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ABSTRACT 

Three investigations were conducted using pulsed Doppler 

echocardiography (POE) and oxygen consumption to non-invasively 

determine the relationship between hemodynamic and metabolic 

variables from rest through submaximal and maximal exercise in 

early adolescent males. 

In the first study, interinvestigator and day-to-day 

variability of cardiac output measurements at rest and during 

exercise determined by POE were analyzed in six junior high school 

age boys. Four Doppler-derived variables (cardiac output, cardiac 

index, stroke volume, and stroke index) were not different when 

calculated by independent investigators and showed the same 

interinvestigator variability from rest through submaximal and 

maximal exercise as has been reported at rest in previous validation 

studies. There was a slight but statistically significant increase in 

the absolute values Ol~ the above hemodynamic variables and 

simultaneously collected metabolic variables during a second 

identical test conducted approximately nine days later. A faster 

adjustment to increasing workrates in the second test could explain 

this latter finding since supine cycle ergometry is not as familiar an 

activity as more frequently used modes of exercise testing. It is 

concluded that hemodynamic measurements using POE exhibit the 
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same acceptable variability throughout exercise as has been 

previously demonstrated at rest. 

In the second study, PDE was used to determine rapid serial 

measurements of cardiac output during a rapid loading supine cycle 

ergometer exercise test in twenty-two junior high school age boys. 

These measurements were compared to simultaneously determined 

measurements of oxygen consumption. Cardiac output adjusted 

faster to each new workrate than oxygen consumption. Further 

analysis of these reponses revealed that increases in heart rate (as 

opposed to stroke volume) were responsible for this rapid 

adjustment. It is concluded that there is an uncoupling and 

recoupling of these normally closely related hemodynamic and 

metabolic variables during the transitional periods between 

increasing levels of steady-state supine exercise. 

In the final study, gradual loading and rapid loading supine 

cycle ergometer protocols were compared in fifteen junior high 

school age boys. Maximal metabolic measurements and heart rate 

from each test were not different. Maximal PDE-derived 

measurements of cardiac output, cardiac index, stro~\e volume, and 

stroke index were slightly, but significantly, higher in the gradual 

loading protocol. It is concluded that a more complete adjustment 

of cardiac output (reflected by stroke volume) to maximal supine 

exercise occurs in a more gradual loading protocol than in a rapid 

loading protocol. 
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CHAPTER 1 

INTRODUCTION 

Exercise testing allows the determination of the 

physiologica! responses of the body to the acute stress of exercise 

as well as its adaptations to regularly performed exercise (training) 

in adults (39,70) and in children (49,68). Hemodynamic (cardiac 

output, stroke volume, and heart rate) and metabolic (oxygen 

consumption) measurements obtained during exercise testing in the 

estimated 500,000 patients and, eventually, in the 25,000 babies 

born each year with congenital heart diseases, are important for 

prescribing treatment, assessing the outcome of treatment, and 

determining safe daily activity levels (2,12,30,68,95,117). 

During exerci{ e testing, invasive measurements of cardiac 

output, such as the Fick and indicator-dilution techniques, are 

routinely performed in cardiac catheterization laboratories in adults 

(5,54,84) and children (31,79) with known or suspected cardiac 

disease. However, these techniques may not be appropriate for 

healthy, consenting adults and are certainly inappropriate for 

healthy children (12,49,70,68). Noninvasive techniques such as 

indirect Fick (49,70), impedance plethysmography (74), and, more 

recently, pulsed Doppler echocardiography (POE) (52), are both 

desirable and necessary for hemodynamic studies in normal healthy 
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children during exercise. The indirect Fick technique (C02, or inert 

gas, rebreathing) has been used extensively by many investigators to 

measure cardiac output in adults and children during dynamic 

exercise with acceptable results when appropriate technical 

procedures are carefully followed (13,14,25,34,49,50,59,70,88, 

96,100,103,114,127). However, the requirement of steady-state 

conditions, the time factor involved (5-10 minutes per 

determination), and the inaccuracy above 700/0 maximal oxygen 

consumption are limiting considera£!ons with this technique. These 

limitations make rapid serial measurements, which are necessary in 

any study of kinetics in the transition period between steady-state 

conditions, as well as maximal measurements, impossible. 

Pulsed Doppler echocardiography (PDE), a rapid and 

noninvasive technique using biomedical ultrasound, has been 

validated as a viable method for determining cardiac output at rest 

(1,42,52,51,67,83,119) and during exercise (19,29,33,82,89,91, 

92,108). Recently, Marx and coworkers compared PDE and indirect 

Fick (C02 rebreathing) measurements of cardiac output at rest and 

during supine cycle ergometry at 50% maximal oxygen consumption 

in healthy early adolescent males (89). The two techniques 

compared well for both resting and exercise cardiac output 

determinations (r=0.86, SEE=1.4 Llmin). Hatcher and Srb recently 

compared transthoracic impedance plethysmography and indirect 

Fick measurements of cardiac output in healthy young men at rest 

and during upright cycle ergometry (57). Their results were similar, 
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but less closely related (r=O.75). Unlike the more established 

indirect Fick technique, PDE does not require a steady-state and is 

ideally suited for rapid serial and maximal measurements of cardiac 

output. 

Investigators have evaluated interinvestigator and day-to

day variability using POE for various cardiac output variables at rest 

(45,51,58,119). These POE-derived variables included peak aortic 

blood flow velocity, ejection time, aortic blood flow velocity 

integral, mean acceleration, and mean acceleration time. Peak flow 

velocity is defined as the maximal velocity which is digitized at the 

top of the Doppler velocity curve. Ejection time is the total time 

from initial acceleration to final deceleration (positive or negative 

deflection and return to baseline) of the Doppler velocity curve. The 

flow velocity integral is the area under the Doppler velocity curve, 

mean acceleration is the peak velocity divided by the time required 

to reach peak velocity, and mean acceleration time is the time 

required to reach peak velocity from initial acceleration. 

Gardin and coworkers investigated intraobserver, 

interobserver, and day-to-day variability in normal men and women 

at rest (45). They found less than 5% variability in peak flow 

velocity, ejection time, and the flow velocity integral for the above 

comparisons. They did find 10-16% variation in mean acceleration 

time for the three comparisons. These investigators did not 

calculate cardiac output. 
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Voyles and coworkers studied the observer variability in 200 

serial measurements of stroke index (ml/m2) by PDE with two 

experienced observers during supine rest in ten norma. adults (119). 

There was no difference between observers in stroke index (mllm2) 

or cardiac index (Umin/m2) measurements when percent differences 

were compared. Unfortunately, no regression analyses were 

reported. 

Only one study has been reported during rest and exercise 

where interinvestigator variability was evaluated at rest and at 50% 

of maximal exercise capacity during supine cycle ergometry (89). In 

this study, Marx and coworkers found no significant difference for 

mean velocity calculations (28.8 cm/s) at rest and during exercise 

between two investigators (r=0.96, SEE=2.8 cm/s). There have been 

no reports where serial measurements of cardiac output by pulsed 

Doppler echocardiography have been compared for interinvestigator 

and day-to-day variability from rest to submaximal and maximal 

exercise. Such information is necessary for the refinement of this 

technique during exercise. 

Rapid serial measurements of cardiac output have not been 

widely reported due to the difficulty of obtaining these 

measurements under non steady-state conditions. Cerretelli and 

coworkers suggested over 20 years ago that cardiac output adjusted 

faster to exercise than oxygen consumption (23). They concluded 

that a neurogenic influence causes cardiac output to respond faster 

than oxygen consumption to each new steady-state work rate. Their 
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data, however, were collected on only two subjects and used a 

single-breath technique to estimate venous and arterial PC02 for 

determination of cardiac output. One year later, Gilbert and 

coworkers, using the dye-dilution technique for cardiac output 

determination, studied the response of cardiac output to treadmill 

exercise in 7 men and 4 women (47). These investigators assumed 

that their measurements were accurate in the absence of a steady

state and confirmed the conclusion above. 

During upright exercise, stroke volume increases with 

increases in the rate of work LIp to approximately 60% of maximal 

oxygen consumption at which point it plateaus (5,24,38,61,101). 

Conversely, stroke volume has been shown by many investigators 

(15,17,38,71,99,113,116) to change very little throughout supine 

exercise. No studies have systematically determined stroke volume 

serially in children in the supine position in order to describe its 

transitional behavior in response to step-wise increases in the rate 

of work. 

Heart rate is the only hemodynamic variable which has been 

extensively studied during transitional periods of exercise. The 

rapid response of heart rate at the onset of exercise and in 

transition to increases in the rate of work has been reported by 

numerous investigators (28,46,47,48,55,94,122, 128). This rapid 

response is attenuated and steady-state values are lower in supine 

exercise when compared to upright exercise (15,17,31,27,116). 
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The "coupled" responses of hemodynamic variables to 

metabolic variables ha""e stimulated the curiousity of investigators 

for more than 70 years (10,73). Studies of these responses have 

most often been limited to heart rate in the hemodynamic category 

while assessing considerably more variables in the metabolic area 

(28,75,78). The relationship of the coupling of hemodynamic and 

metabolic variables with steady-state exercise is well described by 

the Fick principle in which: 

\/02 = Q x (a-v)02 difference 

where "02 is oxygen consumption, Q is cardiac output, and (a-v)02 

difference is tre arteriovenous oxygen content difference. 

Throughout this investigation, the coupling of metabolic and 

hemodynamic variables is assessed by oxygen consumption measured 

by gas exchange at the mouth (metabolic) and by cardiac output 

measured by PDE at the ascending aorta (hemodynamic). 

Operationally, coupling refers to the normally close relationship 

between oxygen consumption and cardiac output under steady-state 

conditions at rest or during exercise. Uncoupling represents any 

difference in the time-course of the increase OT oxygen consumption 

and cardiac output values between steady-state levels of exercise. 

It is important to note that the systemic nature of the 

measurements used in this investigation does not allow 

determination of actual coupling of cellular metabolic processes 

with local hemodynamic events. 
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An example of the potential usefulness of simultaneously 

derived measurements of hemodynamic and metabolic variables is 

the "exercise factor" (~ cardiac output I ~ oxygen consumption from 

rest to submaximal, steady-state exercise). This relationship has 

recently been proposed as a clinical index of the cardiovascular 

system's adjustment to exercise in normals (89) and in patients 

with pulmonary insufficiency (91), pulmonary stenosis (79), and 

McArdle's syndrome (76). Rapidly obtainable, noninvasive 

measurements of cardiac output with POE, combined with oxygen 

consumption measurements, would make this ratio available as an 

indicator of hemodynamic and metabolic coupling during the 

adjustment to exercise. 

An early study by Donald and others (36) used the Fick 

technique to determine cardiac output and oxygen con$umption every 

minute during the transition from rest to different levels of 

exercise and during the respective steady-states once achieved. 

This was the only report where cardiac output and oxygen 

consumption were compared throughout exercise stages and it was 

concluded that only steady-state measurements could be accurately 

obtained using the Fick technique. Invasive studies such as this and 

the previously mentioned one above (23) have been sparce and are 

essentially not applicable to healthy children. 

Oxygen consumption kinetics have been extensively 

investigated in adults (21,22,27,56,60,120,124,125) and to a much 

lesser degree in children (28,85,86). Cooper and others recently 
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compared oxygen consumption kinetics in boys and girls of two 

different age categories (8 years old and 17 years old) and found 

that during upright cycle ergometry oxygen consumption kinetics 

from rest to steady-state submaximal exercise were similar 

between these two age-groups (28). The older group of girls had 

slower oxygen consumption kinetics than the other three groups 

suggesting a difference in their fitness level. Macek and others 

compared oxygen consumption kinetics in trained boys (10 years old) 

to trained young men (21 years old) and determined that differences 

in oxygen consumption kinetics between boys and men in this study 

were probably due to differences in their relative trained states 

(85,86). These differences could also be due to the fact that the 

boys were working at relatively lower work rates. The faster 

adjustment of oxygen consumption to the new work rate with 

improvement in trained state has been demonstrated in adults 

(55,60). Recently, the slower adjustment of oxygen consumption 

from rest to submaximal exercise has been proposed as a clinically 

important finding in assessing patients with congenital cardiac 

abnormalities (107,109,110). 

Maximal cardiac output and stroke volume data are sparse, 

particularly in normal, healthy children. In addition to providing 

data on the stroke volume and cardiac output adjustments from rest 

to submaximal exercise, PDE measurements at maximal exercise can 

add information previously lacking in exercise testing results. The 

combination of these data with maximal oxygen consumption 
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measurements can also help determine the appropriateness of 

exercise protocol selection by considering the adjustment of these 

variables to succeeding work rates and the increments between 

stages. 

Statement of Purpose 

The purposes of this investigation were as follows. First, it 

was necessary to identify the extent of interinvestigator and day

to-day variability in cardiac output measurements determined by 

POE during submaximal and maximal exercise. Second, using the POE 

technique, the kinetics of hemodynamic responses to rapid loading, 

supine submaximal exercise were determined and compared to the 

kinetics of the concomittent metabolic responses. Third, using the 

POE technique, the maximal hemodynamic and metabolic responses 

to both gradual and rapid loading supine exercise testing protocols 

were compared. 

To achieve these purposes, three studies were designed and 

conducted. A brief description of each of these studies, and the 

hypotheses tested in each study, are as follows. 

Study 1 

Interinvestigator reliability in the calculation of cardiac 

output and day-to-day variation in cardiac output during exercise 

within subjects were determined using POE. Junior high school age 

boys underwent maximal supine cycle ergometry beginning at a work 
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rate of 100 kpm/min with increments of 100 kpm/min each minute. 

Cardiac output and oxygen consumption measurements were obtained 

serially every 30 seconds from rest through maximal exercise during 

this gradual loading protocol in order to test the following 

hypotheses: 

I. Hemodynamic variables measured from rest to 

submaximal and maximal exercise by PDE do not differ 

significantly when calculated by two separate investigators. 

II. Hemodynamic variables measured from rest to 

submaximal and maximal exercise by PDE do not differ 

significantly when collected on the same individual using 

the same protocol on different days. 

Study 2 

The transitional behavior of cardiac output and oxygen 

consumption was determined in order that uniform procedures could 

be established for the determination of the exercise factor, a 

clinical index of cardiorespiratory coupling during adjustment to 

exercise. Junior high school age boys had cardiac output and oxygen 

consumption measured serially every 30 seconds from rest through 

maximal exercise during a rapid loading supine protocol consisting 

of two-minute stages with work rates of 100, 500, 800, 1000, 

1200, 1400, 1600, and 1800 kpm/min. This transitional behavior 

was determined by testing the following hypotheses: 
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I. Cardiac output increases more rapidly than oxygen 

consumption during transitions between stages in a rapid 

loading supine protocol. 

II. Increases in heart rate, as opposed to stroke volume, 

account for the more significant portion of increases in 

cardiac output during transitions between stages in a rapid 

loading supine protocol. 

Study 3 

Two supine graded exercise testing protocols, gradual 

loading and rapid loading, were compared in order to determine 

which protocol allowed junior high school age boys to achieve higher 

maximal cardiac output, measured by PDE, and higher maximal 

oxygen consumption values. This comparison was made by testing 

the following hypotheses: 

I. Maximal cardiac output is lower in a rapid loading supine 

protocol than in a gradual loading supine protocol. 

II. Maximal oxygen consumption is lower in a rapid loading 

supine protocol than in a gradual loading supine protocol. 

Noninvasive techniques for the determination of 

hemodynamic and metabolic variables during exercise are preferred 

in pediatric patients and are absolutely essential for research 

designed to address physiological questions in normal children. This 

investigation has provided information concerning the development 

and further refinement of 'PDE as just such an important technique. 
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Additional descriptions of hemodynamic and metabolic responses 

during transitions to increases in the rate of work in normal 

children may help to elucidate mechanisms responsible for 

cardiorespiratory adjustments to exercise in health and disease. 
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CHAPTER 2 

REVIEW OF LITERATURE 

The noninvasive measurement of cardiac output by POE 

during exercise is an important addition to existing exercise 

evaluation techniques (19,29,33,82,89,91,92,108). When 

hemodynamic data obtained using this technique are combined with 

metabolic data, such as oxygen consumption, the transitional 

response to exercise as well as maximal exercise variables can 

supplement the exercise tolerance profile. 

Cardiac Output Measurement by Pulsed Doppler 

Echocardiography at Rest and during Exercise 

The development of POE has made rapid, noninvasive 

measurements of cardiac output at rest (1,41,42,51,52,67,83, 

106,111,119) and during exercise(19,29,33,82,89,91 ,92,108, 

111,123) available to investigators and clinicians. The following 

will provide an historical development and detailed description of 

the technique. 

13 



History and Development of Technique 

Dr. Christian Johann Doppler (1803-1853), an Austrian 

mathematician, is credited with the first detailed description of the 

principle which bears his name (37). Dr. Doppler's use of the shifts 

of light from stars for determination of their motion in 

astronomical terms was followed in the same decade by the 

application of the Doppler effect to sound by Dr. Bays Ballot (51). 

Numerous everyday examples of the Doppler effect are apparent. The 

noticeable changes in pitch of the continuously sounding horn of a 

passing train or automobile detected by a stationary observer are 

but two. 

The application of the Doppler principle to the detection of 

blood flow velocity was first attempted by Satomura in 1956 (105). 

Baker, Forster, and Daigle detailed much of the subsequent 

development of this application over the succeeding two decades (7). 

Specifically, noninvasive pulsed Doppler experimentation using 

engineering models and transcutaneous methods were undertaken by 

Baker and others at the University of Washington (6,8). Almost 

simultaneously, Peronneau and coworkers in France used surgically 

implanted continuous wave and pulsed Doppler transducers to 

measure blood flow velocity in experimental animals (97). 

The first clinical investigation using Doppler for detection 

and localization of cardiac murmurs was reported by Johnson and 

coworkers at the University of Washington in 1972 (~9). Barber and 

14 



others on the same campus combined two-dimensional and Doppler 

echocardiography in 1974 in order to precisely determine the 

location of the flow velocity measurement while the measurement 

was being made (9). 

