusing on 

fewer CPET variables to inform more specific clinical questions (i.e., heart failure 

functional classification) (33). The European Association of Cardiovascular Prevention 

and Rehabilitation (EACPR) and American Heart Association (AHA) suggest using 

color-coded diagrams for diagnostic and prognostic stratification of patients with both 

unexplained dyspnea and disease-specific exercise limitations (2, 3). CPET data assessment 

consensus recommendations—including recommendations from the EACPR/AHA—also 

advise incorporating more recent reference thresholds with the nine-panel plot method 

and other revised algorithms (2, 3, 7). Future iterations of CPET data visualization will 

likely be refined by large-scale projects to define CPET data reference standards; but, 

these projects have thus far been limited by a relative paucity of non-white participants 

and disease-specific populations (34-37). Further, differences in CPET terminology, data 

reporting, and system operability add to the challenge of sharing and interpretation of 

CPET data across clinical and academic sites. Projects such as the Health Level 7 

(HL7) Terminology Harmonization in Exercise Medicine and Exercise Science (THEMES) 

promise to standardize CPET data elements to remove these interoperability barriers for the 

benefit of future CPET data analytic platforms (https://www.hl7.org/implement/standards/

product_brief.cfm?product_id=475).

Example of novel CPET data visualization

To show how some of these challenges might be addressed, we created an alternative 

visualization to the Wasserman nine-panel plot with the goal of producing a simpler 

representation of CPET generated data. The goal of this novel, three-dimensional graphical 

representation of CPET data is to provide non-experts with categorical structure as an 

initial step to diagnosing organ-specific etiologies of exercise intolerance. To this end, we 

use simplified formulas to inform CPET data visualization of the three major diagnostic 

categories of exercise limitation: cardiac, pulmonary, and skeletal muscle.

In each of the three limitation categories, we defined formulas identifying limitation on 

a scale of 0% to 100%; 0% means no limitation, and 100% means maximum limitation. 

Percent limitation for each category was calculated via algorithmic approach from raw 

CPET data based on relationships between variables deemed essential to determining 

individual organ system-specific limitations; organ system-specific limitations in this sense 

are relative and do not refer to normal versus abnormal.

We define the cardiac limitation formula as the difference between the O2-pulse slopes 

(m) during the second and last quarters (denoted as m25-50% and m75-100%, respectively) 

of the test. To calculate m for both quarters we used a linear regression of the set of O2 

pulse values in the respective quarter. If the slope of m25-50% was not discernibly linear, 
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then the slope of m50-75% was used instead. We then transformed both values of m into 

polar coordinates to obtain the angle, in radians, between them and the x-axis. The ratio of 

absolute value of the difference of the two angles to π/2 radians was the cardiac limitation.

The pulmonary limitation was defined as the ratio of subject’s rate of ventilation at peak 

exercise to their maximum voluntary ventilation (VE/MVV). Peak VE was determined as 

the VE (L/min) at test end, while MVV (L) corresponded with the value evaluated prior to 

testing.

The skeletal muscle limitation formula was defined as the percentage of total exercise time 

spent after VT until peak exercise (i.e., ratio of time spent after VT to total test time). To 

clarify, we define VT as the point in time, ignoring the first 20% of data points due to 

noise at the beginning of the test, when the slope of the VCO2/VO2 relationship starts to 

consistently increase by greater than 0.1 from the previous VCO2/VO2 slope.

In brief, individual CPET data used for graphical visualization was prepped using Python3 

and the formulas for organ-specific exercise limitation were applied to create output 

extensible 3D (X3D) and JavaScript Object Notation (JSON) files. These files were then 

used as input for the Data-Driven-Documents (D3.js) and X3DOM visualizations. As 

shown in Figures 2-4, our visualization consists of one 3D plot and three two-dimensional 

(2D) plots, respectively. 3D plots present the three limitations together in a single three­

dimensional graph. The 3D plot has multiple pre-programmed viewpoints for the plot, and 

the plot can be panned, zoomed, and rotated. 2D plots represent the main variables that are 

considered when calculating the respective limitation to provide supporting information for 

the 3D plot. In this visualization, the rectangular prisms in the 3D plots make it easy to 

quickly determine the extent of pulmonary, cardiac, and skeletal muscle limitations; and to 

associate distinguishable prism shapes to aid disease specific evaluation.

