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Cardiopulmonary Exercise Testing
Ileana L. Piña

Cardiopulmonary (metabolic) exercise testing is defined as an exercise testing procedure during which gas exchange is measured. The advent of up-to-date computerized systems coupled with rapid-response gas analyzers have taken this procedure from a cumbersome test performed in research laboratories to an acceptable and simple form of testing for the clinical arena. Much information can be processed in a short interval allowing a "view" into the physiology of the exercise response. The test can be reliable and reproducible if basic prodedures are followed with consistency. Oxygen uptake (VO2) measured directly is much more accurate than assessing functional capacity simply by exercise time (1, 2). The information derived from cardiopulamonary testing (CPX) can be useful clinically as shown on Table 6.1.

DEFINITIONS

To better understand the process of cardiopulmonary testing and to interpret test results accurately, some basic definitions are necessary. The following are the most commonly used terms and variables measures during cardiopulmonary exercise testing (3).

Oxygen Uptake (VO2)
This is the amount of oxygen used while breathing room air whether at rest or during activity. Oxygen uptake is the product of the cardiac output (CO) and the arteriovenous oxygen (a-vO2) difference. Hence, VO2 = CO X (a-vO2). Oxygen uptake is expressed as volume in time, or flow, as mL/min or, when normalized to body weight, as mL·kg-1·min-1

Maximal Oxygen Uptake (VO2max)

Also known as maximal aerobic capacity, this is a plateauing in the increase of VO2 with exercise in spite of increasing workload. It is closely related to maximal cardiac output with exercise, and influence by age, sex, physical conditioning, obesity, and genetics. The average VO2 maxfor untrained middle-aged adults ranges between 30 and 40 mL·kg-1·min-1.

Peak Oxygen Uptake (Peak VO2)

This is the highest VO2 achieved during an exercise test. It may not be the same as the VO2max.

Anaerobic or Ventilatory Threshold

The anaerobic (AT) or ventilatory threshold (VT) is the VO2 at which anaerobic metabolism supersedes aerobic metabolism during exercise. It is also the point at which lactate increases in plasma during exercise indicating a limitation in oxygen transport. The AT or VT occurs at 50% to 60% of VO2max in sedentary individuals. There are multiple methodologies used to assess the AT. Some of these will be discussed below. 

VCO2

Carbon dioxide production is measured in the expired gas. It is expressed as a flow measurement in mL/min and closely parallels VO2 before the anaerobic threshold. The VCO2 increases more steeply beyond the anaerobic threshold.

O2 Pulse

The O2 pulse equals the VO2 divided by heart rate which equals stroke volume times (a-vO2) difference. The O2 pulse reflects the capacity of the heart to deliver O2 per beat. A value of less than 80% predicted based on height, weight, age, and sex peak effort is considered abnormal.

Respiratory Exchange Ratio

The respiratory exchange ratio (RER) is the ratio of VCO2 to VO2. The RER can be used as an assessment of effort. An RER of greater than 1.1 nearly always assures that the AT has been achieved. Values approaching of exceeding 1.3 are highly unusual in patients with cardiac disease and may signal gas-analyzing system problems that need to be addressed.

Table 6.1. Clinical Applications of Cardiopulmonary Exercise Testing


Complement a standard exercise test for diagnostic purposes

Complement nuclear studies, e. g., thallium imaging 

Evalute the sourse of dyspnea

Assess true functional capacity of patients with heart failure

Assess prognosis in patients with heart failure

Evaluate patients for listing for cardiac translantation

Review patients listed for cardiac transplantation

Assess effects of therapeutic interventions

Asing an accurate exercise prescription

Assess sports fitmess

Determine disability

Evaluate before surgery, e. g., valvular replacement

Minute Ventilation (VE)

Minute ventilation is a measure of the ventilatory response to exercise expressed as liters per minute. The maximum VE achieved must be related to the amount of work performed. The maximum voluntary ventilation (MVV) can be appoximated by age, height, weight, and sex or measured during pulmonary function tests. The MVV is often also referred to as the maximal ventilatory capacity.

Ventilatory Equivalent for VCO2 (VE/VCO2)

VE/VCO2 can serve as a measure of abnormal ventilation-perfusion relation and as an estimator of dead space ventilation. It is a noninvasive assessment of the appropriateness of minute ventilation.

Breathing or Ventilatory Reserve

The relationship of VEmax to MVV is the ventilatory reserve. It can be expressed as either MVV - VEmax or 1 - VEmax/MVV. The latter expression in normal subjects is usually 20% to 50%. Extremely well-conditioned athletes may  have a breathing reserve of close to 100%. The breathing reserve is a very important parameter to measure in cardiopulmonary testing particulary if a ventilatory reason for symptons is sought.

PRINCIPLES OF GAS EXCHANGE

To better understand the derivation of gas exchange parameters, it is worthwhile reviewing basic cardiopulmonary physiology. The concept of the cardiopulmonary unit aptly defines the contributions of the respiratory (cellular and pulmonary) and the cardiopulmonary) and the cardiovascular systems to support the increasing metabolic rate and gas exchange of contracting muscles while performing exercise. This concept was described by Wasserman and colleagues (3) and is depicted in Figure 6.1. The gas transport system couples cellular or internal respiration to pulmonary or external respiration using the cardiovascular system in a direct and integrated fashion. The energy necessary for muscle contraction is derived primarily from the mitochondria in the form of ATP. Phosphocreatine is a shuttle for high-energy phosphate but the stores of phosphocreatine are limited. To sustain muscle activity, therefore, ATP must be regenerated primarily aerobically. Aerobic production of ATP requires oxygen in increasing quantities during exercise and is reflected by an increasig VO2 . The increased utilization of O2 during exercise requires and increased of O2 and is achieved by increased O2 extraction at the muscle site, dilation of the selected vascular beds, an increased in cardiac output, an increase in pulmonary blood flow, and an increase in ventilation.

The increased delivery of O2 to the mitochondria also includes an increase in the removal of CO2 as shown in the first gear of Figure 6.1. The excess CO2 is eliminated during ventilation. Therefore, VO2 and VCO2 rise in parallel during exercise until the point at which O2 delivery lessens and anaerobic metabolism ensues, thereby increasing the rate of CO2 production to exceed VO2.