Cardiac output measurement using transcutaneous, 

continuous wave Doppler ultrasound was introduced by Light and 

Cross in 1972 (77). These investigators demonstrated that the 

time-integral of the aortic blood flow velocity was proportional to 

the stroke volume. Three years later, Huntsmen and coworkers 

described the measurement of aortic blood flow in normal adults 

using noninvasive continuous wave Doppler after validating their 

system against surgically implanted electromagnetic flow probes in 

baboons (65). In 1977, Colocousis and others from the previous 

group estimated stroke volume changes by fluid infusion and 

exsanguination in dogs by comparing continuous wave Doppler and 

thermodilution measurements of cardiac output (26). A correlation 

coefficient of r=0.95 was reported between the two methods. In a 

third study by this group, thermodilution and continuous wave 

Doppler measurements at rest were compared in two groups of 

patients (n=54 and n=45) in intensive care units. Multiple 

measurements on the same subjects using the two methods 

correlated well in each group (r=0.83, n=95 and r=0.94, n=110) (66). 

In 1981, Magnin and colleagues combined a pulsed Doppler 

flowmeter and a phased-array imaging system to measure aortic 

flow (87). One year later, Goldberg and others directly measured 

15 



systemic and pulmonary cardiac output by combing two-dimensional 

echocardiography, pulsed Doppler, and frequency analysis by fast 

Fourier transform analysis (52). Refinement of cardiac output 

measurements using this combination continued during the next two 

years (80,93,104). The current chapter in the history of pulsed 

Doppler echocardiography (PDE) will include results obtained in the 

present investigation with refined applications to cardiac output 

measurements made during exercise. 

Description of Technique 

Echocardiography includes the use of the Doppler principle 

for velocity determinations and the longer established imaging 

modes (two-dimensional and M-mode) for anatomical measurements 

and characteristics (41). While the principles of imaging 

echocardiography are relatively straight-forward, those of Doppler 

echocardiography involve more complex physics (7,51,58). 

Biomedical ultrasound used in echocardiography involves the 

transmission and subsequent reception of those transmitted sound 

waves after they have been reflected off of the edge of a target 

within the system under study. The frequency of these sound waves 

is between 1 and 10 megaHertz (MHz or millions of cycles per 

second), whereas the frequency of audible sound waves is from 40 to 

15,000 Hz (7,51,58). The transmission and reception of these 

ultrasonic waves is mediated by the incorporation of transducers 

which convert pressure to electrical signals via piezoelectric 
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crystals. The same transducer may be used for both transmitting 

and receiving but not simultaneously unless more than one 

piezoelectric crystal is incorporated into the transducer. 

Reflections result from sound waves encountering "targets" 

(materials through which sound waves pass at different velocities). 

In imaging echocardiography (two-dimensional and M-mode), the 

targets are various cardiac and vessel structures, while the targets 

in Doppler echocardiography are red blood cells since they are the 

predominant material suspended in plasma. The reflections from 

structures in imaging echocardiography are much stronger than 

those of the red blood cells in Doppler echocardiography indicating 

the necessity of the different modes. 

Doppler mode techniques include pulsed, continuous wave, 

and high pulsed rate frequency (PRF). With pulsed Doppler, 

ultrasound waves are alternately transmitted and received by the 

transducer allowing investigation of a small area. This technique is 

also termed "range gating" with the area under investigation 

referred to as the "sample volume". The ability to vary the sample 

volume enables the investigator to specifically select the location 

of interest within a blood vessel for example. Two piezoelectric 

crystals (one continuously transmitting and the other continuously 

receiving) are incorporated into the same transducer with 

continuous wave Doppler. This configuration allows the detection of 

high velocities, however, range gating is not possible. The necessity 

of determining high velocities in stenotic areas for example, led to 
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the development of a combination of the above two techniques known 

as high PRF Doppler (51,58). 

The red blood cells moving within a sample volume may be 

traveling at different velocities thus complicating the analysis of 

the ultrasonic shift i.n frequency. The advent of microelectronic 

circuitry capable of performing linear frequency analysis by fast 

Fourier transform (FFT) analysis has recently allowed these 

multiple velocities to be quantified (51,58). 

The velocity of red blood cells is derived by converting the 

Doppler frequency shift to velocity using the following formula: 

v = (C)x(F) I 2x(transmitted frequency)x(cosine of intercept 

angle) 

where V = velocity of the red blood cells, C = velocity of sound in the 

medium (1540 M/sec), and F = the change in frequency in kHz. The 

cosine of the intercept angle is +1 and -1. at 0 and 180 degrees 

respectively and therefore, alignment with flow at these angles in 

the visualized two-dimensional imaging planes and in the 

elevational or azimuthal plane (ie. all three dimensions) is preferred 

for accurate velocity determination. 

Blood flow is calculated using pulsed Doppler and two

dimensional echocardiography by combining the mean velocity 

(cm/sec) and the cross-sectional area (cm2) of the vessel under 

investigation giving cm3/sec, a unit of flow. Mean velocity is 
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calculated by digitizing the modal 01' most frequently occurring 

velocities which make up the output or gray scale provided by FFT 

analysis. The area under the digitized curve is then determined by 

integration and averaged over the entire cardiac cycle(s} under 

investigation. Software has been developed for use with 

microcomputers to make these calculations relatively easy to 

obtain. 

The accurate measurement of vessel diameter is of obvious 

importance since area = 1t X r2 and an inaccurate diameter (2 x 

radius) measurement would be squared in the determination of 

vessel cross-sectional area. Therefore, it is important that vessel 

diameter measurements are determined as precisely as possible, 

ideally by taking the mean of several measurements (51,81, 115). 

For example, a ±10% error in this measurement for an actual 

ascending aortic diameter of 2.0 cm (1.8-2.2) would result in 

variation in the area measurement of between 2.54 cm2 and 3.80 cm2 

(3.14 cm2 actual). This would translate into variation in stroke 

volume measurement of between 50.8 ml and 76.0 ml assuming a 

mean velocity measurement of 20 cm/sec and heart rate of 60 

beats/min (62.8 ml actual). The per cent error in stroke volume 

measurement would therefore be between 19 and 21 0/0. As mean 

velocity and heart rate increase with increasing blood flow during 

exercise, this error would most likely not increase assuming no (or 

minimal) increase in aortic diameter. 
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Cardiac Output Measurement at Rest 

Cardiac output can be determined both invasively and 

noninvasively by numerous techniques (49,54,70). The most widely 

accepted invasive techniques are Fick, dye-dilution, and thermo

dilution (54). Non-invasive techniques include indirect Fick (49,70), 

impedance plethysmography (74), and, more recently, POE (52). POE 

has been established as a viable method for determining cardiac 

output at rest by numerous investigators (1,42,52,67,83,87). 

In 1981, Magnin and coworkers first combined pulsed Doppler 

and imaging echocardiography to compare with Fick cardiac output 

estimates (87). Eleven adult patients undergoing cardiac 

catheterization had resting cardiac output determined by the Fick 

technique and, on the following day, by POE. Resting heart rate 

varied less than 5% indicating similar conditions on both days. A 

correlation coefficient of r=0.83 (SEE not reported) was found 

between the two techniques and no variation in aortic diameter was 

observed on video tape although no values were reported. 

More recently, Ihlen and others compared cardiac output 

measurements at rest determined by POE, thermodilution (n=10), and 

Fick (n=11) techniques in twenty-one adult cardiac patients (67). 

Pulsed Doppler echocardiographic cardiac output measurements 

compared well with both invasive techniques (r=0.96, SEE=0.7 Umin 

by thermodilution and r=0.90, SEE=0.7 Umin by Fick). The two 

invasive techniques were not compared to each other. During that 

same year, Loeppky and coworkers compared resting stroke volume 
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measurements obtained by POE with Fick measurements in fifteen 

adult cardiac patients (83). Mean stroke volume measurements by 

PDE and Fick were 68 and 73 ml respectively. The two techniques 

were closely related (r=O.91, SEE=9.9 ml). 

Comparisons between noninvasive PDE and invasive cardiac 

output measurements have also been made in children (1,52). 

Alverson and colleagues compared resting cardiac output 

measurements in thirty-three pediatric cardiac catheterization 

patients (1). POE and Fick cardiac output measurements had a 

correlation coefficient of r=O.98 with SEE=218 ml/min. Goldberg 

and coworkers measured systemic and pulmonary cardiac output in 

fourteen pediatric cardiac catheterization patients at rest (52). 

Measurements were made by POE and indicator-dilution (thermal and 

Fox green dye) techniques. The two methods were closely related 

with r=O.86 and SEE=O.83 Umin. The relationship improved when 

invasively determined vessel diameter measurements were used 

(r=O.94, SEE=O.53 Umin). 

Fisher and others, using. an open chest dog model in fourteen 

dogs, compared POE cardiac output measurements with left heart 

flow rates which could be regulated within strict limits by an 

external roller pump (42). The combined correlation coefficient of 

various sampling sites over 142 trials was r=O.99 and SEE=O.200 

Umin. This animal study combined with the above human 

investigations indicates that noninvasive cardiac output 
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measurements by POE are as accurate as the more accepted direct, 

invasive techniques. 

Cardiac Output Measurement during Exercise 

POE has been proposed as a viable method for determining 

cardiac output during exercise by a number of investigators (19,29, 

33,82,89,91,92,10S). In 1981, Loeppky and others published the 

first investigation in which POE was used to determine cardiac 

output at rest and during both upright and supine cycle ergometry 

(82). Supine values of stroke volume and cardiac output at rest and 

during exercise (300 kpm/min) for the eight healthy adult males 

were 111±32 ml and 6.41±1.46 Llmin, and 112±36 ml and 9.67 Umin 

respectively. Upright values of stroke volume and cardiac output for 

the same protocol were 76±19 ml and 5.58±1.01 Llmin, and 92±26 

ml and 8.38±1.57 Umin respectively. These values compared well 

with invasively determined values in the literature for the same 

workrates, however, they were not compared to any simultaneously 

determined measurements within the investigation. 

Four years later, Shaw and coworkers compared cardiac 

output measurements determined by POE in ten healthy adult males 

during progressive upright cycle ergometry (rest through 275 W) 

with previously reported invasively determined values from other 

investigators (108). Their regression equation for cardiac output (O) 

versus workrate (kpm/min) was 0=0.01 (kpm/min}+4.80 (SEE=1.21 

Llmin) compared with 0=0.01 (kpm/min}+7.12 (SEE=1.60 Llmin) from 
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Bevegard and others (15,17,16). The percent differences of the 

means between PDE measurements and previously reported invasive 

measurements at each workrate ranged from 14% to 210/0. Again, no 

simultaneous comparisons were made. 

Daley and colleagues measured cardiac output by POE during 

progressive supine cycle ergometry and upright treadmill exercise in 

ten healthy men and women (33). They compared their values with 

the invasively determined values of Bevegard (15) and Poliner (99). 

Mean stroke volume index (ml/m2) was 54 and 64 at rest and peak 

supine exercise and 38 and 63 at rest and at peak exercise on the 

treadmill. These values were similar to the invasive values but no 

comparative analyses were conducted. These investigators did not 

elaborate on the criteria for acceptable Doppler velocity tracings as 

others have (51,82,92,89,91,90,108). Maximal measurements during 

upright and supine cycle ergometry have been reported, however, 

these measurements must be evaluated under strict criteria (e.g., 

minimal spectral dispersion). Measurements made during treadmill 

exercise have not previously been reported and must be viewed with 

caution. 

Simultaneously determined measurements of cardiac output 

by PDE compared to other techniques during exercise have not been 

reported until recently. Marx and coworkers compared PDE and 

indirect Fick measurements of cardiac output in healthy early 

adolescent males at rest and during supine cycle ergometry at 500/0 

of their previously determined maximal oxygen consumption (89). At 
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rest the two techniques did not compare well (r=O.25, SEE=O.7Umin, 

p=ns). During exercise, however, the relationship between the two 

techniques improved considerably (r=O.66, SEE=i.4, p<O.001). The 

two techniques compared well for combined resting and exercise 

cardiac output determinations (r=O.86, SEE=1.4 Umin, p<O.001). The 

POE technique was closely related to oxygen consumption at rest and 

during exercise (r=O.89, SEE=1.2 Umin). 

Hatcher and Srb recently compared transthoracic impedance 

plethysmography and indirect Fick measurements of cardiac output 

in healthy young men at rest and during upright cycle ergometry (57). 

These investigators reported less scatter of measurements between 

the two techniques at rest and more scatter during exercise 

measurements. They did not report specific regression evaluation 

results for the two conditions. Their results when rest and exercise 

values were combined were similar but less closely related (r=O.75) 

than the work of Marx and coworkers detailed above (89). Both 

techinques compared well with oxygen consumption at rest and 

during exercise (impedance plethysmography: r=O.75, SEE=3.84 

Umin; indirect Fick: r=O.86, SEE=3.86 Umin) but not as well as POE. 

Unlike the more established indirect Fick technique, POE 

does not require a steady-state and is ideally suited for rapid serial 

and maximal measurements of cardiac output. Most recently, 

investigators have used POE exclusively as a noninvasive and direct 

method of estimating cardiac output changes especially during 

exercise (19,29,91). 

24 



Investigator Variability 

Investigators have evaluated interinvestigator and 

intrainvestigator variability using POE for various cardiac output 

variables at rest (45,51,58,119). Gardin and coworkers investigated 

intraobserver and interobserver variability in 10 normal adults, age 

20-33 years (8 men and 2 women), at rest using POE (45). Two 

observers independently read the Doppler velocity tracings and 

determined peak flow velocity, ejection time, the flow velocity 

integral, and acceleration time on two separate occasions. The 

intraobserver variability (0/0 difference mean±SD, r) for the four 

calculations was peak flow velocity (2.5±2.4%, r=0.98), ejection 

time (1.9±1.8%, r=0.89), flow velocity integral (3.2±2.9%, r=0.97), 

and acceleration time (7.9±6.6%, r=0.57). Interobserver variability 

for the same variables was peak flow velocity (3.5±2.2%, r=0.97), 

ejection time (4.7±3.3%, r=0.87), flow velocity integral (5.4±3.4%, 

r=0.93), and acceleration time (16.5±9.10/0, r=0.55). These 

investigators did not calculate cardiac output. 

Voyles and coworkers studied interobserver and 

intraobserver variability in 200 serial measurements of stroke 

index (ml/m2) by POE with two experienced observers during supine 

rest in ten normal adults (119). There was no difference between 

observers in stroke index or cardiac index (Umin/m2) 

measurements. The mean differences in stroke index and cardiac 

index were 11 ml/m2 and 0.594 Umin/m2 for 100 serial 
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measurements by observer-one, and 12 mllm2 and 0.648 Umin/m2 

for 100 serial measurements by observer-two. Using the mean 

values for the entire 200 measurements of stroke index (61±11 

ml/m2) and cardiac index (3.25±0.64 Umin/m2), they determined 

that differences of greater than 18-20% between measurements 

reflected true hemodynamic changes and that lesser differences 

could not be distinguished from inherent error. These investigators 

did not use an imaging technique to align with flow and concluded 

that the major source of error was the Doppler intercept angle 

which is assumed to be zero degrees. 

As mentioned previously, Marx and coworkers conducted the 

only investigation where POE measurements of mean velocity were 

compared between two investigators at rest and during supine cycle 

ergometry corresponding to 500/0 of each subject's previously 

determined maximal oxygen consumption (89). Mean velocity 

calculations (28.8 cm/s) were not significantly different between 

the two investigators and were closely related (r=0.96, SEE=2.8 

cm/s). Separate rest and exercise analyses were not reported. 

There have been no reports where serial measurements of cardiac 

output by POE have been compared for interinvestigator variability 

from rest through maximal exercise. 

Day-to-Day Variability 

The most extensive investigation of day-to-day variability 

using POE for various cardiac output variables at rest was conducted 
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by Gardin and coworkers (45). Their findings concerning 

intraobserver and interobserver variability of four Doppler-derived 

variables in ten normal men and women at rest have been described 

in the previous section. The day-to-day variability (0/0 difference 

mean±SD, r) for the four variables was peak flow velocity (5.2±4.0%, 

r=0.90), ejection time (3.6±3.9%, r=0.66), flow velocity integral 

(3.8±3.10/0, r=0.95), and acceleration time (7.0±5.2%
, r=0.81). 

As mentioned previously, these investigators did not 

calculate cardiac output. However, the most important variable to 

the calculation of cardiac output which was investigated was the 

flow velocity integral. The intraobserver, interobserver, and day

to-day variation (mean,r) in this variable was (3.20/0. 0.97). (5.4%. 

0.93), and (3.80/0, 0.95) respectively. This encouraging finding at rest 

needs to be confirmed during submaximal and maximal exercise 

since there are no reports where serial measurements of cardiac 

output by PDE have been compared for day-to-day variability from 

rest through maximal exercise. 

Metabolic and Hemodynamic Coupling / Uncoupling 

In this section, the variables utilized to determine 

metabolic and hemodynamic responses to steady-state and 

nonsteady-state exercise are discussed. In addition, the methods 

used to investigate the relationships between these variables under 

the above exercise conditions are evaluated so that any coupling 

and/or uncoupling may be described. 
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Metabolic Variables 

Oxygen consumption may be determined in both steady-state 

and nonsteady-state conditions and is an overall indicator of the 

amount of work performed (4). This composite variable is a 

combination of differences between inspired and expired oxygen and 

carbon dioxide concentrations and minute ventilation. Because of 

the composite nature of this variable, oxygen consumption was the 

sole metabolic factor considered throughout this investigation. 

Oxygen Consumption. Oxygen consumption kinetics have 

been extensively described in adults (21,22,27,56,60,63,120, 

124,125) and to a lesser degree in children (28,85,86). 

Cooper and others recently compared oxygen consumption 

kinetics in ten children, age 7-10 years (5 boys and 5 girls), and in 

ten teenagers, age 15-18 years (5 boys and 5 girls) (28). During 

upright cycle ergometry corresponding to 75% of the oxygen 

consumption at each subject's anaerobic threshold (approximately 

54-74% of maximal oxygen consumption), oxygen consumption 

kinetics from rest to steady-state submaximal exercise were 

similar between the two age-groups. The older group of girls had 

slower oxygen consumption kinetics than the other three groups. 

These investigators concluded that the teenage girls may have had 

lower fitness levels (lowest maximal oxygen consumption of the 

four groups) since it has been demonstrated that improvement in 
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fitness through training in adults results in faster adjustment to 

exercise (55,56,60). 