To evaluate our visualization as a proof-of-concept, we deployed it on eight CPET 

use case examples from Wasserman’s Principles of Exercise Testing and Interpretation 

(used and published with permission from the publisher, Wolters Kluwer Health) (1). In 

this communication, we discuss diagnostic evaluation using this CPET data visualization 

platform in three of those cases. Visualizations for the other five cases (case 1: normal 

man; case 2: normal athletic man; case 20: myocardial ischemia; case 53: mild pulmonary 

asbestosis; case 68: mixed disorder) are presented online (http://metagrid2.sv.vt.edu/

~nickhrdy/cpet.html).

Cardiac limitation case

CPET example case #15 describes a 71-year-old man with chronic left ventricular systolic 

heart failure. The test was stopped as he complained of leg fatigue and shortness of breath 

(1). Evaluation of his CPET data revealed a VO2 peak of 1.03 L/min (52.2% of predicted 

1.97 L/min), an abnormal O2 pulse tradjectory, VE/MVV of 0.60, and VT of 0.75 L/min 

(80.6% of predicted 0.93 L/min). As shown in Figure 2, the subject shows signs of partial 

limitation in all three domains. However, the most prominent limitation is cardiac, which fits 

the patient’s clinical diagnosis of heart failure. The cardiac limitation is supported by the 

difference in slope denoted in the second and last quarters of the cardiac 2D plot.
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Pulmonary limitation case

Figure 3 shows CPET example case #47 from a 65-year-old man with a history of asbestos 

and cigarette exposure (1). The test was stopped as the patient complained about shortness 

of breath. Evaluation of his CPET data revealed a peak VO2 peak of 0.90 L/min (42.7% of 

predicted 2.11 L/min), a normal O2 pulse trajectory, high VE/MVV of 0.90, and VT was 

not reached. Notably, his MVV was well below the predicted value and at peak exercise 

the patient's VE/MVV ratio was > 0.80; this observation is reflected in the 3D graph as a 

pulmonary limitation percentage. The 3D graph in Figure 3 shows a box extending further 

along the pulmonary axis well beyond those of the other two axes, consistent with a primary 

diagnosis of emphysema.

Skeletal muscle limitation case

Figure 4 shows results from CPET example case #66 of a 52-year-old woman with 

clinical symptoms of increasing exercise intolerance. Though she reports being athletic 

during young adulthood, she recently started experiencing fatigue and weakness with heavy 

exertion. At peak exercise, she reported weakness, shortness of breath, and required 10 

minutes of recovery before being able to stand independently (1). Evaluation of her CPET 

data revealed a VO2 peak of 0.62 L/min (40.2% of predicted 1.54 L/min), flattening of O2 

pulse, VE/MVV of 0.36, and VT of 0.49 L/min (62.8% of predicted 0.78 L/min). From 

the 2D plot to the right, it is evident that she reached ventilatory threshold shortly after 

beginning the test. The 3D plot shows that all three axes have limitation signs; however, 

the skeletal muscle system is most limited. Supporting evidence of early onset VT and high 

relative time spent in VT prior to peak exercise suggests that her main limiting factor is 

skeletal muscle in nature. In this case, subsequent testing revealed a mitochondrial myopathy 

as her primary diagnosis.

Future directions

In comparison to the more detailed Wasserman nine-panel plot and other CPET assessment 

methods, the primary intention of our CPET data visualization is to provide a simpler tool 

for diagnostic assessment and monitoring of exercise intolerance. As a result, the primary 

drawback of our visualization tool is the lack of granularity in providing more detailed 

information regarding a patient’s primary exercise limitation. For example, if a patient’s 

greatest limitation is in the cardiac system, our visualization tool in its current form is unable 

to accurately differentiate from among potential specific diagnoses, such valvular heart 

disease, hypertrophic cardiomyopathy, pulmonary hypertension, or myocardial ischemia. 