At the point when the circulation can no longer deliver more O2 to sustanin exercise, the production of ATP will also slow down and will be reflected by a slowing of the VO2 rate of increase with the appearance of ATP generated anaerobically. At this point, lactic acid will beging to accumulate, buffered by HCO3 and increased CO2 production measured in the expired gases. Therefore, the appearance of excess lactic acid in the peeriphery has been identified at the point of rapid increase of VCO2 in relation to VO2.
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Figure 6.1. The gas transport mechanism that joins callular or internal respiration to pulmonary or external respiration. There is interdependence of muscle, heart and blood, and lungs. To do work, O2 is extracted from blood, which perfuses working muscle. The increase in O2 is also facilitated by peripheral vasodilation, an increase in cardiac output, an increase in pulmonary blood flow, and an increase in ventilation. Ideally VO2 is equal to QO2 so that the amount of oxygen uptake matches the amount of oxygen required by the mitochondria. Ventilation (tidal volume and breathing frequency) will increase in response to the CO2 produced. QO2, utilization of O2 by muscles; QCO2, Co2 produced at the muscle site; SV, stroke volume; HR, heart rate; tidal volume; f, breathing frequency.

Ventilatory Parameters

A description of ventilation-related responses to exercise forms as essential core of cardiopulmonary testing. The appropriateness of ventilation depends on its effectiveness in producing the appropriate gas exchange and how it regulates acid-base balance. Therefore, ventilation needs to increase in proportion to the metabolic rate to accommodate CO2 exchange. The amount of ventilation necessary to clear a certain amount of CO2 depends on the CO2 concentration in the alveolar gas. Not all respired air, however, ventilates the lung completely because some air goes to the large airways not involved in gas exchange and to the nonperfused alveoli. The ratio of ventilatory dead space and the tidal volume (VD/VT) determines the difference between the volume of air respired and the theoretical ideal alveolar ventilation. The VE is thus closely coupled to the VCO2. If the VE does not rise in corcordance with the appearance of CO2, respiratory acidosis would ensue. Conversely, if VE rises out of proportion to the production of CO2, respiratory alkalosis would occur. However, exercise at moderate work intensities keeps a steady PaO2, PaCO2, and pH (see Fig. 6.2). The slope of the relationship between VE and VCO2 has been described in normal subjects and is higher in patients with heart failure (see Fig. 6.3) (3-5). More recently, a steeper VE/VCO2 slope has been described in older healthy adults between the ages of 55 and 86 years (6).

The behavior of VE with exercise will indicate a component of dyspnea from ventilatory causes. In ordinary exercise, the maximum VE remains below 60% of the maximum ventilation. The breathing reserve is expressed as the MVV -VEmax but can also be defined as 1 - VEmax / MVV. Patients with a pulmonary disease entity, e.g., pulmonary fibrosis, will encroach on the ventilatory reserve early in exercise (3).

Anaerobic or Ventilatory Threshold

The amount of oxygen required for any given amount of work is approximately 10 mL/W regardless of fitness, age, or sex (2). Once the cardiopulmonary unit can no longer deliver adequate O2 to sustanin work, lactic acid accumulates. The work rate at which lactic acid increases is usually unique for an individual and is a measure of the degree of fitness. The VO2 point, or threshold above which anaerobic metabolism exceeds aerobic metabolism, is termed the AT. More recently, the term "ventilatory threshold" has been preferred, because the measurement of this point is performed by gas exchange in expired air.

VO2 kinetics below the VT reach a steady state at approximately 3 minutes in normal subjects exercising at a moderate work intensity. Before the VT, the VCO2 is slightly than the VO2. Once the VT is achieved at higher work intensity, tha rate of rise of VO2 slows down and may not reach a steady state, whereas the rate of VO2 accelerates. It is reasonable, thus, to use the rate of VCO2 versus VO2 to assess the VT. This explanation forms the basis of the V-slope method of VT measurement (7).
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Figure 6.2. Exercise at moderate intensities maintains PaO2, PaCO2, and pH relatively steady. Should exercise increase beyond this point, VE increases in proportion to the CO2 produced. PaO2 and PaCO2 are in mm Hg, and the x axis is time in minutes.
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Figure 6.3. Slope of the relationship between VE and VCO2. The slope of a normal healthy 46-year-old woman and that of a 62-year-old man with moderate heart failure are illustrated. The slope of VE versus VCO2 has been consistently shown to be higher in patients with heart failure.

The VT usually occurs at 50% to 60% of VO2max but will be higher in fit individuals. In patients with cardiac disease, e.g., heart failure the VT may occur earlier. The VT is reproducible in any given individual regardless of testing protocol (8), and should improve with a conditioning program. In any test given for derivation of an exercise prescription before training, the VT should be recorded and assessed once again during the posttraining test.

The V-slope method of VT determination is widely used today although there are still controversies surrounding its general applicability in all disease states (see Fig. 6.4) (7). Another method includes determination of the nadir of VE/VO2 (ventilatory equivalent of O2) in relation to the VE/VCO2 (ventilatory equivalent of CO2) curve (see Fig. 6.5) (2). Generally, VE and VCO2 accelerate in a proportional manner above the VT, but there is a short period when VE/VCO2 does not change while VE/VO2 increases. As the VT is exceeded, VE increases in relation to O2 but not to CO2. The increase in VE/VO2 with no increase in VE/VCO2 is an indication that VT has been attained.
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Figure 6.4. The V-slope method of determing the anaerobic or ventilatory threshold (AT or VT). The production of CO2 is less influenced by oscillatory changes in ventilation and directly influenced by lactate production and accumulation. The regression of VCO2 versus VO2 is shown for a healthy man. The point of inflection at which VCO2 increases relative to VO2 is labelet as AT.
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Figure 6.5. Determination of the anaerobic (AT) or ventilatory (VT) threshold by the ventilatory equivalents for VO2 and VCO2. The AT or VT is defined as the initial point of systematic increase in VE/VO2 without a concomitant increase in VE/VCO2.