Macek and others compared oxygen consumption kinetics in 

ten trained boys, age 10-11 years, to eleven trained young men, age 

20-22 years (85,86). A progressive exercise test on a cycle 

ergometer was performed to determine maximal workrate and 

maximal oxygen consumption. One week later oxygen consumption 

was measured every 30 seconds during a single bout of cycle 

exercise corresponding to 90-100% of the workrate achieved on the 

initial test. Each test lasted 4-5 minutes. Faster adjustments of 

oxygen consumption were found in the boys compared to the men. 

The authors concluded that these results were probably due to 

differences in the subjects' relative trained states. Two other 

explanations are possible. The fact that the boys were working at 

relatively lower work rates could possibly enable them to respond 

more rapidly since less of an adjustment would be required. It has 

been demonstrated that children can do less anaerobic work than 

adults which would mean the boys would have to rely on aerobic 

mechanisms to adjust to the exercise more so than the adults 

(11,12). 

The inconsistency between these two investigations 

probably results from design differences in addition to differences 

in the trained state of the individuals studied. Differences in 

adjustment due to trained state may be analogous to differences in 

adjustment due to pathological states. The slower adjustment of 
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oxygen consumption from rest to submaximal exercise has recently 

been proposed as a clinically important finding in assessing patients 

with congenital cardiac abnormalities (107,109,110). 

Sietsema and others investigated the response of oxygen 

consumption to upright cycle ergometry in thirteen patients, age 24-

46 years (5 men and 8 women), with cyanotic congenital heart 

disease (109,110). Compared to nine age matched controls, the 

patients' cumUlative oxygen consumption increase above baseline at 

the end of the first 20 seconds of exercise was lower (14.8±10.9 

ml/20 sec vs 49.8±19.2 ml/20 sec). This response correlated well 

with the patients' and subjects' previously determined (but not 

reported) maximal oxygen consumption which is consistent with 

previous findings (55,56,60). The patients' and controls' resting and 

exercise oxygen consumption values were similar (patients, 282±38 

ml/min and 506±35 ml/min and controls, 330±36ml/min and 582±86 

ml/min). These similar absolute values for both groups were 

obtained during mild, sub-maximal exercise (unloaded pedaling). The 

time required to reach one-half of the steady-state value of oxygen 

consumption was also different between patients and controls 

(63±13 sec vs 15±13 sec). 

Semanich and coworkers have reported similar findings in 

seven patients with congestive heart failure compared with four 

normal subjects (107). The time required to reach one-half of the 

steady-state value of oxygen consumption in this investigation was 

also different between patients and controls (63±8 sec vs 27±6 sec). 

30 



Hemodynamic Variables 

While rapid measurements of oxygen consumption have been 

readily available, hemodynamic measurements other than heart rate 

have only recently been made available for rapid serial 

determinations (82). Cardiac output is a composite variable (the 

product of heart rate and stroke volume) which is the hemodynamic 

analog to oxygen consumption. 

Cardiac Output. Rapid serial measurements of cardiac 

output have not been widely reported primarily because a steady

state is required with most measurement techniques. 

Cerretelli and coworkers suggested over 20 years ago that 

cardiac output adjusted faster to exercise than oxygen consumption 

(23). These investigators studied two adult male laboratory 

workers who were instructed to jump onto an operating treadmill 

and exercise at three different workrates. These workrates were all 

at a grade of 8% and at speeds of 3.2, 4.9, and 6.8 km/hr. These 

investigators used a single-breath exhalation technique to estimate 

venous and arterial PC02 for determination of cardiac output (72). 

This method relies on the 10 second collection of a single expiration 

and assumes a linear relationship between the rate of C02 increase 

and 02 decrease. R is instantaneously calculated and falls from 0.9 

to 0.2. The true mixed venous PC02 is the interpolated value read at 

R=0.32 where arterial and venous PC02 are assumed to be equal by the 
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Haldane effect. This and other assumptions are controversial but 

made this technique the only one appropriate for an instantaneous 

transient measurement during the time of this study (102). The 

findings of faster increases in cardiac output than oxygen 

consumption were informative but not statistically powerful. They 

concluded that a neurogenic influence caused cardiac output to 

respond faster than oxygen consumption to each new steady-state. 

One year later, Gilbert and coworkers, using the dye-dilution 

technique, studied the response of cardiac output to treadmill 

exercise in 7 men and 4 women (47). Six measurements of cardiac 

output were obtained during the first five minutes of exercise. The 

timing was not precise, but the first measurement was obtained 

within the first 30-45 seconds. These investigators assumed that 

their measurements were accurate in the absence of a steady-state. 

They found that cardiac output increased faster than oxygen 

consumption in response to fixed increases in the rate of work. 

Recently, Versteeg and others (118) surgically implanted 

electromagnetic flow probes around the ascending aortas of fourteen 

male mongrel dogs. Once the animals recovered (10 days) they were 

exercised on a treadmill according to three different protocols. Two 

of the protocols, sinusoidal and randomly varying from steady-state, 

were not relevent to this discussion. The third protocol involved 

step increases in work from rest to 0.67, 0.89, 1.11, 1.33, and 1.56 

m/s with the order assigned randomly to nine of the dogs. Mean time 

constants for the onset and offset of work were 9.9 and 15.5 
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seconds respectively indicating a quicker adjustment from rest to 

exercise than recovery from exercise to rest. The time constant 

used here is approximately the time required to reach two-thirds of 

the steady-state value of the variable in question. 

Recently, POE was used by Loeppky and colleagues to 

measure beat-by-beat changes in cardiac output during upright and 

supine cycle ergometry in eight healthy adult males age 23-37 

years. A single workrate of approximately 30% (25-42%) of each 

subject's previously determined maximal oxygen consumption was 

imposed in both body positions in order to determine the difference 

in responses between upright and supine work using this new 

technique (POE). Cardiac output increased 3 Umin above resting 

values from rest to exercise in both positions. Mean rest and 

exercise cardiac output measurements were 0.8 Umin and 1.3 Llmin 

lower in the upright position but these differences were not 

significant. By the first thirty seconds of exercise cardiac output 

measurements had adjusted to the new workrate and were not 

different when upright was compared with the supine responses. 

The previous study was the first to use POE for the difficult 

task of determining rapid serial measurements of cardiac output 

during exercise. No studies have been reported using this technology 

to determine these hemodynamic changes in children. 

Strokp, Volume. As discussed in Chapter 1, stroke volume 

increases with increases in the rate of work up to approximately 
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600/0 of maximal oxygen consumption during upright exercise. At 

higher wor~<rates there is little or no further increase 

(5,24,38,61,98,101). Conversely, stroke volume has been shown by 

many investigators (15,17,38,71,82, 99,113,116) to change very 

little from rest· to maximal levels during supine exercise. 

As above, only one study has systematically determined 

stroke volume serially in non steady-state conditions in the upright 

and supine positions in order to describe its transitional behavior in 

response to step-wise increases in the rate of work (82). Loeppky 

and others, in a previously described study found that stroke volume 

increased 16 ml or 21 % from rest to submaximal (approximately 30% 

of maximal oxygen consumption) upright cycle ergometry. There was 

no increase in supine stroke volume from rest to the same 

submaximal workrate. No studies have examined this during 

nonsteady-state exercise in children. 

Heart Rate. As summarized earlier, heart rate is the only 

hemodynamic variable which has been extensively studied during 

transitional periods of exercise. The rapid response of heart rate at 

the onset of exercise and in transition to increases in the rate of 

work has been reported by numerous investigators (28,43,44,46,47, 

48,55,82,94,122,128). This rapid response is attenuated and 

steady-state values are lower in supine exercise when compared to 

upright exercise (15,17,31,27,82,116). 
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Fujihara and others were among the earliest to 

systematically describe the response of heart rate to a stepwise 

increase in work rate during repeated upright cycle ergometer tests 

in five healthy nonathletic adult (4 men and 1 woman) laboratory 

workers, aged 27-40 years (43,44). These investigators used 200 

kpm/min as a baseline work rate for approximately three minutes, 

increased the workrate to 600 kpm/min (Ll400 kpm/min) for four 

minutes, and then returned to the baseline workrate for three 

minutes (on-response and off-response). This protocol was modified 

by using 400 kpm/min (Ll200 kpm/min) as the step workrate in a 

separate group of tests. Baseline fluctuations were found to be of 

sufficient magnitude to obscure any increases in heart rate during 

the first 2-3 seconds of either test. A plateau was reached by 2-3 

minutes in both tests and heart rate responded more rapidly than did 

simultaneously measured ventilation. Mean heart rate increases for 

the large and small steps were 22.8 beats/min and 11.8 beats/min 

respectively. It was noted that the on- and off-response was slower 

in the three subjects with lower maximal work capacities than the 

other two subjects. Additionally, as would be expected, resting 

heart rate was higher in these three subjects. 

In a previously described study where PDE was used to 

determine the responses of cardiac output and stroke volume to 

nonsteady-state exercise, Loeppky and colleagues reported the heart 

rate responses to upright and supine ergometry (82). During the 

first 20 seconds of exercise, heart rate rose 17 beats/min in the 
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supine position compared to 7 beats/min in the upright position, 

although both shared a 6 beat/min change during the first second. 

After 20 seconds, 55% of the five-minute (steady-state) value had 

been achieved supine versus 37% upright. The rise in supine heart 

rate was significant after only one second, whereas the rise in the 

upright position was not significant until the third second. As 

would be expected, resting values for heart rate were lower supine 

versus upright (62±5 vs 77±6 beats/min). 

In a study designed primarily to determine the oxygen 

consumption kinetics between children of different ages, which has 

been described in detail in a previous section, Cooper and coworkers 

also evaluated heart rate kinetics (28). After normalizing for 

absolute differences in heart rate by using %8 between rest and 

exercise, these investigators reported a slower half-time response 

in the younger subjects compared to their older counterparts (20sec 

vs 11 sec). There was no gender difference. Heart rate half-time 

response was significantly correlated with increasing age (r=-0.43), 

weight (r=-0.51), and resting heart rate (r=0.67). The relationship 

with resting heart rate supports adult findings where trained state 

is positively related to kinetics (55,56,60). 

Coupling / Uncoupling 

Interest in the relationship between hemodynamic and 

respiratory responses to exercise dates back in the reported· 

literature to 1913 when Krough and Lindhard (73) studied the initial 

36 



reponses of heart rate and ventilation to sudden exercise. 

Technology has improved considerably in the past 70+ years allowing 

measurements of cardiac output and oxygen consumption to more 

completely describe the relationship in steady-state conditions. 

However, until recently nonsteady-state relationships have 

remained speculative. 

Simultaneous measurements of cardiac output and oxygen 

consumption allow the determination of the "exercise factor" (~ 

cardiac output / ~ oxygen consumption from rest to submaximal, 

steady-state exercise) (76,79,89,90,91). This ratio has been 

determined under steady-state conditions since it relies on the Fick 

principle described in Chapter 1. This ratio is considered relatively 

constant at approximately 6 in normal subjects (4,101). 

Examination of the Fick equation reveals that the exercise factor is 

also 1/~(a-v)02. As mentioned in Chapter 1, this relationship has 

recently been proposed as a clinical index of the cardiovascular 

system's adjustment to exercise in normals (89) and in patients 

(79,82,89,90,91 ). 

Yamaguchi and others recently described this ratio during 

supine cycle ergometry in forty healthy adult men (129). Cardiac 

output (determined by the dye-dilution technique) and oxygen 

consumption measurements were made during the last 30 seconds of 

each three-minute stage of a protocol which began at a workrate of 

SOW and increased 25W/stage until exhaustion. The averaged ratio 

throughout exercise was 7.8±1.3. There were no reported 
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differences in this ratio related to exercise intensity (averaged 

range 6.7±1.3 to 8.1±1.1). 

Marx and colleagues recently compared the exercise factor 

of children with pulmonary insufficiency with that of age and sex

matched controls (90,91). Cardiac output determined by PDE and 

oxygen consumption were measured at rest and at 50% of exercise 

capacity using cycle ergometry in the supine position. Exercise 

factors for controls (n=17) and patients with mild (n=9) and 

moderate (n=10) pulmonary insufficiency were not different 

(6.3±1.0,6.5±1.7, and 7.6±1.2). Patients with severe pulmonary 

insufficiency had significantly lower exercise factors (4.0±1.0) than 

the other three groups. 

Lock and coworkers determined the exercise factor in 23 

children undergoing diagnostic cardiac catheterization (79). Cardiac 

output determined by the Fick technique and oxygen consumption 

were measured after four minutes of submaximal cycle exercise at a 

workrate of 200-600kpm/min. Ten patients were considered 

"normal" and thirteen were found to have mild pulmonary stenosis. 

There was no difference in exercise factors between groups (7.8). 

The authors did not describe relative workrates compared to the 

subjects' maximal capacity or whether the exercise was upright or 

supine (assumed). 

Lewis and others recently compared the exercise factor in 

patients with muscle phosphorylase deficiency (McArdle's syndrome) 

with eight healthy controls, aged 22-33 years (7 men and 1 woman) 
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(76). Cardiac output determined by acetylene-rebreathing technique 

and oxygen consumption were determined 5-6 minutes after the 

onset of exercise requiring 50, 75 and 100% of each subject's 

maximal oxygen consumption on separate occasions. The patients 

had significantly higher exercise factors than controls (14.1 ±1.3 vs 

6.0±0.6) even though their resting cardiac outputs were similar 

(5.3±0.3 vs 5.2±0.3 Umin). 

There are no reports where simultaneously obtained 

measurements of cardiac output and oxygen consumption were 

compared during nonsteady-state exercise in normal children. 

Maximal Exercise Testing 

In this section, maximal determinations of hemodynamic 

(cardiac output, stroke volume, and heart rate) and metabolic 

(oxygen consumption) variables in children are discussed. The 

emphasis is on the mode (treadmill vs cycle ergometer), position 

(upright vs supine), and specific protocol (gradual loading vs rapid 

loading) in which these variables may best be determined by 

noninvasive techniques in children. 

Maximal Cardiac Output and Stroke Volume 

Absolute values of cardiac output are lower at any given 

absolute work rate throughout exercise in children when compared 

to adults (11,12,49). Maximal values measured in healthy children, 

however, are limited to only one invasive investigation (40). 
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Eriksson and coworkers performed the first (and probably 

the last for ethical reasons) invasive measurement of maximal 

cardiac output in eight healthy boys, aged 13-14 years. Cardiac 

output was determined by the dye-dilution technique at a workrate 

which had previously resulted in each subject's maximal oxygen 

consumption. Exercise was performed on a cycle ergometer. Mean 

maximal values for oxygen consumption, cardiac output, stroke 

volume, and heart rate were 2.51 ±0.11 Umin, 17.41 ±0.88 Umin, 

86.8± 3.9 ml, and 200.5±2.9 respectively. As mentioned in a previous 

section, some investigators have concluded that a steady-state is 

required for the dye-dilution technique. 

No reports have been published where PDE measurements of 

maximal cardiac output and stroke volume were determined in 

children. 

Maximal Heart Rate 

The most comprehensive comparison of maximal heart rate 

between different pediatric exercise protocols was recently 

reported by Cumming and Langford (32). Twenty-three healthy 

children (10 boys and 13 girls), aged 9-13 years, had maximal heart 

rate determined in nine randomly assigned exercise tests conducted 

on separate occasions. Five tests were conducted using upright 

cycle ergometry , one used supi:1e cycle ergometry identical to one 

of the upright tests, and the remaining three tests used a treadmill. 

Maximal heart rate ranged from 192 to 199 beats/min in the upright 
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cycle ergometer tests and from 198 to 204 beats/min in the 

treadmill tests. The only significant differences were noted 

between these eight tests and the supine cycle ergometer test 

where the maximal heart rate was 182 beats/min. Specifically, in 

the two identical protocols (upright vs supine) maximal heart rate 

was 198±5 versus 182±11 beats/min. The highest heart rate was 

achieved on the running treadmill protocol (204±5 beats/min). 

These findings are consistent with previous reports where single 

protocols using cycle ergometers and treadmills have been utilized 

(3,12,49). 

Maximal Oxygen Consumption 

Maximal oxygen consumption was also measured in the 

extensive comparison described in the previous section (32). In the 

five upright cycle ergometer tests, maximal oxygen consumption 

ranged from 47.4 ml/kg/min to 48.5 ml/kg/min. There was no 

difference between these values and the values obtained on the 

treadmill tests which ranged from 48.2 ml/kg/min to 54.0 

ml/kg/min. As above, the supine cycle ergometer protocol produced 

a significantly lower value (40.4 ml/kg/min) than the other eight 

protocols. Specifically, in the two identical protocols, the upright 

value was 47.4±7.0 ml/kg/min and the supine value was 40.4±7.4 

ml/kg/min. The highest maximal oxygen consumption was obtained 

from the "running" treadmill protocol. These protocol related 
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differences are consistent with previous reports in children 

(3,12,49). 

No reports have been published where two different supine 

protocols (gradual loading vs rapid loading for example) have been 

compared for maximal values of cardiac output, stroke volume, heart 

rate, or oxygen consumption. 

Summary 

From the preceding review it is apparent that hemodynamic 

and metabolic variables have been measured invasively and 

noninvasively at rest and during exercise in various populations 

under different experimental conditions. Lacking, however, is 

information collected using a noninvasive technique like POE which 

makes possible rapid serial measurements of cardiac output. 

Further, incomplete information exists concerning the transitional 

relationships between hemodynamic and metabolic variables during 

exercise. Finally, maximal hemodynamic data are sparse for normal, 

healthy children. 
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CHAPTER 3 

METHODS 

All three investigations had the following conditions and 

techniques in common. Conditions, techniques, and subjects specific 

to each investigation are detailed in succeeding sections in this 

chapter and in Chapters 4-6. 

Hemodynam ic Measurements 

Cardiac output was determined using Doppler 

echocardiography (51). Doppler velocity measurements were 

obtained using a range gated pulsed Doppler unit (Biosound). This 

instrument provided real-time two-dimensional images achieved by 

mechanically sweeping a conventional single element transducer 

back and forth through a 60 degree arc. The unit also provided an 

electrocardiographic trace and a frequency analysis of the Doppler 

spectral signal by fast Fourier transform analysis. 