Still, we envision that simplified CPET data visualization could be used to assist more 

advanced CPET interpretation and guide further diagnostic testing (i.e., laboratory studies, 

echocardiography, cross-sectional imaging).

While there are surprisingly few CPET variables that are actually needed to inform organ­

specific limitations, there is a plethora of supporting data generated by CPET adding 

precision and accuracy to diagnostic evaluation (7, 38). Advanced organ- and disease­

specific algorithms and machine learning tools (i.e., artificial neural networks) might utilize 

these additional CPET—as well as clinical—variables to refine current diagnostic paradigms 

(39, 40). Subsequent visualization platforms could also allow for real-time viewing and 
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magnification of specific variables during the course of the exercise test to permit more 

detailed user-generated analysis of CPET as desired.

For future work, there we anticipate opportunities to build more robust CPET data 

visualization platforms using additional real-world cases to improve upon the organ-specific 

limitation formulas presented here. Moving forward, with the goal of introducing this 

visualization to a wider community, we plan to gather feedback from users (i.e., medical 

practitioners, clinical exercise physiologists, and patients) on the effectiveness of various 

graphical displays. Finally, there will be the opportunity for JSON and X3D data for the 

visualization presented here to be integrated into the HL7 THEMES framework.

Conclusions

CPET is a powerful multipurpose tool for clinicians caring for patients with 

cardiopulmonary disorders and exercise intolerance. Utilizing CPET for diagnostic 

evaluation requires multiple elements, including: 1) in-depth knowledge of exercise 

physiology and external to internal gas exchange coupling; 2) a well-equipped and 

maintained exercise physiology lab with experienced staff; 3) proper interpretation of 

CPET data by experienced practitioners. Unfortunately, each of these elements may be 

a barrier to utilizing CPET to greater extent in clinical practice. Novel CPET data 

visualization platforms hold promise to make CPET more accessible and improve clinician­

patient communication regarding the etiology, work-up, and management of disease-specific 

exercise limitations. The addition of advanced computer-assisted diagnostic reasoning tools 

to these CPET platforms may also provide new insights into exercise testing and prescription 

for the experienced physiologist.

Here, we presented a novel visualization of CPET data to inform diagnostic evaluation 

for the general medical practitioner. In our visualization, the rectangular prisms in the 3D 

plots make it easy to quickly determine the extent of pulmonary, cardiac, and skeletal 

muscle limitations and to associate distinguishable shapes for each limitation. This intuitive 

visualization allows the user to read and present the CPET data more succinctly to others, 

including medical providers and patients unfamiliar with the details of test interpretation; 

however, we acknowledge that new platforms such as the novel visualization presented 

here need to be further refined and cross-validated against currently accepted tools such 

as the Wasserman nine-panel plot and the EACPR/AHA color-coded diagrams. Subsequent 

refinements of visualization platforms such as this are needed to fully realize the potential 

of CPET as a first line diagnostic, prognostic, and disease monitoring tool in the clinician’s 

armamentarium.
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Figure 1. 
CPET nine-panel plot. Example from Wasserman K, Hansen JE, Sue DY, Stringer W, 

Sietsema K, Sun XG, Whipp BJ. Principles of exercise testing and interpretation: Including 

pathophysiology and clinical applications: Fifth edition. Fifth edition. ed: Wolters Kluwer; 

2011 (used by permission from Wolters Kluwer Health).
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Figure 2. 
Chronic heart failure. The upper panel depicts supporting 2D plots for the pulmonary, 

cardiac, and skeletal muscle limitations. The bottom panel depicts the 3D plot, which 

identifies the subject’s major limitation to exercise in the cardiac system.
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Figure 3. 
Severe emphysema. The upper panel depicts supporting 2D plots for the pulmonary, cardiac, 

and skeletal muscle limitations. The bottom panel depicts the 3D plot, which identifies the 

subject’s major limitation to exercise in the pulmonary system.
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Figure 4. 
Mitochondrial myopathy. The upper panel depicts supporting 2D plots for the pulmonary, 

cardiac, and skeletal muscle limitations. The bottom panel depicts the 3D plot, which 

identifies the subject’s major limitation to exercise in the skeletal muscle system.
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