CARDIOPULMONARY EXERCISE TESTING EQUIPMENT: BASIC PRINCIPLES, CALIBRATION, AND SETUP

A diagram of the process of measuring expired gases is depicted in Figure 6.6. Figure 6.7A is a photograph of a metabolic computer system. Metabolic systems are capable of measuring three variables (9):

1. The fraction of O2 and CO2 in the inspired air.

2. The fraction of O2 and CO2 in the expired air.

3. The volume of inspired or expired air and breathing rate.

More commonly, only the fraction of CO2 and O2 in expired air is measured in the systems that are widely available today. With these variables, minute ventilation Ve, oxygen uptake VO2, and CO2 and O2 in expired air is measured in the systems that are widely today. With these variables, minute ventilation VE, oxygen uptake VO2, and CO2 production VCO2 are derived. Thus, VO2 (mL/min) = VE X (FIO2 - FEO2) where FIO2 is the fraction of O2 in inspired air and FEO2 is the fraction of O2 in expired air. Although mixing chambers for collection of expired gases were the rule in the past, current thechnology makes breath-by-breath measurement feasible and reliable.
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Figure 6.6. Diagram demonstrating the basic concept of a metabolic system. The fractions of inspired oxyen and carbon dioxide (FIO2 and FICO2) are known. The expired volume is measured as well as the concentration of both O2 and CO2 in the expired air (FEO2 and FECO2). In a simplifed manner, VO2 (mL/min) = VE X (FIO2 - FEO2).

Calibration

It is essential to calibrate the system daily, at the begining of the testing period, and to check systems before each test. A copy of the initial calibration report should ba filed in a separate brinder for quality assurance purposes. The calibration report for each test should be added to the testing report to attest to the validity of the measurements. Gas analyzers are also clibrated according to the specifications of the manufacturer. Most metabolic systems will also calibrate for airflow with a syringe of known volume. Because each system carries its own calibration peculiarities, the reader is advised to follow the instructions of the gas exchange system´s manufacturer for the best testing results.

EXPIRED VENTILATION

Expired air is collected through a mouthpiece with a tight seal and a nose clip. If the patient cannot tolerate the mouthpiece, an air-tight mask is recommended. The usual dead space found in most mouthpieces is 100 mL. The smaller the dead space, although permiting a greater accuracy of ventilation, the higher the resistance through mouthpiece.

PNEUMOTACHOMETERS

The pneumotachometers measures flow, which is proportional to changes of airflow presure, through a tube or a series of wire screens. A picture of a modern pnemotachometer is seen in Figure 6.7B. This mouthpiece is light and comfortable.

GAS ANALYZERS

Today´s gas analyzers are rapid responding with a zirconium cell for oxygen and an infrared analyzer for carbon dioxide. The rapidity of response (less than or equal to 100 ms) allows the systems to real VO2 and VCO2 on line with breathby-breath measurement. The response of both gas analyzers is linear and allows calibration with only one certified gas mixture. The used calibrations gases have a concentration of 5% to 7% for CO2 and 12% to 16% for O2.

Because O2 concentration varies with ambient temperature, barometric pressure, and humidity, most metabolic systems allow for correction of ambient O2 concentration. At an ideal temperature of 22ºC the relationship between O2 and humidity is shown on Figure 6.8 (9).

PHASE DELAY

The difference in time from the moment that  the pneumotachometer measures air volume (almost instantaneously) to the moment the gas analyzers measure the gas concentrations is the phase delay. Once measured, the phase delay is used to adjust the time course of each volume received to match the time course of gas concentration changes.

SYSTEM VALIDATION

Validation includes not only the daily calibration report but also a periodic series of tests to verify reproducibility. Reproducibility can be demonstrated either by repeated maximal testing on normal subjects or by exercising normal subjects at a steady workload state and comparing the VO2 with the O2 costs of predicted submaximal workloads. Suggested limits of variability among tests are shown in Table 6.2 (9).
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Figure 6.7. A. A modern metabolic gas exchange system is compact and includes the desktop computer system An electronically braked bicycle ergometer is shown. B. Disposable pneumotachometer is pictured. Ventilation volume is measured as the difference in pressure between the two sides of a small strut placed in the middle of the clear cylinder. (Compliments of Medical Graphics Corporation, St. Paul, MN).
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Figure 6.8. The relationship between O2 and humidity. O2 is expressed as a percent and the realtive humidity at a temperature of 22ºC. The importance of adjusting O2 concentration to ambient temperature and humidity is evident. The slope of this line changes with temperature as well. (Reprinted with permission from Piña IL, Balady GJ, Hanson P, et al: Guidelines for clinical exercise testing laboratories. Circulation 1995; 91: 912-919).

CONDUCTING THE CARDIOPULMONARY TEST

Equipmet and Techniques

LABORATORY PHYSICAL FACILITY

The CPX testing laboratory should be set up according to American Heart Association standars (10). The room should be well-ventilated with sufficient space to hold all equipment. Patient privacy during testing essential. A barometer, thermometer, and hygrometer should be availabl in the testing area to adjust gases during calibration of the metabolic testing system (see below). Ideally, room temperature should be kept at 22ºC with a humidity of 50%.

Treadmill testing is the most common form of ergometry used clinically for CPX, but a bicycle should be available for patients who cannot use the treadmill or for stabilization of catheters when performing CPX in conjunction with hemodynamic monitoring. A suitable electrocardiographic system is necessary for evaluation of arrythmias and ECG changes during exercise. Some modern metabolic testing systems are available with electrocardiographic monitoring built-in. If not, most standard ECG recording exercise systems can be connected to the metabolic cart so tht speed, grade, workload, and heart rate are read directly into the gas exchange system. In addition, blood pressure cuffs of various sizes should be available to accommodate different arm sizes. A large-print scale of the Born or Modified Borg scale (11) will allow communication with the patient to determinate perceived effort. An additional scale of symptom severity can also be useful. Emergency equipment should include a "crash cart" with all appropiate medications and a defibrillator.

All equipment should be placed under a routine maintenance shedule including inspection and calibration. Ergometer calibration is outside of the scope of this chapter. However, the reader is referred to the Guidelines for Clinical Exercise Testing Laboratories of the American Heart Association for a more thorough discussion (10).

Table 6.2 Variability: Repeated Testing-Steady State

	Variable 
	Limit (±)

	Oxygen uptake
	5.1%

	Carbon dioxide output
	6.2%

	Ventilation
	5.0%

	Heart rate
	4.7%

	Mixed venous PCO2
	2.7%

	Cardiac output
	8.9%


(Adapted from Jones NL. Clinical Exercise Testing 1988).

PERSONEL
Administering and interpreting the CPX test requires skill and competency. Although requirements for physician competency in exercise testing have been clearly defined, stric requirements for interpretation of CPX testing by physicians have not been so clearly specified. Staff members administering the test must receive basic life support training. It is highly recommended that physician have advanced cardiac life support training.

It is responsibility of the physician to interpreted the test in a timely fashion. Preliminary reports should be provided immediately after testing. Suggestions for test interpretation will be presented later in this chapter.