Previous work in our laboratory measuring Doppler cardiac 

output during exercise in early adolescent males and pediatric 

patients revealed that best results were obtained by measuring 

aortic flows from the suprasternal notch (92,89,91). This has been 

shown by others in adults (33,82,108). We determined that 

pulmonary flow can not be adequately measured from the short axis 
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parasternal plane during exercise because of excessive chest wall 

movement. Aortic flow was best obtained at rest with an off-axis 

two-dimensional/Doppler transducer (Biosound 5.0 MHz) which can 

be conveniently and comfortably placed in the suprasternal notch and 

rotated in multiple planes until the best velocity waveforms are 

obtained. During exercise, a smaller, single-crystal fixed 

transducer (KB-Aerotech 2.25 MHz) which was capable of measuring 

higher velocities and more comfortable for the subject was used. 

For measurement of Doppler aortic flow, the sample volume 

was first placed from the suprasternal notch parallel to the flow of 

blood in the ascending aorta. Orientation was obtained by 

maintaining the Doppler cursor parallel to the walls of the great 

vessels, and when optimal position of the cursor beam was obtained, 

the unit was switched from two-dimensional echocardiography to 

range gated pulsed Doppler. Once in the Doppler mode, two 

simultaneous outputs were available. The first was an audio signal, 

and the second was a fast Fourier transform spectral analysis of the 

Doppler signal which was sampled every five milliseconds. The 

output of the fast Fourier transform analysis and Doppler frequency 

shift was directly converted to velocity flow calibrated in cm/sec 

according to the following equation: 

v = velocity shift x velocity of sound in the medium / 2 x 

transmitted frequency x cosine e, 
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where e was the angle of incidence between the Doppler beam and 

flow direction. Since flow was used for alignment, the cosine of e 
was assumed to be unity, and was not utilized further. Once in the 

Doppler mode, the transducer was aligned in the two visualized 

planes and then moved in the azimuthal (elevational) plane to obtain 

1) the optimal audio output, and 2) the highest quality time velocity 

envelope, i.e., the highest velocities with minimal spectral 

dispersion. 

Cardiac output measurement by Doppler echocardiography 

required measurement of the area at the site of Doppler sampling. 

This was best obtained from the two-dimensional image. Area was 

calculated by dividing the diameter by 2 , squaring the resulting 

radius, and multiplying by 1t. An accurate radius measurement was 

critical, since errors in measurement would have been exaggerated 

in the final calculation. For aortic area measurement from the 

suprasternal notch, the sample volume was placed in the mid-aorta 

parallel to its walls and cross-sectional diameter was obtained by 

the lateral resolution measurement method. Cardiac output was 

then calculated according to the equation: 

Q = (mean velocity/sec) x (60 sec/min) x (vessel area) / 

cos e 

Mean velocity was calculated by digitizing the middle of the densest 

portion of the gray scale output of the spectral analyzer (modal 
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velocity) along the systolic phasic velocity curve with a digitizing 

pad (HIPAD, Houston Instruments) interfaced with an Apple lie 

computer and commercially available software (Biodata, Davis, CA). 

The velocity integral was computed for a minimum of three 

complete cardiac cycles and divided by time to compute mean 

velocity. 

The major problem encountered during preliminary work was 

spectral dispersion of the time velocity envelope, probably due to 

poor alignment with flow. Therefore, only tracings with minimal 

spectral dispersion for a minimum of three beats were digitized. 

Minimal spectral dispersion was considered to exist when dispersion 

was less than 25% of the height of the entire Doppler waveform. 

Metabolic Measurements 

A semi-automated system was employed for all metabolic 

measurements. The system was comprised of a Hans-Rudolf valve 

with the inspired side connected to a gas flowmeter (Parkinson

Cowan, CD-4) for measurement of minute ventilation. The expired 

side was connected to a mixing chamber which, by use of a Wilmore

Costill valve, allowed samples of expired air to be collected, 

analyzed, and disposed of systematically every 30 seconds. FE02 and 

FEC02 were analyzed with a Beckman OM-11 and a Godart Capnograph 

rapid gas analyzer respectively. These analyzers were calibrated 

prior to and following each test with a gas whose composition had 

been previously determined by the micro-Scholander technique. The 
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volume transducer was calibrated daily with a calibrated syringe 

using various volumes and flow rates. Raw data were reduced and 

utilized in conjunction with an Apple lie computer to allow 

calculation of minute ventilation, oxygen consumption, carbon 

dioxide production, and respiratory exchange ratio. The above 

mentioned semi-automated system for determination of oxygen 

consumption has been described in detail elsewhere (126). 

Exercise Testing Mode and Protocols 

All exercise tests were performed on a Spectrum Mode III 

electronically braked, rate independent, supine cycle ergometer. 

Calibration was verified and maintained by checking resistor 

specifications with an ohmmeter against those specified in the 

operations manual. Pedal rate was maintained with a metronome set 

at 60 revolutions/minute. 

Cardiac output and oxygen consumption measurements were 

obtained serially every 30 seconds beginning with 2 minutes of rest 

and continuing through termination of each exercise test. All 

subjects were familiarized with the procedures prior to the testing 

sessions. Additionally, verbal encouragement was utilized to insure 

maximal performances in each test. 

The above measurements were made using one of two 

different supine protocols. A rapid loading protocol developed by 

Goldberg (53) consisting of 2 minute stages with work rates of 100, 

500, 800, 1000, 1200, 1400, 1600, and 1800 kpm/min was one of 
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the experimental protocols. A gradual loading protocol developed in 

our preliminary investigations starting at 100 kpm/min and 

consisting of 1 minute stages of 100 kpm/min increments was the 

other experimental protocol. 

SPECIFIC METHODS 

Study 1: Interinvestigator and Intrasubject Variability in 

Cardiac Output Determined by Doppler Echocardiography From Rest 

Through Maximal Exercise. 

Subjects 

Six early adolescent boys who had previously participated in 

organized cross-country running were recruited from a local junior 

high school. Subjects already familiar with strenuous endurance 

exercise were preferred in order to minimize any learning effect 

which could have resulted from increased motor skills obtained 

through practicing a previously unfamiliar activity (4). All subjects 

were familiarized with the experimental procedures during an 

orientation test and were determined to be free of any diseases upon 

physical and echocardiographic examination by a pediatric 

cardiologist. Subjects and parents each gave their informed consent 

in accordance with the University of Arizona Human Subjects 

Committee. Characteristics of the subjects are presented in Table 

1. 
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Exercise Testing Mode and Protocol 

All measurements were made using a gradual loading supine 

protocol developed in our preliminary investigations starting at 100 

kpm/min and consisting of 1 minute stages of 100 kpm/min 

increments. This gradual loading supine protocol had been preferred 

over a rapid loading protocol previously utilized by a majority of 

patients and normal children in previous clinical and experimental 

studies in our laboratory and in the laboratories of others (32,53). 

All subjects exercised until they could no longer maintain a 

pedal rate of 60 revolutions/minute despite intense verbal 

encouragement. Tests using the above protocol were performed on 

two occasions separated by approximately nine days. Testing was 

not undertaken during periods of change in training regimes in order 

to minimize effects or. day-to-day variation within subjects. 

Data Analysis 

Two investigators, one experienced and one recently trained, 

digitized all Doppler velocity tracings independently after 

agreement on appropriate individual beats was achieved. Variability 

between investigators and within subjects (between days) was 

analyzed using a 2-factor repeated measures analysis of variance 

for the dependent variables: cardiac output (Umin), cardiac index 

(L/min/m2), stroke volume (mllmin), and stroke index (mllmin/m2). 

Correlation coefficients and regression analyses were also obtained 
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for the dependent variables in order to determine the relationships 

between measurements calculated by two investigators. 

Since there was no investigator effect to be determined for 

heart rate and the metabolic variables, a single-factor repeated 

measures analysis of variance was employed for determination of 

any day effect on these submaximal dependent variables. 

Correlation coefficients and regression analyses were obtained for 

all variables from rest through near-maximal exercise between test 

1 and test 2. A paired t-test was performed to determine 

differences in maximal values in all variables. All differences and 

effects were considered significant at p < .05. This was necessary 

since some subjects exercised longer on the second test. 

Study 2: Hemodynamic vs Metabolic Transients During a 

Rapid Loading Supine Exercise Test in Early Adolescent Boys. 

Subjects 

Twenty-two early adolescent boys who had previously 

participated in organized cross-country running were recruited from 

a local junior high school. Subjects already familiar with strenuous 

endurance exercise were preferred in order to minimize any learning 

effect which could have resulted from increased motor skills 

obtained through practicing a previously unfamiliar activity (4). All 

subjects were familiarized with the experimental procedures during 

an orientation test and were determined to be free of any diseases 
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upon physical and echocardiographic examination by a pediatric 

cardiologist. Subjects and parents each gave their informed consent 

in accordance with the University of Arizona Human Subjects 

Committee. Characteristics of the subjects are presented in Table 

11 . 

Eltercise Testing Mode and Protocol 

All measurements were made using a rapid loading supine 

protocol developed by Goldberg (53) consisting of 2 minute stages 

with work rates of 100 kpm/min (Stage 1), 500 kpm/min (Stage 2), 

800 kpm/min (Stage 3), 1000 kpm/min (Stage 4), 1200 kpm/min 

(Stage 5), 1400 kpm/min (Stage 6), 1600 kpm/min (Stage 7), and 

1800 kpm/min (Stage 8). This protocol was chosen due to the 

dramatic differences in work rates from stage to stage enabling the 

coupling/uncoupling of cardiac output and oxygen consumption to be 

observed. All subjects exercised until they could no longer maintain 

a pedal rate of 60 revolutions/minute despite intense verbal 

encouragement. This subjective measure combined with respiratory 

exchange ratios exceeding 1.0 were used as indicators that subjects 

had indeed performed maximal efforts. 

Data Analysis 

One investigator digitized all Doppler velocity tracings for 

determination of cardiac output, cardiac index, stroke volume, and 

stroke index. All variables (absolute oxygen consumption, relative 
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oxygen consumption, carbon dioxide production, ventilation, 

respiratory exchange ratio, cardiac output, cardiac index, stroke 

volume, stroke index, and heart rate) were initially grouped into 

two-minute stages corresponding to the exercise testing protocol 

and analyzed using a one-factor repeated measures analysis of 

variance to determine progressive increases within each variable. 

Scheffe post-hoc tests were then run to determine specific 

differences between increments within each stage. 

In order to compare transitional behavior between variables, 

the final measurement in each stage (Le., even numbered minutes) 

was considered to be the steady-state value and assigned a relative 

value of 1000/0. The three preceding values within the given stage 

were then expressed as percentages of the fourth/final value within 

that particular stage and compared to the fourth/final value. 

Comparisons were made using a two-factor repeated measures 

analysis of variance both between and within stages. Specific 

comparisons at each 30 second increment were made using a paired 

t-test between the specific variables in question. Differences were 

considered statistically significant at p < .05. 

Study 3: A Comparison of Maximal Hemodynamic and 

Metabolic Variables Between Two Supine Protocols in Early 

Adolescent Boys. 
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Subjects 

Fifteen early adolescent boys who had previously 

participated in organized cross-country running were recruited from 

a local junior high school. Subjects already familiar with strenuous 

endurance exercise were preferred in order to minimize any learning 

effect which could have resulted from increased motor skills 

obtained through practicing a previously unfamiliar activity (4). All 

subjects were familiarized with the experimental procedures during 

an orientation test and were determined to be free of any diseases 

upon physical and echocardiographic examination by a pediatric 

cardiologist. Subjects and parents each gave their informed consent 

in accordance with the University of Arizona Human Subjects 

Committee. Characteristics of the subjects are presented in Table 

12. 

Exercise Testing Mode and Protocols 

All measurements were made using two different supine 

protocols. A rapid loading protocol developed by Goldberg (53) 

consisting of 2 minute stages with work rates of 100, 500, 800, 

1000, 1200, 1400, 1600, and 1800 kpm/min was one of the 

experimental protocols. A gradual loading protocol developed in our 

preliminary investigations starting at 100 kpm/min and consisting 

of 1 minute stages of 100 kpm/min increments was the other 

experimental protocol. All subjects exercised until they could no 

longer maintain a pedal rate of 60 revolutions/minute despite 
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intense verbal encouragement. This subjective measure combined 

with respiratory exchange ratios exceeding 1.0 were used as 

indicators that subjects had indeed performed maximal efforts. 

Data Analysis 

Maximal values for all variables were the highest values 

achieved during the last minute of the exercise test. Each variable 

pair from the rapid loading and gradual loading tests (absolute and 

relative oxygen consumption, carbon dioxide production, ventilation, 

respiratory exchange ratio, cardiac output, cardiac index, stroke 

volume, stroke index, heart rate, total work, and total time) was 

compared using a paired t-test. Additionally, correlation and 

regression analyses were performed on each pair of variables 

between the two tests. 
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CHAPTER 4 

STUDY 1: U,ITERINVESTIGATIOR AND INTRASUBJECT 

VARIABILITY IN CARDIAC OUTPUT DETERMINED BY DOPPLER 

ECHOCARDIOGRAPHY FROM REST THROUGH MAXIMAL EXERCISE. 

Abstract 

The purpose of this investigation was to evaluate the 

interinvestigator and day-to-day variability of cardiac output 

measurements by pulsed Doppler echocardiography (PDE) at rest and 

during exercise. Six boys (aged 13.8±1.3 years) had cardiac output 

determined by PDE and oxygen consumption measured simultaneously 

every 30 seconds from rest to submaximal and maximal levels of 

exercise using supine cycle ergometry. Subjects performed two 

identical tests separated by approximately nine days and had cardiac 

output calculated by two independent investigators. There was no 

difference in cardiac output measurements between investigators by 

two-factor repeated measures ANOVA (r=0.996, SEE=0.343 Llmin). 

Cardiac output was slightly but significantly higher throughout test 

2 compared to test 1 (r=0.92, SEE=1.23 Umin). Maximal values were 

also significantly higher on test 2 versus test 1 (15.8±3.4 Llmin vs 

13.4 Llmin, p<0.01). These results indicate that interinvestigator 

variability is acceptable and within that reported for resting values 
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of cardiac output determined by POE. The need for multiple tests 

cannot be ruled out for repeatable maximal values. The slightly 

higher values throughout test 2 may reflect a learning effect. 

Introduction 

Pulsed Ooppler echocardiography (POE) has been validated as 

a viable method for determining cardiac output at rest (1,42,51,52, 

67,83,119) and during exercise (19,29,33,82,89, 91,92,108). 

Recently, Marx and coworkers compared POE and indirect Fick (C02 

rebreathing) measurements of cardiac output at rest and during 

supine cycle ergometry at 50% of maximal oxygen consumption in 

healthy early adolescent males (89). The two techniques compared 

well when resting and exercise cardiac output determinations were 

combined (r=0.86, SEE=1.4 Umin). In contrast to the more 

established indirect Fick technique, POE does not require a steady

state and is well suited for rapid serial and maximal measurements 

of cardiac output. 

Investigators have evaluated interinvestigator and day-to

day variability using POE for various cardiac output variables at rest 

(45,51,58,119). Gardin and coworkers investigated intraobserver, 

interobserver, and day-to-day variability in normal men and women 

at rest (45). They found less than 5% variability in peak flow 

velocity, ejection time, and the flow velocity integral for the above 

comparisons. They did find a 10-16% variation in mean acceleration 

time for the three comparisons. However, these investigators did 
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not calculate cardiac output. In another resting investigation, 

Voyles and coworkers studied the interobserver variability in 200 

serial measurements of supine stroke index (ml/m2) by POE with 

two experienced observers in ten normal adults (119). There was no 

difference between observers in stroke index (ml/m2) or cardiac 

index (Umin/m2) measurements when percent differences were 

compared. No regression analyses were reported. 

Only one study has been reported during rest and exercise 

where interinvestigator variability was evaluated at rest and at 50% 

of maximal exercise capacity during supine cycle ergometry (89). In 

this study, Marx and coworkers found no significant difference 

between mean velocity calculations. (28.8 cm/s) at rest and during 

exercise by two investigators (r=0.96, SEE=2.8 cm/s). There have 

been no reports where serial measurements of cardiac output by POE 

have been compared for interinvestigator and day-to-day variability 

from rest to submaximal and maximal exercise. Such information is 

necessary for the refinement of this technique during exercise. 

The purpose of this investigation was to determine 

interinvestigator reliability in the calculation of cardiac output 

using POE and day-to-day variation in cardiac output serially from 

rest through maximal exercise in healthy early adolescent boys. 
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Methods 

Subjects 

Six early adolescent boys who had previously participated in 

organized cross-country running were recruited from a local junior 

high school. Subjects already familiar with strenuous endurance 

exercise were preferred in order to minimize any learning effect 

which could have resulted from increased motor skills obtained 

through practicing a previously unfamiliar activity (4). All subjects 

were familiarized with the experimental procedures during an 

orientation test and were determined to be free of any diseases upon 

physical and echocardiographic examination by a pediatric 

cardiologist. Subjects and parents each gave their informed consent 

in accordance with the University of Arizona Human Subjects 

Committee. Characteristics of the subjects are presented in Table 

1. 

Hemodynamic Measurements 

Cardiac output was determined using Doppler 

echocardiography (51). Doppler velocity measurements were 

obtained using a range gated pulsed Doppler unit (Biosound). This 

instrument provided real-time two-dimensional images achieved by 

mechanically sweeping a conventional single element transducer 

back and forth through a 60 degree arc. The unit also provided an 

electrocardiographic trace and a frequency analysis of the Doppler 

spectral signal by fast Fourier transform analysis. 
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Previous work in our laboratory measuring Doppler cardiac 

output during exercise in early adolescent males and pediatric 

patients revealed that best results were obtained by measuring 

aortic flows from the suprasternal notch (92,89,91). This has been 

shown by others in adults (33,82,108). We determined that 

pulmonary flow can not be adequately measured from the short axis 

parasternal plane during exercise because of excessive chest wall 

movement. Aortic flow was best obtained at rest with an off-axis 

two-dimensional/Doppler transducer (Biosound 5.0 MHz) which can 

be conveniently and comfortably placed in the suprasternal notch and 

rotated in multiple planes until the best velocity waveforms are 

obtained. During exercise, a smaller, single-crystal fixed 

transducer (KB-Aerotech 2.25 MHz) which was capable of measuring 

higher velocities and more comfortable for the subject was used. 

For measurement of Doppler aortic flow, the sample volume 

was first placed from the suprasternal notch parallel to the flow of 

blood in the ascending aorta. Orientation was obtained by 

maintaining the Doppler cursor parallel to the walls of the great 

vessels, and when optimal position of the cursor beam was obtained, 

the unit was switched from two-dimensional echocardiography to 

range gated pulsed Doppler. Once in the Doppler mode, two 

simultaneous outputs were available. The first was an audio signal, 

and the second was a fast Fourier transform spectral analysis of the 

Doppler signal which was sampled every five milliseconds. The 

output of the fast Fourier transform analysis and Doppler frequency 
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shift was directly converted to velocity flow calibrated in cm/sec 

according to the following equation: 

v = velocity shift x velocity of sound in the medium / 2 x 

transmitted frequency x cosine 9, 

where 9 was the angle of incidence between the Doppler beam and 

flow direction. Since flow was used for alignment, the cosine of 9 

was assumed to be unity, and was not utilized further. Once in the 

Doppler mode, the transducer was aligned in the two visualized 

planes and then moved in the azimuthal (elevational) plane to obtain 

1) the optimal audio output, and 2) the highest quality time velocity 

envelope, i.e., the highest velocities with minimal spectral 

dispersion. 

Cardiac output measurement by Doppler echocardiography 

required measurement of the area at the site of Doppler sampling. 

This was best obtained from the two-dimensional image. Area was 

calculated by dividing the diameter by 2 , squaring the resulting 

radius, and multiplying by 1t. An accurate radius measurement was 

critical, since errors in measurement would have been exaggerated 

in the final calculation. For aortic area measurement from the 

suprasternal notch, the sample volume was placed in the mid-aorta 

para"el to its walls and cross-sectional diameter was obtained by 

the lateral resolution measurement method. Cardiac output was 

then calculated according to the equation: 
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Q = (mean velocity/sec) x (60 sec/min) x (vessel area) / 

cos e 

Mean velocity was calculated by digitizing the middle of the densest 

portion of the gray scale output of the spectral analyzer (modal 

velocity) along the systolic phasic velocity curve with a digitizing 

pad (HIPAD, Houston Instruments) interfaced with an Apple lie 

computer and commercially available software (Biodata, Davis, CA). 

The velocity integral was computed for a minimum of three 

complete cardiac cycles and divided by time to compute mean 

velocity. 

The major problem encountered during preliminary work was 

spectral dispersion of the time velocity envelope, probably due to 

poor alignment with flow. Therefore, only tracings with minimal 

spectral dispersion for a minimum of three beats were digitized. 

Minimal spectral dispersion was considered to exist when dispersion 

was less than 25% of the height of the entire Doppler waveform. 

Metabolic Measurements 

A semi-automated system was employed for all metabolic 

measurements. The system was comprised of a Hans-Rudolf valve 

with the inspired side connected to a gas flowmeter (Parkinson

Cowan, CD-4) for measurement of minute ventilation. The expired 

side was connected to a mixing chamber which, by use of a Wilmore-
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Costill valve, allowed samples of expired air to be collected, 

analyzed, and disposed of systematically every 30 seconds. FE02 and 

FEC02 were analyzed with a Beckman OM-11 and a Godart 

Capnograph rapid gas analyzer respectively. These analyzers were 

calibrated prior to and following each test with a gas whose 

composition had been previously determined by the micro

Scholander technique. The volume transducer was calibrated daily 

with a calibrated syringe using various volumes and flow rates. Raw 

data were reduced and utilized in conjunction with an Apple lie 

computer to allow calculation of minute ventilation, oxygen 

consumption, carbon dioxide production, and respiratory exchange 

ratio. The above mentioned semi-automated system for 

determination of oxygen consumption has been described in detail 

·elsewhere (126). 

Exercise Testing Mode and Protocol 

All exercise tests were performed on a Spectrum Mode III 

electronically braked, rate independent, supine cycle ergometer. 

Calibration was verified and maintained by checking resistor 

specifications with an ohmmeter against those specified in the 

operations manual. Pedal rate was maintained with a metronome set 

at 60 revolutions/minute. 

Cardiac output and oxygen consumption measurements were 

obtained serially every 30 seconds beginning with 2 minutes of rest 

and continuing through termination of each exercise test. All 
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subjects were familiarized with the procedures prior to the testing 

sessions. Additionally, verbal encouragement was utilized to insure 

maximal performances in each test. 

All measurements were made using a gradual loading supine 

protocol developed in our preliminary investigations starting at 100 

kpm/min and consisting of 1 minute stages of 100 kpm/min 

increments. This gradual loading supine protocol had been preferred 

over a rapid loading protocol previously utilized by a majority of 

patients and normal children in previous clinical and experimental 

studies in our laboratory and in the laboratories of others (32,53). 

All subjects exercised until they could no longer maintain a 

pedal rate of 60 revolutions/minute despite intense verbal 

encouragement. Tests using the above protocol were performed on 

two occasions separated by approximately nine days. Testing was 

not undertaken during periods of change in training regimes in order 

to minimize effects on day-to-day variation within subjects. 

Data Analysis 

Two investigators, one experienced and one recently trained, 

digitized all Doppler velocity tracings independently after 

agreement on appropriate individual beats was achieved. Variability 

between investigators and within subjects between days was 

analyzed using a 2-factor repeated measures analysis of variance 

for the dependent variables: cardiac output, cardiac index, stroke 
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volume, and stroke index. Correlation coefficients and regression 

analyses were also obtained for the dependent variables. 

Since there was no investigator effect for heart rate and the 

metabolic variables, a single-factor repeated measures analysis of 

variance was employed for determinaton of any day effect on these 

submaximal dependent variables. Correlation coefficients and 

regression analyses were obtained for all variables from rest 

through near-maximal exercise between test 1 and test 2. A paired 

t-test was performed to determine differences in maximal values in 

all variables. All differences and effects were considered 

significant at p < .05. 

Results 

The four Doppler-derived variables of cardiac output, cardiac 

index, stroke volume, and stroke index showed no interinvestigator 

or interaction effect (Table 2). There was, however, a significant 

difference between tests in each of these variables (Table 2). 

Values of cardiac output (Table 3), cardiac index (Table 4), stroke 

volume (Table 5), and stroke index (Table 6) were all slightly but 

significantly higher throughout the second test. When specific 

times were considered, however, cardiac output and cardiac index 

were significantly different between tests only at minutes 7.5 and 

10.5. Stroke volume and stroke index were significantly different at 

minute 10.5 between tests for investigator II (p < 0.07 and p < 0.06 

respectively for investigator I). Figures 1-4 indicate the extremely 
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close relationship between investigators for each of the four 

Doppler-derived variables. 

Resting through near-maximal values of heart rate, oxygen 

consumption, carbon dioxide production, and respiratory exchange 

ratio were slightly, but significantly higher during the second test. 

There was no difference in the corresponding values of ventilation 

between tests. Stastically significant differences between tests at 

any given point in time were small and limited in number. These 

results are presented in Tables 7-9. All variables except 

respiratory exchange ratio (r = 0.65), stroke volume (r = 0.86), and 

stroke index (r = 0.71) exhibited a close relationship (r ~ 0.90) from 

rest through near-maximal exercise between tests. These 

correlation and regression analyses are presented in Figures 5-14. 

All of the above variables with the addition of total time and 

total work performed were compared at their maximal values in both 

tests. Maximal values of oxygen consumption (Umin), carbon 

dioxide production, ventilation, cardiac output, cardiac index, and 

heart rate were significantly higher in the second test. Differences 

between maximal values in test 1 and test 2 of relative oxygen 

consumption (mllkg/min), stroke volume, stroke index, total time, 

and total work performed approached, but were not statistically 

significant. Only maximal respiratory exchange ratio and arterio

venous oxygen content difference were clearly the same between 

tests. These results are presented in Table 10. 
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Correlation and regression analyses between tests for the 

above maximal variables revealed close relationships (r ;::: 0.90 and 

p < 0.05) for carbon dioxide production, ventilation, cardiac output, 

stroke volume (r = 0.86), total time and total work performed. 

Absolute and relative oxygen consumption, respiratory exchange 

ratio, cardiac index, stroke index, heart rate, and arteriovenous 

oxygen content difference showed poor maximal test-retest 

reliability (r ::;; 0.80 and p = ns). These results are presented in Table 

10. 

Discussion 

The findings of the present study indicate that cardiac 

output and its analogs (cardiac index, stroke volume, and stroke 

index) measured by PDE exhibit the same variability, when 

calculated by two investigators, throughout all ranges of exercise as 

has been previously shown at rest (51). These four variables have 

not been specifically evaluated for interinvestigator variability, 

however, mean velocity (flow-velocity integral averaged over 

cardiac cycles) is the major variable in calculating the above 

variables. 

Gardin and coworkers reported a correlation of r=0.97 (SEE 

not reported) for the flow-velocity integral calculated by two 

experienced investigators (45). Measurements were obtained during 

supine rest in ten normal adults, aged 20-33 years (8 men and 2 

women). The regression analyses for the cardiac output, cardiac 
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index, stroke volume, and stroke index for the pooled resting and 

exercise data in the present investigation are in close agreement 

with the above study (r=0.996, SEE=0.343 Umin; r=0.994, SEE=0.223 

L/min/m2; r=0.987, SEE=2.8 ml; and r=0.971, SEE=1.9 ml/m2 

respectively) . 

Marx and coworkers found a correlation of r=0.96 (SEE=2.8 

cm/s) for mean velocity calculations between two investigators at 

rest and during 50% submaximal supine cycle ergometry in 34 

. normal boys, aged 13 years (89). This finding is similar to the 

present investigation (r=0.995, SEE=1.3 cm/s). The difference in SEE 

may be due to the increased number of measurements collected 

throughout all stages of exercise in the present investigation. 

The finding of no significant difference between 

investigators in the present study is in agreement with Gardin and 

others (45) and Voyles and coworkers (119) for measurements 

obtained at rest and with Marx and colleagues (89) for 

measurements obtained at rest and during exercise. 

The differences between test 1 and test 2 (between day 

comparison) throughout all stages were small but significant for the 

progressive, nonsteady-state protocol employed. These slightly 

increased values for test 2 when combined with the close 

relationships between tests for the hemodynamic and most 

metabolic variables may be due to continued familiarization with 

supine cycle ergometry. The higher RER values at rest and during the 

earliest levels of exercise for test 1 may result from 
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hyperventilation due to anxiety even though the subjects were given 

orientation tests prior to test 1. These early higher RER values for 

test 1 also account for the poor relationship (r = 0.65) between 

tests compared to the other variables. 

This familiarization or learning effect associated with the 

relatively unfamiliar activity of supine cycling could also explain 

the finding of increased maximal values in test 2 for most variables. 

The repetition of a previously unfamiliar task allows improvement 

in the specific motor skills required to perform that task. This 

improvement is also reflected in the task's energy requirements 

allowing maximal performances to apparently improve (4). 

The intrasubject differences observed in oxygen consumption 

and its associated variables between test 1 and test 2 from rest 

through near-maximal exercise is in agreement with a recent study 

by Hughson and Inman (62). A faster adjustment to a given workrate 

was reported in oxygen consumption during each of five successive, 

identical ramp upright cycle ergometer tests conducted on different 

days. Breath-by-breath determinations of oxygen consumption 

indicated differences in the rate of adjustment to steady-state 

exercise within the five subjects between tests. 

In the present investigation, measurements were obtained 

over longer time intervals (30 seconds) compared to breath-by

breath and in the supine compared to the upright position. The 

slightly higher values found throughout test 2 in the present 

investigation may be due to the same, more rapid, adjustment 
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described above. Earlier work by Hickson and others also 

demonstrated a more rapid adjustment of oxygen consumption to 

work after training (60). A metabolic training effect between tests 

is unlikely in the present study. 

In conclusion, the present study has demonstrated that the 

interinvestigator variability in cardiac output at rest and during 

exercise determined by PDE is the same as has been shown at rest in 

previous studies. This finding has significant applications for the 

noninvasive measurement of hemodynamic variables throughout 

exercise in children with congenital heart defects, as well as, in 

normal healthy children participating in exercise studies. The 

second finding of slightly higher submaximal values during test 2 

indicates either increased familiarization with the task or, perhaps 

an improvement in the ability to adjust to rapidly increasing 

workrates between tests. This secondary finding combined with the 

higher maximal values attained in some variables during test 2 

requires further study to better understand the observed changes. 
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TABLE 1 SUBJECT CHARACTERISTICS 

-
N=6 X ± SD 

Age (yrs) 13.8 ± 1.3 

Aort i e Diameter (em) 2.3 ± 0.2 

Height (em) 167.5 ± 5.9 

Weight (kg) 50.3 ± 9.4 

BSA (m 2 ) 1.6 ± 0.2 



TABLE 2 
INVESTIGATOR AND TEST COMPARISON 

TWO FACTOR REPEATED MEASURES AN OVA 

INVESTIGATOR TEST INTERACTION BETWEEN 
N = 310 r p r p p INVESTIGATOR 

CARDIAC OUTPUT (L/min) 

CARDIAC INDEX (L/min/m2) 

STROKE VOLUME (ml) 

0.996 

0.994 

0.987 

STROKE VOLUME INDEX (mllm2) 0.971 

*(p<0.05) * ( p < 0 . 05) * ( p < 0 • 0 5 ) ERROR 

0.8705 0.921 *0.0001 0.7217 0.366 

0.8639 0.897 *0.0001 0.7509 0.211 

0.7821 0.855 *0.0001 0.6648 2.932 

0.6402 0.705 *0.0001 0.7472 1.354 

-:J 
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TEST 1 
TIME WORKRATE N O( I) 
(min) (kpm/mln) (L/ml n) 

mean±SD 
-1.5 0 5 6.8±3.0 
- 1 0 6 6.1±2.8 

-0.5 0 6 6.5±2.7 
0 0 6 6.9±3.7 

0.5 100 6 8.4±2.8 
1 100 6 8.9±2.6 

1.S 200 6 9.2±2.6 
2 200 6 9.4±2.6 

2.S 300 6 9.7±2.3 
3 300 6 9.7±2.4 

3.5 400 6 10.3±2.1 
4 400 6 10.6±2.3 

4.5 500 6 11.1±1.9 
S SOO 6 11.7±2.3 

5.5 600 6 11.4±2.2 
6 600 S 12.3±2.3 

6.5 700 5 12.2±1.8 
7 700 6 11.9±2.1 

7.S 800 6 12.2±2.2 
8 800 5 12.8±2.0 

8.5 900 5 13.3±2.4 
9 900 5 13.3±2.1 

9.5 1000 5 13.5±1.8 
10 1000 5 13.8±2.5 

10.5 1100 S 13.9±2.5 
11 1100 3 13.3±1.9 

11.S 1200 2 12.3±1.8 
12 1200 2 12.7±0.6 

12.5 1300 2 12.6±1.7 
13 1300 1 10.9±0.0 

13.S 1400 1 10.6±0.0 
14 1400 1 10.6±0.0 

14.5 1500 1 11.6±0.0 
1S 1500 1 11.9+0.0 

TABLE 3 
CARDIAC OUTPUT (0): TESTS 1&2, INVESTIGATORS 1&11 

. __ ... - . __ . - - .... --
TEST 2 TEST1 TEST 2 INV I INV II 
0(1) 60(T1 &T2) 0(11) 0(11) 60(T1 &T2) 0(T1 &T2) 0(T1 &T2) 

(L/mln) (L/mln) (Llmln) (L/mln) (L/mln) (L/mln) (L/mln) 
mean+SD mean±SD mean+SD mean±SD mean±SD rnean±SD mean+SD 
6.5±2.0 -0.4±1.7 6.7±3.1 6.4±2.2 -0.3±1.6 6.7±2.5 6.5±2.6 
6.5±2.0 0.4±1.5 6.0±2.7 6.5±2.1 0.5±1.2 6.3±2.3 6.2±2.4 
6.4±2.0 -0.1±1.7 6.3±2.6 6.2±2.0 -O.1±1.3 6.4±2.3 6.2±2.2 
6.1±2.2 -0.8±2.1 6.7±3.7 6.2±2.1 -0.6±2.1 6.5±2.8 6.4±2.8 
8.4±2.6 0.0±1.5 8.1±2.8 8.3±2.S 0.2±1.8 8.4±2.6 8.2±2.5 
8.9±2.4 0.0±1.1 8.6±2.8 8.8±2.3 0.2±1.2 8.9±2.4 8.7±2.S 
9.7±2.1 0.S±1.7 9.2±2.6 9.S±2.3 0.4±1.8 9.4±2.2 9.3±2.2 
9.7±2.1 0.3±1.6 9.3±2.7 9.S±2.1 0.2±1.7 9.S±2.2 9.4±2.3 

10.S±2.3 0.8±1.1 9.8±2.5 10.S±2.2 0.7±1.0 10.1±2.3 10.1±2.3 
10.4±2.2 0.7±1.6 10.0±2.S 10.S±2.4 0.6±1.S 10.0±2.1 10.3±2.3 
10.9±2.4 0.3±1.4 10.2±1.9 11.0±2.4 0.9±1.2 10.6±2.1 10.6±2.1 
11.4±2.9 0.8±1.2 10.7±2.3 11.3±2.9 0.6±1.4 11.0±2.5 11.0±2.5 
11.8±2.7 0.7±1.4 11.0±2.0 11.7±2.7 0.7±1.2 11.5±2.2 11.3±2.3 
11.4±2.4 -0.3±1.7 11.7±2.4 11.7±2.6 -0.0±1.9 11.S±2.2 11.7±2.3 
12.0±2.5 0.6±1.4 11.4±2.2 12.1±2.5 0.8±1.5 11.7±2.2 11.8±2.2 
12.9±3.1 0.6±1.1 12.4±2.1 13.0±3.0 0.5±1.1 12.6±2.7 12.7±2.5 
12.5±3.0 0.3±1.4 12.0±1.6 12.6±2.6 0.6±1.1 12.3±2.4 12.3±2.1 
12.9±2.8 1.0±1.3 12.0±2.0 12.8±2.7 0.8±1.4 12.4±2.4 12.4±2.3 
13.2±2.8 ·1.1±1.0 11.9±1.9 13.3±2.8 ·1.4±1.3 12.7±2.4 12.6±2.3 
13.6±2.8 0.9±1.3 12.6±1.8 13.5±2.9 0.9±1.6 13.2±2.3 13.0±2.3 
14.2±3.7 0.9±1.4 13.1±2.6 14.2±3.6 1.1±1.3 13.8±3.0 13.7±3.1 
14.3±3.8 1.0±1.8 13.3±1.9 14.4±3.6 1.1±1.9 13.8±2.9 13.9±2.7 
14.7±3.4 1.3±1.6 13.1±1.6 14.8±3.4 1. 7±1.9 14.1±2.6 13.9±2.5 
14.9±3.2 1.1±1.1 13.7±2.5 14.8±3.4 1.1±1.3 14.3±2.8 14.3±2.9 
1S.1±3.1 ·1.2±0.9 13.6±2.2 1S.1±3.1 ·1.5±1.0 14.5±2.7 14.4±2.7 
14.4±3.2 1.1±1.7 13.4±2.1 14.4±3.5 1.0±2.1 13.8±2.5 13.9±2.7 
13.9±3.0 1.6±1.3 12.2±1.9 13.5±3.1 1.4±1.2 13.1±2.4 12.8±2.S 
1S.2±3.5 2.S±2.9 13.1±0.9 14.5±3.3 1.4±2.4 13.9±2.0 13.8±2.1 
14.8±3.1 2.2±1.4 12.4±1.8 15.1±4.2 2.7±2.4 13.7±2.4 13.7±3.0 
12.2±0.0 1.3±0.0 10.4±0.0 11.8±0.0 1.4±0.0 11.6±0.0 11.1±0.0 
12.1±0.0 1.5±0.0 10.5±0.0 13.3±0.0 0.8±0.0 11.4±0.0 10.9±0.0 
12.1±0.0 1.S±0.0 11.0±0.0 11.8±0.0 0.8±0.0 11.4±0.0 11.4±0.0 
12.4±0.0 0.8±0.0 11.1±0.0 12.1±0.O 1.0±O.0 12.0±0.0 11.6±0.0 
14.0+0.0 2.1+0.0 11.5±0.0 14.3±0.O 2.8+0.0 13.0±0.0 12.9±0.0 