PATIENT PREPARATION

A written consultation for CPX testing is strongly encouraged. The request should include the patient´s diagnosis and list of medications as well as the reason for testing. As in any other diagnostic procedure, taking at least a brief history is essential. The history should include the type of activities that the patient is accustomed to, including-related activities and any recreational sports. The time when medications were last taken should be noted. Timing of drug therapy is especially important for B-blockers, which can alter rest and exercise heart rate and may also decrease peak VO2max (12). Patient instructions should include abstinence from food for at least 3 hours before testing. Clothing should be loose and comfortable, and include secure footwear.

INFORMED CONSENT

The informed consent should be made part of the testing record. Taking informed consent includes an explanation of testing procedures and any discomfort that the patient may experience. The mouthpiece for gas exchange may cause dryness of the oral mucosa and give the sensation of resistance. The patient should be advised of these usual occurrences as normal and to be expected. If patients cannot tolerate a mouthpiece, a mask should be available. The written and verval informed consent needs to include all risks involved in testing. The patient should clearly understand that the test will be stopped at the patient´s request but than an adequate exercise response is crucial for adecuate interpretation of the data. A sample informed consent is included in appendix 6.A.

ELECTRODES AND SKIN PREPARATION

The electrodes used should be identical to those used for standard exercise testing. Skin preparation should be optimal to obtain the best tracing. The reader is once again referred to the Guidelines for Clinical Exercise Testing Laboratories published by the American Heart Association (10).

RESTING DATA 

Usual resting parameters such as blood pressure, sitting and standing, and resting heart rate should be recorded. To ensure accurate data during exercise testing, it is essential that an adequate collection of gases be performed at rest. A minimum of 2 minutes of a stable baseline VO2 is optimal. Any potential problems with the metabolic system are likely to be observed during this resting collection, allowing time for correcting the problem before initiating the exercise portion of testing. This resting period also allows the patient to become accustomed to the mountpiece or mask.

EXERCISE DATA

Testing of patients with gas exchange measurements can be performed either on a treadmill or bicycle ergometer. The bicycle ergometer offters the convenience of a stable sitting position, which allows more accurate measurements of lood pressure and particularly of concomitant hemodynamic measurements. Walking, hoerver, is more familiar to the average U.S. population and patients may be capable of performing at a higher level. The exercise tessting results, however, will vary with the testing mode. More specifically, peak VO2, the anaerobic threshold, and minute ventilation will be higher with treadmill testing than with bicycle ergometry. On the other hand, heart rate, systolic blood pressure, RER, and rate of perceived exertion (RPE) can be identical with both testing modalities (13).

The choice of protocol will often depend on the functional status of the patient including any other conditions that could limit exercise. Protocols with stages of 2 or 3 minutes´ duration will show an increment in VO2 until a steady state is achieved at each stage and therefore may have the appearance of a stepwise increase in VO2 (see Fig. 6.9). Ramp protocols change workload at each minute or at 30-second intervals and give a much smoother VO2 curve. Ramp protocols can also be tailored to the ability of the patient being tested. It may be more important to select protocols by patient and not rely solely on one or two protocols that may not allow enough time at a relatively low workload to observe all the necessary measurements. The Bruce protocol has been commonly used in exercise testing laboratories that used radionuclide imaging. The Bruce protocol may be too challenging from Stage 1 for more deconditioned patients or for those patients with impaired left ventricular function.
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Figure 6.9. Oxygen uptake expressed as mL.kg-1.min-1 for two protocols. The protocol with 3-minute stages shows a plateau effect at each stage whereas the progressively increasing ramp protocol shows a smooth increase in VO2. The plateau effect lessens as the AT is approached or exceeded.

In most patients, exercise duration alone is not nearly as reproducible as measurements of gas exchange. Oxygen uptake and anaerobic threshold are highly reproducible (14). In patients with heart failure, the Modified Naughton protocol has been used extensively in published works of exercise response in this specific patient population (15). Thus, the Modified Naughton became the rule rather than the exception when choosing exercise protocols. Exercise testing, however, can be performed using a variety of published protocols. The protocol chosen often depends on the experience of the testing physician and on the norms of any specific testing facility.

However, the selection of protocols for cardiopulmonary testing should follow the same criteria as when choosing protocols for other testing purposes, e.g., ischemia. An exercise protocol should yield the maximum amount of information and truly assess a patient´s maximal or near-maximal function with a high degree of confidence and reproducibility. Breathlessness may be the salient symptom when exercise is of sudden onset, whereas fatigue predominates at slow but longer-lasting activity. A fast protocol (high workload presented rapidly) will generally yield a higher VO2max, cardiac output, and a greater degree of breathlessness. In contrast, a slow protocol will most likely provoke fatigue at a lower VO2max and cardiac output (16). Protocols lasting longer than 10 to 12 minutes may also be associated with boredom and lack of motivation on the part of the patient.

It is more crucial that the patient be able to perform a certain workload comfortably to determine a true level of functional capacity for that individual. Subsequently, the Balke, Ellestad, and modified Astrand protocols apply speeds that may be too difficult for a patient with known cardiac disease and deconditioning (17). Similarly, the Bruce protocol may be too challenging and difficult because of its large increments in workload per stage, and although patients with heart failure can perform this protocol, the duration of exercise may be shortlived (18).

Ramp protocols provide an interesting alternative to the standard 2 and 3 minutes per stage protocols. In addition, ramp protocols can be created across various levels of difficulty, thus ensuring the patient´s ability to perform in accordance with individual capabilities. Most ramp protocols are in 1-minute stages with constant speed and increasing elevations allowing a desirable time of completion of less than 10 minutes. An additional benefit to ramp protocols lies in the linear increase in VO2 versus time allowing a better visualization of a maximum VO2 or "plateau", if attained.

When using gas exchange in addition to ECG monitoring, it is more important to achieve, at the very least, an anaerobic threshold and, preferably, as close to a true maximum VO2 as possible than to use the same protocol routinely. Exercise that is sufficient to reach an anaerobic threshold demonstrates a significant level of effort on the part of the patient. Furthermore, the anaerobic threshold is effort -and protocol- independent and should be a minimal target in testing (18). If properly measured, the anaerobic threshold is also reproductible in repeated testing and can be used as a clinical and prognostic tool as weel (14). By using the V-slope method among others (7), the anaerobic threshold can be adequately measured in most patients with heart failure. The V-slope methodology classification (A through D) has been applied to the level of functional capacity as defined by VO2max and by anaerobic threshold in patients with impaired left ventricular function with a range of cardiac indices (see Table 6.3.).