60(1&11) 
(L/mln) 
mean+SD 
0.12±0.17 
0.04±0.15 
0.22±0.05 
0.07±0.12 
0.13±0.22 
0.17±0.28 
0.12±0.11 
0.14±0.09 

-0.03±0.11 
-0.22±0.2S 
-0.04±0.16 
-0.05±0.21 
0.1S±0.26 

-0.13±0.17 
-0.04±0.38 
-0.09±0.35 
0.OS±0.43 
0.03±0.2S 
0.14±0.28 
0.1S±0.26 
0.10±0.10 

-0.08±0.41 
0.18±0.29 
0.09±0.18 
0.16±0.22 

-0.OS±0.23 
0.23±0.11 
0.18±0.11 
0.00±0.S7 
0.45±0.00 
0.45±0.00 

-0.05±0.00 
0.40±0.00 
O.OS±O.OO 
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TIME WORKRATE N 
(min) (kpm/mln) 

-1.S 0 S 
- 1 0 6 

-O.S 0 6 
0 0 6 

O.S 100 6 
1 100 6 

1.S 200 6 
2 200 6 

2.S 300 6 
3 300 6 

3.S 400 6 
4 400 6 

4.S SOO 6 
S SOO 6 

S.S 600 6 
6 600 S 

6.S 700 S 
7 700 6 

7.S 800 6 
8 800 S 

8.S 900 S 
9 900 S 

9.S 1000 S 
10 1000 S 

10.5 1100 S 
11 1100 3 

11.S 1200 2 
12 1200 2 

12.S 1300 2 
13 1300 1 

13.5 1400 1 
14 1400 1 

14.S 1S00 1 
1 S 1S00 1 

TABLE 4 
CARDIAC INDEX (01): TESTS 1 &2, INVESTIGATORS 1&11 

___ • I .. _ • __ • _ - ----
TEST 1 TEST 2 TEST1 TEST 2 INV I INV II 
Q I( I) Q I (I) ~QI(I) 01(11) QI(II) ~01(1I) 01(T1 &T2) QI(T1 &T2) ~01(1&1I) 

(LIm I n/m 2) (LIm I nl m2)( LIm I n/m2)( LIm I n/m 2) (LIm I n/m 2) (LIm I nl m2)( LIm I nl m2)( LI minIm 2) (LI min 1m 2 
mean±SD mean+SD mean+SD mean±SD mean±SD mean+SD mean+SD mean±SD mean±SD 
4.3±1.6 4.1±1.0 -0.2±1.0 4.2±1.6 4.1±1.1 -0.1±1.0 4.2±1.2 4.1±1.3 0.10±0.14 
3.9±1.S 4.1±1.1 0.3±1.0 3.8±1.4 4.2±1.1 0.4±0.8 4.0±1.2 4.0±1.2 0.03±0.10 
4.1±1.S 4.1±1.0 -0.0±1.1 4.0±1.4 3.9±1.0 -0.0±0.8 4.1±1.2 4.0±1.1 0.12±0.06 
4.3±2.0 3.9±1.2 -0.4±1.4 4.2±2.0 4.0±1.2 -0.3±1.4 4.1±1.S 4.1±1.S 0.03±0.O9 
S.3±1.4 S.4±1.4 0.0±1.0 S.1±1.4 S.4±1.4 0.2±1.2 S.3±1.3 S.2±1.3 0.09±0.12 
S.6±1.3 S.7±1.2 0.1±0.8 S.S±1.4 S.7±1.2 0.2±0.8 S.6±1.2 S.6±1.2 0.06±0.18 
S.9±1.3 6.3±1.2 0.4±1.2 S.9±1.2 6.1±1.3 0.3±1.2 6.1±1.1 6.0±1.1 0.07±0.07 
6.0±1.1 6.2±1.2 0.3±1.2 S.9±1.2 6.1±1.2 0.2±1.1 6.1±1.0 6.0±1.0 0.08±0.06 
6.2±1.0 6.8±1.3 0.6±0.9 6.3±1.1 6.8±1.2 0.S±0.7 6.S±1.1 6.S±1.1 -0.03±0.08 
6.2±1.0 6.7±1.3 0.S±1.1 6.4±1.2 6.8±1.4 0.4±1.1 6.4±1.0 6.6±1.1 -0.lS±0.18 
6.6±0.9 7.1±1.S 0.S±1.0 6.S±0.9 7.1±1.S 0.6±0.8 6.8±1.2 6.8±1.1 -0.03±0.11 
6.8±1.0 7.3±1.S 0.6±0.8 6.9±1.0 7.2±1.S 0.4±0.9 7.0±1.2 7.1±1.2 -0.03±0.1S 
7.1±0.6 7.6±1.4 0.S±1.0 7.0±0.7 7.S±1.3 0.4±0.8 7.4±0.9 7.2±1.0 0.12±0.18 
7.S±0.8 7.3±1.3 -0.1±1.1 7.S±0.8 7.S±1.4 0.0±1.2 7.4±0.9 7.S±1.0 -0.07±0.10 
7.3±0.8 7.7±1.2 0.4±0.8 7.3±0.8 7.8±1.4 0.6±1.0 7.S±0.9 7.S±1.0 -0.02±0.27 
7.6±1.0 8.0±1.6 0.S±0.7 7.7±0.9 8.0±1.S 0.3±0.6 7.8±1.3 7.8±1.2 -0.02±0.24 
7.S±0.8 7.7±1.S 0.2±0.8 7.S±0.7 7.8±1.3 0.3±0.7 7.6±1.1 7.6±1.0 0.03±0.2S 
7.7±0.8 8.3±1.3 0.6±0.8 7.7±0.7 8.3±1.4 0.6±1.0 8.0±1.0 8.0±1.0 -0.03±0.18 
7.8±0.9 8.S±1.3 ·0.7±0.6 7.6±0.8 8.6±1.4 ·1.0±0.8 8.2±1.1 8.1±1.1 0.08±0.20 
7.9±0.8 8.4±1.3 0.S±0.8 7.8±0.8 8.3±1.4 0.6±0.9 8.2±1.0 8.1±1.0 0.12±0.14 
8.3±1.1 8.7±1.9 0.S±0.9 8.1±1.2 8.8±1.8 0.6±0.8 8.S±1.S 8.4±1.S 0.06±0.09 
8.3±0.9 8.8±1.9 0.6±1.1 8.3±0.8 8.9±1.8 0.6±1.2 8.S±1.4 8.6±1.3 -0.07±0.2S 
8.4±0.8 9.1±1.7 0.7±1.0 8.1±0.6 9.1±1.6 1.0±1.1 8.7±1.2 8.6±1.1 0.12±0.19 
8.S±1.1 9.2±1.6 0.S±0.6 8.S±1.2 9.1±1.6 0.6±0.8 8.9±1.3 8.8±1.4 0.07±0.10 
8.6±1.1 9.4±1.4 ·0.7±0.5 8.S±1.0 9.4±1.S ·0.9±0.6 9.0±1.2 8.9±1.2 0.08±0.16 
8.2±0.8 8.8±1.S 0.6±1.0 8.3±0.9 8.9±1.7 0.6±1.3 8.S±1.1 8.6±1.2 -0.08±0.18 
7.7±0.6 8.7±1.2 1.0±0.6 7.6±0.6 8.S±1.3 0.9±0.8 8.2±0.9 8.0±1.0 0.1S±0.07 
8.0±0.3 8.S±1.4 1.S±1.7 8.3±0.1 9.0±1.4 0.8±1.S 8.8±0.6 8.6±0.7 0.13±0.11 
7.9±0.S 9.3±1.3 1.S±0.8 7.8±0.S 9.4±1.8 1.7±1.3 8.6±0.9 8.6±1.2 0.00±0.28 
7.3±0.0 8.1±0.0 0.8±0.0 6.9±0.0 7.9±0.0 1.0±0.0 7.7±0.0 7.4±0.0 0.30±0.00 
7.0±0.0 8.0±0.0 1.0±0.0 7.0±0.0 7.S±0.0 O.S±O.O 7.S±0.0 7.3±0.0 0.2S±0.00 
7.0±0.0 8.0±0.0 1.0±0.0 7.3±0.0 7.9±0.0 0.6±0.0 7.S±0.0 7.6±0.0 -0.10±0.00 
7.8±0.0 8.2±0.0 0.4±0.0 7.4±0.0 8.1±0.0 0.7±0.0 8.0±0.0 7.8±0.0 0.2S±0.00 
7.9+0.0 9.3+0.0 1.4+0.0 7.6+0.0 9.S+0.0 2.0+0.0 8.6±0.0 8.6+0.0 O.OS±O.OO 
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TABLE 5 
STROKE VOLUME (SV): TESTS 1&2, INVESTIGATORS 1&11 

.. - .-_. -
TEST 1 TEST 2 TEST1 TEST 2 INV I INV II 

TIME WORKRATE N S V(I) SV(I) ~SV(I) SV(II) SV(II) ~SV(II) SV(T1 &T2) SV(T1 &T2) ~SV(I&II) 
(min) (kpm/mln) (m I) (m I) (m I) (m I) (m I) (m I) (m I) (m I) (m I) 

mean±SD mean±SD mean±SD mean±SD mean±SD mean±SD mean±SD mean±SD mean±SD 
-1.5 0 5 90.0±27.2 88.S±21.1 -1.6±6.3 87.S±28.4 87.3±23.0 -0.2±S.4 89.3±24.1 87.4±2S.7 1.9±2.4 
- 1 0 6 87.1±22.S 90.7±19.1 3.6±9.4 8S.6±22.S 91.1 ±21.1 S.6±S.7 88.9±20.3 88.3±21.6 0.6±2.2 

-0.5 0 6 89.3±20.7 91.8±19.S 2.S±10.6 86.9±18.6 89.1±20.8 2.2±7.0 90.S±19.4 88.0±19.4 2.S±0.2 
0 0 6 89.1±19.7 84.3±17.9 -4.8±10.7 87.1±20.S 8S.1±18.6 -2.0±9.9 86.7±18.0 86.1±18.9 0.6±1.8 

0.5 100 6 90.7±23.S 89.2±21.9 -1.6±10.9 88.S±23.8 88.7±21.3 0.1±12.1 89.9±22.0 88.6±21.8 1.4±2.6 
1 100 6 89.2±22.2 91.6±21.3 2.4±7.0 88.0±22.8 90.3±20.2 2.3±6.3 90.4±21.S 89.2±21.3 1.3±3.3 

1.5 200 6 91.0±22.3 92.4±17.7 1.3±13.6 90.8±22.4 90.4±18.9 -0.4±14.0 91.7±18.9 90.6±19.S 1.1±1.2 
2 200 6 92.4±19.S 93.4±21.3 1.0±10.0 91.2±19.9 91.7±21.6 0.S±10.4 92.9±19.8 91.S±20.1 1.4±0.6 

2.5 300 6 91.4±19.8 94.6±21.2 3.2±7.1 92.0±20.S 84.S±21.2 2.S±S.0 93.0±20.2 93.2±20.7 -0.2±0.9 
3 300 6 89.1±17.8 90.0±13.9 0.9±8.1 91.S±18.4 91.S±16.2 -0.0±8.1 89.6±lS.S 91.S±16.9 -1.9±2.3 

3.5 400 6 91.0±17.4 91.3±16.S 0.4±6.9 90.4±lS.4 92.8±17.S 2.4±6.S 91.2±16.6 91.6±16.1 -0.4±1.3 
4 400 6 88.S±lS.9 94.8±23.3 6.3±9.0 90.1±lS.7 94.3±24.1 4.2±11.7 91.7±19.4 92.2±19.S -0.S±1.6 

4.5 500 6 92.7±18.3 93.9±21.9 1.2±11.0 91.6±18.2 92.6±22.3 1.0±9.2 93.3±19.4 92.1±19.9 1.2±2.1 
5 500 6 9S.3±21.0 90.3±20.7 -S.0±11.3 9S.S±21.7 92.1±21.8 -3.4±12.3 92.8±20.1 93.8±20.9 -1.0±1.3 

5.5 600 6 89.7±17.1 91.7±21.2 2.0±11.3 89.9±16.8 92.4±20.6 3.S±11.4 90.7±18.4 90.6±17.9 0.1±2.7 
6 600 5 99.1±11.9 101.4±18.2 2.4±6.6 100.2±10.7 101.3±17.0 1.1±7.2 100.2±lS.0 100.7±13.7 -0.S±2.8 

6.5 700 5 94.2±8.1 94.8±16.6 0.6±9.8 93.1±6.1 9S.4±14.2 2.3±8.7 94.S±12.1 94.2±10.0 0.2±3.0 
7 700 6 88.6±17.9 91.9±21.7 3.4±7.0 89.3±17.9 91.S±21.1 2.3±8.6 90.3±19.S 90.4±19.1 -O.1±1.S 

7.5 800 6 88.4±18.6 91.8±21.7 3.4±7.0 86.0±lS.8 91.9±21.S S.9±8.S 90.1±19.9 89.0±18.4 1.2±1.8 
8 800 5 91.7±1 0.4 97.6±18.S S.9±9.S 90.3±9.6 96.7±18.9 6.4±10.7 94.7±14.2 93.S±14.0 1.1±1.8 

8.5 900 5 93.0±14.0 98.1±20.2 S.1±8.6 91.S±16.0 98.3±19.S 6.7±6.6 9S.6±16.8 94.9±17.S 0.7±1.0 
9 900 5 91.S±10.S 97.9±22.7 6.S±13.8 91.8±8.7 98.9±21.7 7.1±14.1 94.7±16.3 9S.3±lS.0 -0.6±2.7 

9.5 1000 5 91.0±9.0 97.0±19.7 6.0±12.9 88.4±7.8 97.3±19.8 9.0±14.S 94.0±13.9 92.9±13.2 1.2±1.7 
10 1000 5 91.S±13.1 96.8±16.2 S.3±8.2 90.7±13.2 96.0±17.6 S.3±10.S 94.1±14.1 93.3±14.6 0.8±1.0 

10.5 1100 5 88.6±13.1 9S.S±16.3 6.9±6.2 86.6±11.S 9S.6±16.4 °9.0±S.8 92.1±14.S 91.1±13.9 1.0±1.S 
11 1100 3 86.0±8.4 96.0±18.9 10.0±13.9 86.4±9.8 96.1±21.0 9.7±16.0 91.0±12.8 91.3±14.3 -0.3±1.7 

11.5 1200 2 76.4±S.2 87.3±14.2 11.0±9.0 7S.8±S.7 8S.2±lS.1 9.4±9.3 81.8±9.7 80.S±10.4 1.3±0.7 
12 1200 2 78.S±3.S 94.7±18.S 16.3±22.0 80.6±1.6 90.4±18.3 9.8±19.9 86.6±7.S 8S.S±8.4 1.1±0.8 

12.5 1300 2 7S.9±S.7 88.1±14.6 12.2±8.9 74.S±S.8 89.S±20.7 lS.0±14.9 82.0±10.1 82.0±13.3 0.0±3.1 
13 1300 1 68.8±0.0 7S.1±0.0 6.3±0.0 6S.S±0.0 73.0±0.0 7.S±0.0 72.0±0.0 69.3±0.0 2.7±0.0 

13.5 1400 1 64.9±0.0 71.9±0.0 7.0±0.0 64.3±0.0 67.2±0.0 2.9±0.0 68.4±0.0 6S.8±0.0 2.7±0.0 
14 1400 1 6S.0±0.0 71.0±0.0 6.0±0.0 67.S±0.0 69.7±0.0 2.2±0.0 68.0±0.0 68.6±0.0 -0.6±0.0 

14.5 1500 1 68.4±0.0 71.7±0.0 3.3±0.0 6S.S±0.0 70.1±0.0 4.6±0.0 70.1±0.0 67.8±0.0 2.3±0.0 
15 1500 1 71.4+0.0 80.5+0.0 9.1±0.0 68.8±0.0 82.2+0.0 13.4+0.0 76.0±0.0 7S.S±0.0 O.S±O.O 
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TIME WORKRATE N 
(ml n) (kpm/mln) 

-1.5 0 5 
- 1 0 S 

-0.5 0 S 
0 0 S 

0.5 100 S 
1 100 S 

1.5 200 S 
2 200 S 

2.5 300 S 
3 300 S 

3.5 400 S 
4 400 S 

4.5 500 S 
5 500 S 

5.5 SOO S 
S SOO 5 

S.5 700 5 
7 700 S 

7.5 SOO S 
S SOO 5 

S.5 900 5 
9 900 5 

9.5 1000 5 
10 1000 5 

10.5 1100 5 
11 1100 3 

11.5 1200 2 
12 1200 2 

12.5 1300 2 
13 1300 1 

13.5 1400 1 
14 1400 1 

14.S 1S00 1 
15 1500 1 

TABLE 6 
STROKE VOLUME INDEX (SVI): TESTS 1 &2, INVESTIGATORS 1&11 

.- . __ . -
TEST 1 TEST 2 TEST1 TEST 2 INV I INV II 
SVI(I) SVI(li ASVI(I) SVI(II) SVI(II) ASVI(II) ?VI(T1 &T2) SVI(T1 &T2) ASVI(I &11) 

(mllm2) (mllm2) (ml/m2) (mllm2) (ml/m2) (mllm2) (mllm2) (mllm2) (mllm2) 
mean±SD mean±SD mean±SD mean±SD mean±SD mean±SD mean±SD mean±SD mean±SD 
57.0±12.6 56.3±S.9 -0.S±4.0 55.2±13.2 55.3±9.S 0.2±3.6 5S.7±10.7 55.3±11.5 1.4±1.9 
55.7±10.3 5S.1±7.S 2.4±5.7 54.S±10.1 5S.2±S.S 3.S±3.7 5S.9±S.S 5S.4±9.2 0.5±1.5 
57.0±S.7 5S.S±S.4 1.S±S.4 55.7±7.S 57.0±9.0 1.3±4.4 57.9±7.9 5S.3±S.0 1.S±0.3 
57.0±S.3 54.3±9.1 -2.S±S.5 55.7±S.S 54.S±9.3 -1.0±S.2 55.S±S.1 55.2±S.5 0.5±1.3 
57.S±10.5 57.1±9.9 -0.S±S.7 5S.3±10.7 5S.S±10.1 0.5±7.7 57.3±9.S 5S.S±9.7 0.9±1.S 
5S.9±9.S 5S.S±9.1 1.7±4.4 5S.1±10.3 57.S±S.S 1.7±4.0 57.S±9.1 5S.9±9.4 0.S±1.9 
5S.2±10.4 59.3±7.2 1.1±S.9 5S.0±10.3 5S.0±S.1 -0.1 ±9.0 5S.7±7.7 5S.0±S.1 0.7±0.S 
59.0±7.2 59.S±9.7 0.9±S.2 5S.2±7.5 5S.7±9.S 0.5±S.3 59.4±S.0 5S.5±S.2 0.9±0.5 
5S.4:i.7.9 S1.9±10.7 3.5±S.4 5S.S±S.4 SO.5±9.1 1.S±3.1 SO.2±S.S 59.S±S.S 0.S±1.S 
57.1±7.0 57.9±4.9 0.S±5.7 5S.S±S.9 5S.7±5.S 0.2±5.5 57.5±5.3 5S.S±5.S -1.1±1.4 
5S.3±S.S 5S.7±S.9 0.4±4.5 5S.0±5.7 59.5±S.S 1.5±4.1 5S.5±S.5 5S.S±5.9 -0.3±0.S 
5S.S±5.9 SO.5±10.0 3.7±5.S 57.9±5.9 SO.2±10.7 2.3±7.7 5S.7±7.S 59.0±7.S -0.4±0.9 
59.3±S.S 59.9±S.9 0.7±S.9 5S.S±S.7 59.1±9.2 0.S±5.9 59.S±7.0 5S.S±7.5 0.S±1.3 
SO.7±S.1 57.7±S.S -3.0±7.2 SO.S±S.5 5S.S±9.2 -2.0±7.S 59.2±7.5 59.S±S.0 -O.S±O.S 
57.3±S.2 5S.S±9.2 1.3±6.S 5S.S±5.S 59.1±S.7 2.3±7.1 57 .9±7.1 57.9±S.5 0.0±1.9 
S1.5±4.7 S2.S±S.3 1.4±4.0 S2.2±3.9 S2.7±7.3 0.5±4.5 S2.1±S.4 S2.5±5.4 -0.4±1.7 
5S.S±1.7 5S.7±7.2 0.2±S.0 57.9±1.5 59.1±5.5 1.2±5.4 5S.S±4.3 5S.5±3.0 0.1±1.S 
5S.S±S.9 5S.S±S.S 2.1±4.2 57.0±S.7 5S.4±S.4 1.4±5.4 57.S±7.S 57.7±7.1 -0.1±1.0 
5S.5±S.7 5S.5±S.7 2.1±4.2 55.1±5.1 5S.S±S.7 3.S±5.2 57.5±7.5 5S.9±S.S 0.S±1.3 
5S.9±3.4 SO.4±S.3 3.4±5.9 5S.1±3.1 59.S±S.5 3.7±S.5 5S.S±5.S 57.9±5.5 0.7±1.1 
57.7±S.2 SO.S±9.1 2.9±5.3 5S.7±7.3 SO.7±S.7 4.0±3.9 59.2±7.3 5S.7±7.S 0.5±0.S 
5S.S±4.1 SO.4±10.7 3.S±S.S 57.0±2.9 S1.0±10.0 4.0±S.7 5S.S±S.9 59.0±5.9 -0.4±1.S 
5S.S±3.5 59.9±S.9 3.4±S.0 55.0±3.5 SO.1±S.9 5.2±S.9 5S.2±5.4 57.S±5.1 0.7±1.0 
5S.7±5.4 59.9±S.S 3.2±4.9 5S.3±5.S 59.4±7.4 3.1±S.4 5S.3±5.5 57.S±5.9 0.5±0.S 
54.9±5.5 59.1±S.S 4.2±3.7 53.7±4.4 59.2±7.1 *5.5±3.5 57.0±5.9 5S.5±5.S 0.S±0.9 
53.2±3.S 59.0±S.4 5.S±4.5 53.4±4.4 59.0±9.7 5.S±9.7 5S.1±5.0 5S.2±5.S -0.1±1.1 
4S.0±0.4 54.7±4.7 S.7±5.1 47.S±0.0 53.3±5.4 5.7±5.4 51.3±2.2 50.5±2.7 0.9±0.5 
49.5±5.9 59.3±7.1 9.S±13.1 50.9±4.9 5S.5±7.2 5.7±12.1 54.4±0.S 53.7±1.2 0.7±0.S 
47.7±0.1 55.2±5.0 7.S±5.0 5S.9±0.1 55.9±S.S 9.1±S.7 51.4±2.4 51.4±4.4 0.1±2.0 
45.7±0.0 49.9±0.0 4.2±0.0 43.5±0.0 4S.5±0.0 5.0±0.0 47.S±0.0 4S.0±0.0 1.S±0.0 
43.1±0.0 47.S±0.0 4.7±0.0 42.7±0.0 44.7±0.0 2.0±0.0 45.5±0.0 43.7±0.0 1.S±0.0 
43.2±0.0 47.1±0.0 3.9±0.0 44.S±0.0 4S.3±0.0 1.5±0.0 45.2±0.0 45.S±0.0 -0.4±0.0 
4S.1±0.0 47.S±0.0 2.S±0.0 43.S±0.0 4S.S±0.0 3.1±0.0 4S.4±0.0 4S.1±0.0 1.3±0.0 
47.5±0.0 53.5+0.0 S.O+O.O 45.7±0.0 54.S+0.0 S.9±0.0 50.5±0.0 50.2+0.0 0.4±0.0 
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TABLE 7 
ABSOLUTE AND RELATIVE OXYGEN CONSUMPTION (V02): TESTS 1 &2 

C* Test 1 vs Test 2 p < 0.05) 
TEST1 TEST 2 TEST1 T~ST 2 

TIME WORKRATE N V02 "02 4V02 V02 V02 4"02 
(min) (kpm/mln) (Llmln) (LIm In) (L/mln) (m I/kg/m I n)(m I/kg/m I n)( m I/kg/m In) 

meon±SD moon±SD moon±SD moon±SD moon±SD moon±SD 

-1. 5 0 5 0.26±0.OS 0.22±0.OS -0.04±0.07 5.2±1.6 4.2±0.9 -1.05±2.04 
- 1 0 6 0.2S±0.04 0.3HO.10 0.03±0.07 6.0±0.9 6.H1.0 0.37±1.35 

-0.5 0 6 0.3HO.10 0.27±0.07 -0.03±0.08 6.H1.6 5.4±1.1 -0.6H1.47 
0 0 6 0.25±0.07 0.27±0.07 0.02±0.09 5.0±1.0 5.4±0.9 0.4S±1.65 

0.5 100 6 0.34±0.15 0.33±0.OS -0.OHO.11 6.4±2.9 6.5±1.0 0.03±2.76 
1 100 6 0.43±0.15 0.46±0.09 0.03±0.15 S.4±2.5 9.2±1.3 0.SO±3.64 

1.5 200 6 0.59±0.10 0.62±0.OS 0.03±0.11 12.0±2.1 12.6±1.7 0.57±2.20 
2 200 6 0.64±0.15 0.72±0.OS 0.09±0.14 12.9±2.5 14.7±2.S 1.S9±3.19 

2.5 300 6 0.SO±0.15 0.SHO.06 0.01±0.15 16.3±3.S 16.4±2.6 0.OS±3.05 
3 300 6 0.S3±0.09 0.92±0.13 0.09±0.13 16.9±3.3 1S.5±3.3 1.60±2.45 

3.5 400 6 0.90±0.12 0.97±0.10 0.07±0.1S 1S.H2.9 19.7±3.9 1.59±3.75 
4 400 6 1.03±0.10 1.0S±0.10 0.05±0.09 21.0±4.0 21.S±3.3 0.S4±1.60 

4.5 500 6 1.0HO.10 1.09±0.13 0.08±0.15 20.6±3.4 22.2±4.0 1.63±2.95 
5 500 6 1.13±0.04 1.20±0.OS 0.07±0.10 23.H4.9 24.5±4.6 1.39±1.77 

5.5 600 6 1.22±0.09 1.26±0.13 0.04±0.15 24.7±3.5 25.9±5.S 1.1S±3.03 
6 600 5 1.29±0.14 1.32±0.13 0.04±0.19 24.3±2.5 25.2±4.0 0.S7±3.9S 

6.5 700 5 1.27±0.04 1.39±0.OS ·0.12±0.OS 24.H3.1 26.5±4.4 ·2.37±1.73 
7 700 6 1.34±0.11 1.42±0.11 0.OS±0.13 27.2±3.S 29.1±6.3 1.S3±2.S9 

7.5 SOO 6 1.38±0.09 1.5HO.14 0.12±0.19 2S.H4.4 30.9±6.S 2.76±4.09 
S SOO 5 1.49±0.11 1.54±0.14 0.04±0.16 2S.3±3.5 29.3±5.7 1.03±3.36 

S.5 900 5 1.5S±0.16 1.63±0.13 0.04±0.17 29.7±2.0 30.9±4.9 1.20±3.49 
9 900 5 1.57±0.14 1.64±0.13 0.07±0.19 29.5±2.3 31.H5.4 1.60±3.S9 

9.5 1000 5 1.66±0.14 1.74±0.15 0.08±0.24 31.3±2.3 33.2±6.5 1.SS±4.SS 
10 1000 5 1.69±0.1S 1.SHO.23 0.12±0.21 31.S±2.9 34.5±6.1 2.7H4.2S 

10.5 1100 5 1.76±0.17 1.SS±0.2S 0.12±0.36 33.H1.4 35.8±S.5 2.75±7.66 
11 1100 3 1.S2±0.10 1.80±0.07 -0.OHO.16 34.0±2.9 34.0±5.6 0.OH3.15 

11.5 1200 2 1.SS±0.09 1.99±0.11 0.12±0.02 36.H4.2 3S.4±4.1 ·2.24±0.06 
12 1200 2 2.0HO.23 2.00±0.01 -0.OHO.23 38.5±1.9 3S.5±6.2 0.07±4.29 

12.5 1300 2 1.90±0.04 2.13±0.06 ·0.23±0.01 36.6±5.2 41.1±5.6 ·4.50±0.42 
13 1300 1 1.97±0.0 2.1HO.0 0.14±0.0 42.6±0.0 45.6±0.0 3.00±0.0 

13.5 1400 1 2.0HO.0 2.22±0.0 0.2HO.0 43.4±0.0 4S.0±0.0 4.60±0.0 
14 1400 1 2.08±0.0 2.27±0.0 0.19±0.0 44.9±0.0 4S.9±0.0 4.00±0.0 

14.5 1500 1 2.09±0.0 2.34±0.0 0.25±0.0 45.HO.0 50.6±0.0 5.50±0.0 
15 1500 1 2.12±0.0 2.29±0.0 0.17±0.0 45.7±0.0 49.5±0.0 3.S0±0.0 
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TABLE 8 
CARBON DIOXIDE PRODUCTION (VC02) AND VENTILATION (VE): TESTS 1&2 

(* Test 1 va Test 2 D < 0.05) 
TEST1 TEST 2 TEST1 TEST 2 

TIME WORKRATE N VC02 VC02 AVC02 VE VE AVE 
(m I n) (kpm/mln) (L/mln) (L/ml n) (L/mln) (L/mln) (L/mln) (L/mln) 

mean±SD mean±SD mean±SD mean±SD mean±SD moan±SD 

-1. 5 0 5 O.28±O.O8 O.2HO.09 -O.07±O.O7 12.0±3.0 9.4±2.1 -2.6±3.5 
- 1 0 6 O.3HO.07 O.28±O.O8 -0.03±0.09 13.2±2.6 11.8±2.7 -1.3±4.0 

-0.5 0 6 0.33±0.10 0.26±0.09 -0.08±0.13 14.0±3.7 11.0±3.4 -3.0±4.3 
0 0 6 0.27±0.07 0.25±0.05 -0.02±0.07 12.H3.0 10.9±1.3 -1.2±4.2 

0.5 100 6 0.36±0.14 0.30±0.07 -0.06±0.10 15.6±5.5 12.9±2.1 -2.6±4.8 
1 100 6 0.44±0.16 0.40±0.08 -0.04±0.14 18.3±5.8 16.6±2.6 -1.7±5.5 

1.5 200 6 0.51±0.11 0.47±0.07 -0.04±0.08 20.5±4.9 18.4±2.3 -2.1±4.1 
2 200 6 0.5HO.10 0.54±0.04 0.03±0.11 19.7±4.4 19.8±2.0 0.1±4.8 

2.5 300 6 0.64±0.15 0.6HO.07 -0.03±0.13 23.4±6.7 22.1±2.5 -1.3±5.9 
3 300 6 0.68±0.05 0.72±0.06 0.04±0.07 24.4±3.4 25.0±2.5 0.7±4.3 

3.5 400 6 0.73±0.10 0.78±0.11 0.05±0.17 25.4±4.1 26.7±3.1 1.3±4.9 
4 400 6 0.86±0.05 0.90±0.07 0.02±0.09 29.2±1.9 30.0±2.7 0.8±1.9 

4.5 500 6 0.S9±0.08 0.96±0.13 0.07±0.18 29.4±2.9 31.6±3.2 2.2±4.0 
5 500 6 1.0HO.11 1.07±0.13 0.07±0.18 32.5±3.4 35.1±4.5 2.7±4.5 

5.5 600 6 1.13±0.06 1.14±0.10 0.OHO.08 35.6±2.7 37.2±3.8 1.7±2.0 
6 600 5 1.20±0.13 1.2HO.18 0.OHO.14 37.5±4.3 37.9±4.8 0.4±4.2 

6.5 700 5 1.23±0.07 1.30±0.09 0.07±0.07 39.3±3.7 40.9±3.0 1.6±3.8 
7 700 6 1.35±0.07 1.38±0.14 0.03±0.10 42.1±4.0 44.5±7.6 2.4±4.8 

7.5 SOO 6 1.40±0.13 1.50±0.10 0.10±0.16 44.9±5.3 4S.9±7.8 4.0±S.0 
8 SOO 5 1.5HO.13 1.50±0.14 -0.01±0.07 46.7±4.S 47.3±5.0 0.5±6.1 

8.5 900 5 1.S1±0.17 1.60±0.10 -0.01±0.12 49.9±S.4 50.8±4.9 1.0±7.3 
9 900 5 1.63±0.18 1.64±0.12 O.OHO.11 52.8±6.7 51.9±6.2 -1.0±7.8 

9.5 1000 5 1. 7HO.1 0 1.76±0.17 0.05±0.17 55.H5.9 56.4±6.6 1.3±7.7 
10 1000 5 1. 79±0.20 1.SS±0.13 0.10±0.15 57.2±6.6 60.H5.4 2.9±3.4 

10.5 1100 5 1.S5±0.21 1.86±0.13 0.OHO.18 59.6±6.9 60.4±6.5 0.S±5.1 
1 1 1100 3 1.97±0.OS 1.94±0.20 -0.02±0.20 65.3±7.2 60.0±2.6 -5.3±6.9 

11.5 1200 2 2.06±0.04 2.05±0.11 -0.OHO.07 65.1±1.1 64.9±3.4 -0.2±2.3 
12 1200 2 2.24±0.16 2.19±0.13 -0.06±0.29 72.8±7.7 70.2±1.8 -2.6±5.9 

12.5 1300 2 2.21 ±0.05 2.34±0.09 0.13±0.04 74.5±2.4 75.9±2.4 *1.5±0.1 
13 1300 1 2.3S±0.0 2.43±0.0 0.05±0.0 79.2±0.0 77.HO.O -2.HO.0 

13.5 1400 1 2.44±0.0 2.57±0.0 0.13±0.0 83.2±0.0 83.6±0.0 0.4±0.0 
14 1400 1 2.S2±0.0 2.72±0.0 0.20±0.0 86.HO.0 88.4±0.0 2.3±0.0 

14.5 1500 1 2.55±0.0 2.73±0.0 0.18±0.0 89.4±0.0 93.4±0.0 4.0±0.0 
1 5 1500 1 2.60±0.0 2.78±0.0 0.18±0.0 93.6±0.0 9S.HO.0 1.S±O.O 
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TABLE 9 
HEART RATE (HR) AND RESPIRATORY EXCHANGE RATIO (RER): TESTS 1&2 

(* Test 1 vs Test 2 p < 0.05) 
TEST 1 TEST 2 TEST1 TEST 2 

TIME WORKRATE N HR HR ~HR RER RER ~RER 
(min) (kpm/mln) (bt s/m I n) (bt sImi n;(bto/ml n) 

mean±SD moan±SD mean±SD moon±SD moon±SD moon±SD 

-1.5 0 5 74±12 73±11 -1.6±14.3 1.10±0.14 0.95±0.14 -0.14±0.13 
- 1 0 6 67±12 71±15 4.0±13.5 1.09±0.16 0.90±0.OB *-0.19±0.13 