REASON FOR STOPPING THE TEST

It is advantageous in most instances to allow the patient to exercise to a maximum point of fatigue. Although this point may be difficult to assess in ordinary exercise testing, the addition of gas exhange measurement simplifies it. Minimum exercise should include the achievement of a ventilatory (anaerobic) threshold. Only then cap repeated tessting serve for comparison. The ventilatory threshold should be producible in stable clinical conditions. This important level of VO2 should also increase in parallel with VO2 maximum on completion of a cardiac rehabilitation program. Therefore, every effort should be made to encourange the patient to continue beyond an RER of 1.0 to assure that the VT has been reached. Although the appearance of a plateau indicates the approximation of maximum exercise, patients who are deconditioned or have significant ventricular impairment may find the sensation of maximum exercise difficult to tolerate and may not be able to achieve it.

Patients with ischemia induced by exercise may also not be able to attain a maximum test by RER criteria. Nonetheless, the information acquired as to the onset of ischemia by ECG or by symptoms will have clinical relaevance and allow an exercise prescription to be written within the asymptomatic period. In addition, there are other clinical entities that limit exercise, such as peripheral vascular disease with claudication, neuromuscular impediments, and pulmonary disease, among others.

As in standard exercise testing, clinical observation of the patient is essential as well as careful monitoring of the blood pressure during exercise along with the heart rate and the exercise ECG. Testing should always be stopped if the patient wishes to do so or if the physicians responsible for the testing process feels that it is necessary for the patient´s well-being.

Because verval communication with the gas exchange system in place is not feasible a printed scale of perceived exertion, e.g., the Borg Scale or a scale indicating symptoms, should be available and placed before the patient. It is crucial that the patient understand that communication of symptoms and effort level will be possible in spite of the lack of verbalization. A small amount of time spend during pretesting to adequately explain the Borg scale will be rewarded by a better patient assessment of personal effort. Perceived exertion scales can be important for patients whose heart rate may be blunted by B-adrenergic blocking agents or in cardiac transplant recipients whose lack of vagal input results in a flac chronotropic response.

REPORTING THE TEST RESULTS

A preliminary resport should be immediately available. Most cardiopulmonary exercise systems have the ability to print a basic report easily. Some systems will also completely analyze the test. Because the input of a patient´s history or an interpretation based on the clinical question is difficult to extract from a computerized system, we recommended a separate written report that synthesizes the entire test, inclunding blood pressure, heart rate, exercise ECG, and the gas exchange interpretation. An example of a test report is included as appendix 6.B.
Table 6.3. Functional Impairment During Incremental Treadmill Testing: The Weber Classification

	Class
	Severity
	Peak VO2 (mL.kg-1.min-1)
	AT
	CL max (L.min-1.m-2)

	A
	Mild to none
	>20
	>14
	>8

	B
	Mild to moderate
	16-20
	11-14
	6-8

	C
	Moderate to severe
	10-16
	8-11
	4-6

	D
	Severe
	6-10
	5-8
	2-4

	E
	Very severe
	<6
	<4
	<2


VO2, oxygen uptake; AT, anaerobic theshold; CI, cardiac index.

INTERPRETATION OF THE CARDIOPULMONARY TEST

When a cardiopulmonary test is ordered, the physician should have a clinical question concerning exercise limitations or symptoms that the test may help to elucidate. Seeking to answer a specific question will help to focus the interpretationof the test.

Wasserman and colleagues (3) have presented a logical algorithm for test interpretation. Analysis begin with a decision on whether the VO2 achieved is normal or abnormal. The testing center must decide on a range of normal values using either a standardized predictive equation or by derivation from a center-specific set of normal subjects. Table 6.4 represents three methodologies for age-and sex-adjusted predicted maximal VO2 (3, 19, 20). Not all available predicted equations have been equally tested in both extremes of age, i.e., the very young and the elderly, particularly older women. If the VO2 is normal and the patient complains of exercise intolerance, possible causes may be early cardiovascular disease, obesity, or anxiety. If the VO2 is low, an analysis of anaerobic or ventilatory threshold follow. A normal AT should prompt an assessment of the ventilatory reserve is normal, the patient may have provided a poor effort, could be deconditioned or in the presence of an abnormal ECG, or have ischemia. If the breathing reserve is abnormal, pulmonary disease is probably present. If the AT is low and the breathing reserve is normal, cardiovascular disease or peripheral vascular disease is probably present. On the other hand, if the breathing reserve is also abnormal, the patient may have a mixed condition of cardiovascular and pulmonary limitations. Figure 6.10 will be helpful to keep as an analysis algorithm tree. As in any other diagnostic test, the analysis must be made in light of the patient´s clinical picture and known disease entities.

Table 6.4. Predicted Maximum Oxygen Uptake

Equations form Wasserman et al.


The following equations normalize weight to height:



Men:   
W = 0.79H – 60.7



Women:
W = 0.79H – 68.2


Overweight is defined as weight in excess of weight 



Calculated from the above equations.


Men




Overweight:  
VO2max = (0.79H – 60.7) X (56.36 - 0.413A)




Not overweight: 
VO2max = W X (56.36 – 0.413A)



Women




Overweight:
VO2max = (0.79H – 68.2) X (44.37 – 0.413A)




Not overweight: 
VO2max = W X (44.37 – 0.413A)

Equations from Jones et al.


Men:
4.2 – 0.032A


Women:
2.6 – 0.14A

Equations from Bruce et al.


Sedentary men:
57.8 -  0.445A


Sedentary women:
41.2 – 0.343A 



INDICATIONS FOR CARDIOPULMONARY TESTING

The indications for the assessment of cardiopulmonary parameters with exercise testing are multiple and are shown in Table 6.1. The following sections will discuss briefly some of those applications.

Assessment of Ischemia

Although not commonly used in clinical practice, the use of gas exchange indices in patients with coronary artery disease will add another dimension to regular exercise testing. Myocardial ischemia can lead to a reduced maximum VO2 and anaerobic threshold. In these cases, the breathing reserve is normal unless there is concomitant pulmonary disease. Exertional breathlessness can accompany ischemia but could be caused by deconditioning or respiratory impirment. Predicting VO2max can be influeced by a variety of factors inclunding the treadmill experience of the patient, inherent inaccuracies of predictive equations, and the desing of the testing protocol. Therefore, when the evaluation of true functional capacity or response to therapy is needed, the objective assessment of VO2 will provide accurate results. In addition, as noted above, patients with coronary artery disease may also experience respiratory symptoms. Objective assessment of gas exchange will help to clarify the clinical situation and rule out the presence of pulmonary disease.
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Figure 6.10. Algorithm for analysis of cardiopulmonary testing. See text for full details. First an assessment of VO2 is necessary to determine wheter the value is normal or low for age, sex, height, and weight. If the VO2 is low, an evaluation of AT is next. After AT assessment, the behavior of ventilation in light of the work performed and the effort expended is reviewed. (Reprinted with permission from Wasserman K, Hansen JE, Sue DY, et al. Principles of exercise testing and interpretation. Philadelphia: Lea & Febiger, 1987).

After myocardial infarction, many studies have shown that exercise testing is predictive of mortality (21, 22). Most studies however, have set a level of submaximal exercise such as MET, workload, or heart rate. More recently, peak oxygen uptake has been shown to provide independent prognosis information in patients with coronry artery disease (23). In addition, maximal exercise testing is a more potent predictor of mortality than testing to a set value of METs or a predetermined heart rate (24, 25). Using cardiopulmonary parameters, the level of effort can be better assessed to approach a maximal test.

Determination of peak VO2 and anaerobic threshold has also been used to evaluate the development of heart failure in patients treated with an angiotensin-converting enzyme inhibitor after myocardial infarction (26). The peak VO2 and anaerobic thereshold of a captopriltreated group showed a small difference in favor of the angiotensin-converting enzyme inhibitor-treated group when compared with placebo, as well as fewer heart failure events.

In patients with silent ischemia, the use of gas exchange testing has identified that this group of patients has a significantly higher peak VO2, anaerobic threshold, and oxygen pulse than patients with symptomatic ischemia regardless of the severity of coronary artery disease (27). In fact, the peak VO2 of patients with silent ischemia approaches that of normals.

Valvular Heart Disease

Cardiopulmonary exercise testing can provide valuable information in patients with known valvular disease especially after surgical or percutaneous interventions.

In patients with severe mitral stenosis, VO2max can increase acutely by approximately 10% with an improvement in ventilation after balloon valvuloplaty (28, 29). The exercise data of a group of 10 patients before and early and late after balloon mitral valvuloplasty are shown in Figure 6.11 (28). These relativly small changes would not be evident by standard exercise testing without gas exchange. More significant changes could be expected with time in these patients. A baseline test before and after the procedure will serve well as a comparison point.
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Figure 6.11. Exercise VO2max before and early (12 ± 4.2 days) and late (15 ± 2.3 weeks) after balloon mitral alvuloplasty in a group of 10 patients. Note that the majority of patients exhibit an increase early after the intervention. The subtle changes would not be found by exercise testing alone without gas exchange.

Pacemaker Programming

The use of cardiopulmonary testing to determine the optimal settings of rate-adaptive pacemakers has been extensively described. Because chronotropic incompetence can limit exercise performance and aerobic capacity, appropiate settings to simulate the normal heart rate/workload to VO2 relationship are recommended. Using a ramp protocol, an ideal heart rate/work rate (HR/WR) slope of 0.37 ± 13 beats per minute per watt is recommended so that the pacemaker should generate an average of 5 beats per minute for each 10 W of external treadmill work (30). Others have described a rate increase of 2 to 5 beats per minute to effect an increase of 1 mL·kg-1·min-1 of oxygen uptake (31). Patients with the lowest intrinsic maximum sinus rate are those that will beneficit the most from rate-adaptive pacing as shown in Figure 6.12. By dividing patients into groups according to their intrinsic sinus rate (group I, less than or equal to 90 beats per minute; group II, 90 to 110 beats per minute; group III, more than 110 beats per minute), Alt and colleagues (32) have demonstrated the improvement in both VO2max and anaerobic threshold.

Heart Failure

Exercise testing provides a unique tool to assess the functional capacity of patients with heart failure. Cardiopulmonary testing for direct measurement of VO2 with of VO2 with exercise adds a valuable dimension to the evaluation of patients with heart failure in determining the source of symptoms induced by activity and currently plays  major role in prognostic assessment (33-35). Furthermore, the use of gas exchange allows derivation of an objective exercise prescription for rehabilitation in a group of patients that may be significantly dibilitated.

Markedly impaired exercise tolerance places the patient with heart failure in a high-risk category for a poor outcome. The New York Heart Association classification system is impresice owing to its inherently subjective nature. Consequently, direct measurement of oxygen uptake by cardiopulmonary testing appears to be the preferred assessment of exercise capacity to predict survival. A peak VO2 of less than 14 mL·kg-1·min-1 generally identifies a group of patients with a poor 1-year prognosis, and this group should be considered for transplantation evaluation if otherwise deemed possible candidates (34). Currently, most cardiac transplantation programs use VO2 determination in the selection of transplant recipients. Some heart failure/transplant centers use percent predicted VO2 in consideration of candidacy for cardiac transplantation. Patients with more than 50% predicted VO2max have a good short-term prognosis and may be able to be managed with medical treatment, thus deferring transplantation (36).
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Figure 6.12. Maximum oxygen uptake (VO2) and anaerobic threshold (AT) during treadmill testing with rate-adaptive pacing (RR) and the patients´ intrinsic rate (IR). Values shown are means. Group I, less than or equal to 90 beats per minute; group II, 90 to 110 beats per minute; group III, more than 110 beats per minute. See text for details.

Recently, a subgroup of patients with VO2 less than 14 mL·kg-1·min-1 has been identified who may have preserved cardiac function with exercise but who are extremely deconditioned (37). In this patient cohort, a program of directed cardiac rehabilitation can successfully improve peak VO2.

Evaluating the Source of Dyspnea

In cases in which the source of dyspnea on exertion is nuclear, cardiopulmonary testing, with a proper interpretation, will often clarify the clinical picture. Deconditioning alone can cause symptoms of breathlessness on exertion and produce a decreased VO2max. In this setting, however, the cardiorespiratory responses should be normal. Patients become limited with a reduced VO2 as a result of one of three major reasons: 1) a cardiovascular limitation that includes the heart, pulmonary and systemic circulations, and blood; 2) a respiratory limitation that includes mechanical ventilation and gas exchange; and 3) peripheral factors includeing musculoskeletal limitations that could impact on O2 utilization at the tissue level (see Fig. 6.1) (3).

When cardiovascular disease limits exercise, the VO2 is abnormal because of decreased O2 delivery to the periphery. In that case, the ventilatitory reserve or "breathing" reserve should be normal, i. e., 1 - VEmax/MVV should range from 20% to 50% in normal subjects. In the presence of cardiac disease, oxygen upkate is depressed, anaerobic metabolism ensues earlier, and the patient is limited at low workloads yet with a high respiratory reserve. Conversely, those patients who are limited by pulmonary causes will approach or exceed their respiratory reserve although their cardiac system remains understressed. Minute ventilation in these situations will be excessive for the workload achieved. In addition, MVV rather than accept the predicted values as fact. Should desaturation be a consideration, the test can be performed with simultaneous pulse oximetry. Table 6.5 reviews some of the differences in the differential diagnosis of pulmonary versus cardiac exercise limitation.

Table 6.5.  Exertional Dyspnea

	
	Cardiac
	Pulmonary

	VO2max
	Yes, but low
	Not achieved

	Peak VO2
	Reduced
	Reduced

	AT
	Yes, but low
	Rarely achieved

	Vemax 
	>50% true MVV
	>50% true MVV

	SaO2
	Normal
	May drop <90%

	CO
	Normal or low
	Normal


VO2max, maximum oxygen uptake; AT, anaerobic threshold; Vemax, maximum minute ventilation; MVV, maximum voluntary ventilation; SaO2, arterial oxygen saturation; CO, cardiac output.

How To Develop an Exercise Prescription

The cardiopulmonary test provides the best assessment of functional capacity and therefore serves as an excellent basis from which to derive an exercise treatment plan. The exercise prescription should be individualized according to the results of the cardiopulmonary exercise test. In our laboratory we have used the heart rate at  AT as the heart rate for intensity recommendation. Generally, however, one must be sure that the heart rate at AT is safe and that the patient does not exhibit symptoms of angina or moderate dyspnea at that level. Alternatively, a heart rate 10 beats per minute less than that at AT may be a reasonable starting point for patients with severe symptoms or marked debilitation. Exercise is recommended three times per week for 20 to 30 minutes at the assigned intensity. Initially, aerobic training modalities are advised.

For patients after cardiac transplantation, the Borg scale rating at the AT is used to assing intensity because the heart rate will be flat early in exercise (38). The remainder of the exercise prescription remains the same.

The Agency for Health Care Policy and Research has provided an in-depth review of the publixhed data on exercise prescription in cardiac disease and its derivation (39).

EXAMPLES

Normal Woman

A 46-year-old woman was tested for atypical chest pain using the Modified Naughton protocol (weight, 77.1 kg; heigh, 165.1 cm; predicted VO2max, 1610 mL/min or 20.88 mL·kg-1·min-1; MVV, 111 L/min) (Table 6.6).

Analysis: The patient has a normal VO2 for age, sex, height, and weight. The anaerobic threshold is also normal, occurring at 64 of the VO2max. The minute ventilation is normal with a ventilatory reserve of 60% using 1 - VEmax/MVV. The blood pressure at rest is not normal and repeat blood pressure measurements were recommended. The maximum predicted heart rate is 220 - age, or 174. The patient reached 94% of predicted maximum heart rate.

Patient with Severe Triplevessel Coronary Artery Disease

A 63-year-old man with a history of severe coronary artery disease and a coronary bypass surgical procedure 3 years previously was tested. The patient complained of chest discomfort and shortness of breath with exertion. The ejerction fraction was 35%. The Modified Naughton protocol was used (weight, 71.2 kg; height, 172.7 cm; predicted VO2max, 1943 mL/min or 27.28 mL/kg-1·min-1; MVV, 125 L/min). The test was stopped owing to chest pain and moderate dyspnea. The RER was 1.07 (TAble 6.7).

Analysis: The patient has a low VO2 for age, sex, height, and weight. The anaerobic threshold is also low but occurs at 71% of the VO2max. The minute ventilation is normal with a ventilatory reserve of 30% using 1 - VEmax/MVV. The blood pressure at rest is low and remains relatively flat during exercise. The maximum predicted heart rate is 220 - age, or 157. The patient reached 82% of predicted maximum heart rate. The level of effort was submaximal (RER 1.07) owing to the onset of symptoms. In addition, the VO2 of 13.1 mL·kg-1·min-1 places the patient in a Weber class C, indicative of a poor prognosis, which is also confirmed by a percent predicted VO2 of less than 50%. From Figure 6.10, the analysis leads to circulatory impairment, which includes myocardial ischemia and left ventricular dysfunction, among other. In patients such as the one illustrated above, myocardial perfusion imaging can be used simultaneously to supplement the cardiopulmonary test.

Patient with Heart Failure - Evaluation for Cardiac Transplantation

A 61-year-old physician was referred for transplant evaluation with a severe ischemic cardiomyopathy and an ejection fraction of 15%. A bypass surgical procedure had been performed 10 years before presentation. There was no active ischemia by radionuclide perfusion imaging, which had been obtained before referral. The test was performed after maximization of medical therapy, especially angiotensin-converting enzyme inhibitors, using Modified Naughton protocol (weight, 76.8 kg; height, 175.3 cm; predicted VO2max, 2153 mL/min or 28.03 mL·kg-1·min-1; MVV, 134 L/min). The test was stopped owing to moderate dyspnea. The RER was 1.11 (Table 6.8).

Analysis: The patient has a low VO2 for age, sex, height, and weight. The anaerobic threshold is also low but occurs at 75% of the VO2max. The minute ventilation is normal with a ventilatory reserve of 42% using 1 - VEmax/MVV. The blood pressure at rest is low and remains relatively flat during exercise. The maximum predicted heart rate is 220 - age, or 151. The patient reached 82% of predicted maximum heart rate. The level of effort was submaximal (RER 1.11) owing to the onset of symptoms but adequate to assess the AT. In addition, the VO2 of 13.5 mL·kg-1·min-1 places the patient in a Weber class C, indicative of a poor prognosis, which is also confirmed by a percent predicted VO2 of less than 50%. From Figure 6.10, the analysis leads to circulatory impairment, which includes myocardial ischemia and left ventricular dysfunction, among others. In this case there was no evidence of ischemia either by symptoms or by ECG.

Table 6.6. Normal Woman

	
	Systolic BP (mm Hg)
	Heart Rate (bpm)
	VO2 (mL.kg-1.min-1)
	Time (min)
	VE (L/min)

	Rest
	150
	77
	3.4
	0
	6

	Maximal
	195
	164
	22.4 (107% predicted)
	15.45
	66

	     exercise
	
	
	
	
	

	Ventilatory
	180
	118
	14.3
	6.1
	18

	threshold
	
	
	(64% VO2max)
	
	


BP, blood pressure; VO2; oxygen uptake; VE, minute ventilation; VO2max, maximum oxygen uptake.

Table 6.7. Patient with Severe Triple-vessel Coronary Artery Disease

	
	Systolic BP (mm Hg)
	Heart rate (bmp)
	VO2 (mL.kg-1.min-1)
	Time (min)
	VE (L/min)

	Rest
	92
	68
	3.3
	0
	8

	Maximal
	118
	130
	13.1 (47% predicted)
	7.8
	37

	     exercise
	
	
	
	
	

	Ventilatory
	110
	97
	9.3
	4.5
	21

	threshold
	
	
	(71% VO2max)
	
	


BP, blood pressure; VO2; oxygen uptake; VE, minute ventilation; VO2max, maximum oxygen uptake.

Table 6.8. Patient with Heart Failure-Evaluation for Cardiac Transplantation

	
	Systolic BP (mm Hg)
	Heart rate (bmp)
	VO2 (mL.kg-1.min-1)
	Time (min)
	VE (L/min)

	Rest
	90
	82
	3.8
	0
	8

	Maximal
	110
	131
	13.5 (48% predicted)
	10
	57

	     Exercise
	
	
	
	
	

	Ventilatory
	102
	120
	10.2
	7.5
	30

	threshold
	
	
	(75% VO2max)
	
	


BP, blood pressure; VO2; oxygen uptake; VE, minute ventilation; VO2max, maximum oxygen uptake.

Table 6.9. Patient After Cardiac Transplantation

	
	Systolic BP (mm Hg)
	Heart rate (bmp)
	VO2 (mL.kg-1.min-1)
	Time (min)
	VE (L/min)

	Rest
	128
	85
	3.6
	0
	7.2

	Maximal
	148
	100
	11.2 (52% predicted)
	9.8
	58

	     Exercise
	
	
	
	
	

	Ventilatory
	132
	86
	7.4
	8
	36.3

	threshold
	
	
	(66% VO2max)
	
	


BP, blood pressure; VO2; oxygen uptake; VE, minute ventilation; VO2max, maximum oxygen uptake.

Patient After Cardiac Transplantation

A 64-year-old man who had cardiac transplantation 2 weeks previously was tested. The patient had undergone inpatient cardiac rehabilitation. The Modified Naughton protocol was used (weight, 94.8 kg; height, 172.7 cm; predicted VO2max, 2039 mL/min or 21.51 mL·kg-1·min-1; MVV, 124 L/min). The test was stopped owing to moderate dyspnea. The RER was 1.17 (Table 6.9).

Analysis: The patient has a low VO2 for age, sex, height, and weight. The anaerobic threshold is also low and occurs at 66% of the VO2max. The minute ventilation is normal with a ventilatory reserve of 74% using 1 - VEmax/MVV. Chronotropic incompetence is a common finding in transplanted patients with absence of vagal innervation. The patient´s heart rate increase of 15 beats per minute is abnormal for the workload used. The level of effort was submaximal (RER 1.17) owing to the onset of leg fatigue but adequate to assess the AT. Using the Weber class to describe the functional capacity of this patient is not appropriate because the A throught D classification was not developed for the transplant population. This test was used to derive an exercise prescription because the AT occurred at a low level of work. The RPE at the At was 12. An exercise prescription was given for an intensity commensurate with an RPE of 12, because heart rate is not useful in this patient. Exercise was recommended three times per week for at least 20 to 30 minutes with proggression as tolerated.
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Appendix 6.A

Sample Informed Consent

To determine the response of my heart, circulation, and lungs to exercise, I voluntary agree to perform a cardiopulmonary exercise test. The infartion obtained about my heart and circulation will be used to help my doctor understand more about any problems related my heart and advise me about activities in which I may engage.

I have been told that before I undergo the test, I will be interviewed and examined by a physician in an attempt to determine if I have a condition indicating that I shold not engage in this test.

I am told that test I will undergo will be performed on a (treadmill or bicycle) with gradually increasing effort until symptoms such as fatigue, shortness of breath, or chest discomfort may appear, indicating to me that I should stop. My heart rhythm will be monitored at all times. 

I will also have a small mouthpiece through which I will breathe room breathe room air and all the air I exhale will be collected and analyzed to determine the amount of oxygen that my body uses with exercise. 

I will also have a plastic clip placed on my nose.

I have been told certain changes may occur during the test, inclunding abnormal blood pressure, fainting, abnormal cardiogram showing heart "strain" disorders of the heart rhythm (too fast, too slow, or not effective), and possible heart attack and death.

I have read the above and understand it and my questions have been answered to my  satisfactions. 
Patient___________________________________________________________________
Date_____________________________________________________________________
Physician supervising the test_________________________________________________
_________________________________________________________________________
Witness___________________________________________________________________
Appendix 6.B

Sample Report
PATIENT NAME__________________________________________________________
DATE____________________________________________________________________
RESTING: HEART RATE___________________________________________________
HEIGHT______________WEIGHT_____________BLOOD PRESSURE _____________
OXYGEN UPTAKE ________________________________________

The patient exercised for ____________ minutes on a _______________ protocol to a peak heart rate of ________________ beats per minute and a peak blood presure of __________
mm Hg. The rate of perceived exertion was ______________ using the Borg scale. The test was stopped owing to ________________.

The peak VO2 was _______________ mL·kg-1·min-1. The peak VCO2 was _____________ mL·kg-1·min-1. The RER was ______________ . The anaerobic threshold was _____________ mL·kg-1·min-1 (could also state "not attained").

The minute ventilation was __________________ L/min.

ECG RESULTS:

The resting ECG had __________________________________________________________.

During exercise there was ______________________________________________________.

________________________ arrhythmias were (noted or not noted). The ECG returned to baseline at _________________ minutes into recovery.

IMPRESSION: Functional capacity is _______________ normal or abnormal for patient´s age and sex (_________ % predicted). (Use the Weber Class if indicated). The blood pressure response was __________________ . The heart rate response was _____________________.

RECOMMENDATIONS:

(Cardiac rehabilitation exercise prescription can be provided)

_________________________________________________________________________
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