-0.5 0 6 70±14 69±12 -0.7±15.0 1.10±0.19 0.94±0.11 -0.16±0.23 
0 0 6 73±23 71±13 -1.3±1B.0 1.12±0.27 0.95±0.15 -0.17±0.29 

0.5 100 6 91±10 94±17 3.0±12.5 1.16±0.22 0.92±0.07 *-0.24±0.21 
1 100 6 9B±11 9B±17 0.5±10.4 1.03±0.12 0.BB±0.05 *-0.15±0.11 

1.5 200 6 101±10 106±16 4.5±10.9 0.B6±0.12 0.76±0.04 *-0.10±0.09 
2 200 6 1 01±1 0 105±16 3.5±5.4 0.B1 ±0.11 0.76±0.06 -0.06±0.09 

2.5 300 6 1 07±1 0 11 2±1 7 5. 7±1 0.9 0.79±0.07 0.77±0.07 -0.03±0.06 
3 300 6 109±10 116±17 6.5±9.5 0.B2±0.10 0.79±0.07 -0.03±0.09 

3.5 400 6 113±11 119±19 6.3±9.0 0.B2±0.05 0.BHO.06 -0.OHO.06 
4 400 6 119±9 121±17 1.B±14.1 0.B5±0.04 0.B4±0.OB -0.01±0.04 

4.5 500 6 121±13 127±1B *6.2±5.5 0.BB±0.04 0.BB±0.09 O.O±O.OB 
5 500 6 124±15 12B±21 3.B±7.4 0.B9±0.09 0.B9±0.10 0.0±0.11 

5.5 600 6 129±14 133±20 4.2±10.2 0.93±0.10 0.9HO.10 -0.02±0.OB 
6 600 5 123±11 127±14 4.0±6.7 0.93±0.04 0.9HO.09 -0.02±0.OB 

6.5 700 5 129±11 132±13 3.2±5.1 0.97±0.06 0.94±0.09 -0.03±0.05 
7 700 6 136±15 142±23 6.0±9.0 1.01 ±0.09 0.97±0.10 -0.04±0.06 

7.5 BOO 6 139±16 147±24 7.7±10.7 1.01±0.OB 1.00±0.10 -0.OHO.04 
B BOO 5 139±9 140±12 0.6±7.4 1.01±0.05 0.9B±0.09 -0.03±0.06 

B.5 900. 5 143±B 144±15 0.6±10.2 1.02±0.07 0.99±0.OB -0.03±0.04 
9 900 5 145±9 145±14 0.2±7.5 1.04±0.06 1.00±0.09 -0.04±0.06 

9.5 1000 5 14B±13 15H11 3.4±7.3 1.03±0.06 1.02±0.09 -0.02±0.07 
10 1000 5 150±11 153±15 2.4±6.B 1.06±0.06 1.04±0.10 -0.02±0.OB 

10.5 1100 5 157±B 15B±12 0.6±4.B 1.05±0.06 1.0HO.13 -0.05±0.11 
1 1 1100 3 154±12 149±6 -5.0±7.0 1.0B±0.06 1.0B±0.09 0.0±0.03 

11.5 1200 2 160±13 15B±B -2.0±4.2 1.10±0.OB 1.03±0.11 -0.07±0.04 
12 1200 2 162±14 160±5 -2.5±9.2 1.12±0.05 1.10±0.07 -0.02±0.02 

12.5 1300 2 166±11 16B±B 2.0±2.B 1.17±0.05 1.10±0.07 -0.07±0.02 
13 1300 1 159±0 162±0 3.0±0.0 1.21±0.0 1.05±0.0 -0.06±0.0 

13.5 1400 1 163±0 16B±0 5.0±0.0 1.21±0.0 1.16±0.0 -0.05±0.0 
14 1400 1 163±0 170±0 7.0±0.0 1.21 ±O.O 1.20±0.0 -0.01 ±O.O 

14.5 1500 1 169±0 173±0 4.0±0.0 1.22±0.0 1.17±0.0 -0.05±0.0 
15 1500 1 167±0 174±0 7.0±0.0 1.23±0.0 1.2HO.0 -0.02±0.0 



TABLE 10 
COMPARISON OF MAXIMAL VALUES: TESTS 1&2 

TEST1 TEST2 p(paired t) r r 2 
mean+SD mean+SD *p<0.05 

V02 (Umin) 1.8±0.34 2.1±0.33 *0.0427 0.75 0.56 
V02 (ml/kg/min) 36.4±5.0 41.9±6.6 0.0526 0.61 0.37 
VC02 (l/min) 2.0±0.46 2.3±0.46 *0.0178 0.91 0.83 
VE (l/min) 69.1 ±16.8 80.5±14.8 *0.0076 0.92 0.85 
RER 1.11 ±0.1 0 1.12±0.20 0.8804 0.75 0.56 
Q (l/min) 13.4±2.6 15.8±3.4 *0.0093 0.92 0.85 
01 (Umin/m2) 8.6±1.0 10.1±1.2 *0.0048 0.78 0.61 
SV (ml) 81.3±17.1 90.4±20.2 0.0818 0.86 0.74 
SVI (ml/m2) 52.1±7.0 57.6±7.5 0.0773 0.65 0.42 
HR (beats/min) 165±5.0 175±10.4 *0.0491 0.41 0.17 
(a-v)02 (mill) 137±28 135±27 0.8544 0.47 0.22 
L TIME (min) 11.1 ±2.4 11.9±2.6 0.0798 0.94 0.88 
L WORK (kpm) 6950±2899 7992±3077 0.0803 0.93 0.87 
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CHAPTER 5 

STUDY 2: HEMODYNAMIC VS METABOLIC TRANSIENTS DURING 

A RAPID LOADING SUPINE EXERCISE TEST IN EARLY 

ADOLESCENT BOYS. 

Abstract 

The purpose of this study was to determine the relationship 

between cardiac output and oxygen consumption during transitional 

periods of nonsteady-state exercise. The relationship between heart 

rate and stroke volume was also evaluated under these same 

conditions. Twenty-two boys (aged 13.7±1.0) exercised on a supine 

cycle ergometer beginning at a workrate of 100 kpm/min. Workrate 

was increased after two minutes to 500 kpm and every two minutes 

thereafter to 800 kpm, 1000 kpm, 1200 kpm, 1400 kpm, 1600 kpm, 

and 1800 kpm. Cardiac output determined by pulsed Doppler 

echocardiography (POE) and oxygen consumption measurements were 

made serially every 30 seconds from rest through maximal exercise. 

Cardiac output increased significantly faster than oxygen 

consumption during the transition between steady-state conditions. 

Heart rate was responsible for these rapid hemodynamic responses 

as stroke volume remained constant throughout the test. These 

results indicate that there is a faster adjustment of hemodynamic 

variables compared to metabolic variables to increasing workrates. 
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It is further concluded that in the supine position, heart rate is 

responsible for this faster liemodynamic adjustment. 

Introduction 

Studies of the "coupled" responses of hemodynamic variables 

and metabolic variables have stimulated the curiousity of 

investigators for more than 70 years (10,73). These investigations 

have most often been limited to heart rate in the hemodynamic 

category while assessing considerably more variables in the 

metabolic area (28,75,78). An example of the potential usefulness 

of simultaneously derived measurements of hemodynamic and 

metabolic variables is the "exercise factor" (~ cardiac output I !l. 

oxygen consumption from rest to submaximal, steady-state 

exercise). 

This ratio has recently been proposed as a clinical index of 

the cardiovascular system's adjustment to exercise in normals (89) 

and in patients with pulmonary insufficiency (91), pulmonary 

stenosis (79), and McArdle's syndrome (76). The exercise factor is 

an example of the necessity for developing valid and reliable 

techniques for easily obtainable, noninvasive measurements of 

cardiac output, such as with PDE, to simultaneously combine with 

oxygen consumption measurements in order to determine 

hemodynamic and metabolic coupling during the adjustment to 

exercise. 
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Oxygen consumption kinetics have been extensively 

investigated in adults (21,22,27,56,60,64,120,124,125) and to a 

much lesser degree in children (28,85,86). However, there have been 

no reports comparing nonsteady-state measurements of cardiac 

output and oxygen consumption using noninvasive techniques in 

children. 

The purpose of this study was to describe the changes in 

cardiac output and oxygen consumption during a rapid loading supine 

protocol in order that uniform procedures could be established for 

examining the relationship between these variables. The 

determination of the exercise factor, a clinical index of 

cardiorespiratory coupling during adjustment to exercise, is one of 

the important relationships which may be useful in delineating the 

the appropriate responses of normal children to exercise. 

Methods 

Subjects 

Twenty-two early adolescent boys who had previously 

participated in organized cross-country running were recruited from 

a local junior high school. Subjects already familiar with strenuous 

endurance exercise were preferred in order to minimize any learning 

effect which could have resulted from increased motor skills 

obtained through practicing a previously unfamiliar activity (4). All 

subjects were familiarized with the experimental procedures during 
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an orientation test and were determined to be free of any diseases 

upon physical and echocardiographic examination by a pediatric 

cardiologist. Subjects and parents each gave their informed consent 

in accordance with the University of Arizona Human Subjects 

Committee. Characteristics of the subjects are presented in Table 

10. 

Hemodynamic Measurements 

Cardiac output was determined using Doppler 

echocardiography (51). Doppler velocity measurements were 

obtained using a range gated pulsed Doppler unit (Biosound). This 

instrument provided real-time two-dimensional images achieved by 

mechanically sweeping a conventional single element transducer 

back and forth through a 60 degree arc. The unit also provided an 

electrocardiographic trace and a frequency analysis of the Doppler 

spectral signal by fast Fourier transform analysis. 

Previous work in our laboratory measuring Doppler cardiac 

output during exercise in early adolescent males and pediatric 

patients revealed that best results were obtained by measuring 

aortic flows from the suprasternal notch (92,89,91). This has been 

shown by others in adults (33,82,108). We determined that 

pulmonary flow can not be adequately measured from the short axis 

parasternal plane during exercise because of excessive chest wall 

movement. Aortic flow was best obtained at rest with an off-axis 

two-dimensional/Doppler transducer (Biosound 5.0 MHz) which can 
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be conveniently and comfortably placed in the suprasternal notch and 

rotated in multiple planes until the best velocity waveforms are 

obtained. During exercise, a smaller, single-crystal fixed 

transducer (KB-Aerotech 2.25 MHz) which was capable of measuring 

higher velocities and more comfortable for the subject was used. 

For measurement of Doppler aortic flow, the sample volume 

was first placed from the suprasternal notch parallel to the flow of 

blood in the ascending aorta. Orientation was obtained by 

maintaining the Doppler cursor parallel to the walls of the great 

vessels, and when optimal position of the cursor beam was obtained, 

the unit was switched from two-dimensional echocardiography to 

range gated pulsed Doppler. Once in the Doppler mode, two 

simultaneous outputs were available. The first was an audio signal, 

and the second was a fast Fourier transform spectral analysis of the 

Doppler signal which was sampled every five milliseconds. The 

output of the fast Fourier transform analysis and Doppler frequency 

shift was directly converted to velocity flow calibrated in cm/sec 

according to the following equation: 

v = velocity shift x velocity of sound in the medium / 2 x 

transmitted frequency x cosine e, 

where e was the angle of incidence between the Doppler beam and 

flow direction. Since flow was used for alignment, the cosine of e 
was assumed to be unity, and was not utilized further. Once in the 
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Doppler mode, the transducer was aligned in the two visualized 

planes and then moved in the azimuthal (elevational) plane to obtain 

1) the optimal audio output, and 2) the highest quality time velocity 

envelope, i.e., the highest velocities with minimal spectral 

dispersion. 

Cardiac output measurement by Doppler echocardiography 

required measurement of the area at the site of Doppler sampling. 

This was best obtained from the two-dimensional image. Area was 

calculated by dividing the diameter by 2 , squaring the resulting 

radius, and multiplying by n. An accurate radius measurement was 

critical, since errors in measurement would have been exaggerated 

in the final calculation. For aortic area measurement from the 

suprasternal notch, the sample volume was placed in the mid-aorta 

parallel to its walls and cross-sectional diameter was obtained by 

the lateral resolution measurement method. Cardiac output was 

then calculated according to the equation: 

Q = (mean velocity/sec) x (60 sec/min) x (vessel area) / 

cos e 

Mean velocity was calculated by digitizing the middle of the densest 

portion of the gray scale output of the spectral analyzer (modal 

velocity) along the systolic phasic velocity curve with a digitizing 

pad (HIPAD, Houston Instruments) interfaced with an Apple lie 

computer and commercially available software (Biodata, Davis, CAl· 
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The velocity integral was computed for a minimum of three 

complete cardiac cycles and divided by time to compute mean 

velocity. 
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The major problem encountered during preliminary work was 

spectral dispersion of the time velocity envelope, probably due to 

poor alignment with flow. Therefore, only tracings with minimal 

spectral dispersion for a minimum of three beats were digitized. 

Minimal spectral dispersion was considered to exist when dispersion 

was less than 25% of the height of the entire Doppler waveform. 

Metabolic Measurements 

A semi-automated system was employed for all metabolic 

measurements. The system was comprised of a Hans-Rudolf valve 

with the inspired side connected to a gas flowmeter (Parkinson

Cowan, CD-4) for measurement of minute ventilation. The expired 

side was connected to a mixing chamber which, by use of a Wilmore

Costill valve, allowed samples of expired air to be collected, 

analyzed, and disposed of systematically every 30 seconds. FE02 and 

FEC02 were analyzed with a Beckman OM-11 and a Godart Capnograph 

rapid gas analyzer respectively. These analyzers were calibrated 

prior to and following each test with a gas whose composition had 

been previously determined by the micro-Scholander technique. The 

volume transducer was calibrated daily with a calibrated syringe 

using various volumes and flow rates. Raw data were reduced and 

utilized in conjunction with an Apple lie computer to allow 



calculation of minute ventilation, oxygen consumption, carbon 

dioxide production, and respiratory exchange ratio. The above 

mentioned semi-automated system for determination of oxygen 

consumption has been described in detail elsewhere (126). 

Exercise Testing Mode and Protocol 
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All exercise tests were performed on a Spectrum Mode III 

electronically braked, rate independent, supine cycle ergometer. 

Calibration was verified and maintained by checking resistor 

specifications with an ohmmeter against those specified in the 

operations manual. Pedal rate was maintained with a metronome set 

at 60 revolutions/minute. 

Cardiac output and oxygen consumption measurements were 

obtained serially every 30 seconds beginning with 2 minutes of rest 

and continuing through termination of each exercise test. All 

subjects were familiarized with the procedures prior to the testing 

sessions. Additionally, verbal encouragement was utilized to insure 

maximal performances in each test. 

All measurements were made using a rapid loading supine 

protocol developed by Goldberg (53) consisting of 2 minute stages 

with work rates of 100 kpm/min (Stage I), 500 kpm/min (Stage II), 

800 kpm/min (Stage III), 1000 kpm/min (Stage IV), 1200 kpm/min 

(Stage V), 1400 kpm/min (Stage VI), 1600 kpm/min (Stage VII), and 

1800 kpm/min (Stage VIII). This protocol was chosen due to the 

dramatic differences in work rates from stage to stage enabling the 
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coupling/uncoupling of cardiac output and oxygen consumption to be 

observed. All subjects exercised until they could no longer maintain 

a pedal rate of 60 revolutions/minute despite intense verbal 

encouragement. This subjective measure combined with respiratory 

exchange ratios exceeding 1.0 were used as indicators that subjects 

had indeed performed maximal efforts. 

Data Analysis 

One investigator digitized all Doppler velocity tracings for 

determination of cardiac output, cardiac index, stroke volume, and 

stroke index. All variables (absolute oxygen consumption, carbon 

dioxide production, ventilation, respiratory exchange ratio, cardiac 

output, cardiac index, stroke volume, stroke index, and heart rate) 

were initially grouped into two-minute stages corresponding to the 

exercise testing protocol and analyzed using a one-factor repeated 

measures analysis of variance to determine progressive increases 

within each variable. Scheffe post-hoc tests were then run to 

determine specific differences between increments within each 

stage. 

In order to compare transitional behavior between variables, 

the final measurement in each stage (Le., the last 30 second 

measurement) was considered to be the steady-state value and 

assigned a relative value of 1000/0. All preceding values within the 

given stage were then expressed as percentages of the final value 

within that particular stage. Comparisons were made using a two-



factor repeated measures analysis of variance both between and 

within stages. Specific comparisons at each 30 second increment 

were made using a paired t-test between the specific variables in 

question. Significant differences were considered at p < .05. 

Results 
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All metabolic variables, (oxygen consumption, carbon dioxide 

production, ventilation, and respiratory exchange ratio), responded 

similarly throughout each stage of the test. Within each variable, 

the early measurements of each stage revealed significant 

differences (e.g., the 30 second measurement compared with the 60 

second measurement). These differences were no longer apparent by 

the end of the stage indicating the attainment of a new steady

state. The specific results for each variable are illustrated in 

Figures 15-18. 

Measurements of cardiac output and cardiac index were 

different respectively between stages but not within stages 

indicating an almost complete adjustment to each new steady-state 

by the first measurement in that stage (Le., during the initial 30 

seconds). Stroke volume and stroke index were neither different 

between nor within stages, with the exception of the final 

measurements of stage I and stage II. Both variables decreased 

significantly from the end of stage I to the end of stage II. Heart 

rate was significantly different between stages and at the earliest 

periods within stages. These differences disappeared by the 60 and 



90 second measurements of each stage. These hemodynamic results 

are presented in Figures 19-23. 
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By the end of each two minute stage (120 second 

measurement), absolute values for oxygen consumption, cardiac 

output, stroke volume, and heart rate were not different from the 

previous measurement (90 second measurement) for each stage. The 

final measurement for each stage was, therefore, assumed to be the 

steady-state value for all variables and was assigned a value of 

100%
• The 30, 60, and 90 second values were then expressed as a 

percentage of the 120 second value, ie., the relative percentage of 

steady-state. Comparisons within each stage for oxygen 

consumption vs cardiac output and for heart rate vs stroke volume 

were then made using the relative percentage of steady-state 

values. Relative percentage of steady-state oxygen consumption and 

cardiac output values were different from each other and 

demonstrated a significant interaction throughout the test. 

Significant differences were also noted within each of these 

variables throughout the test. 

The relative percentage of steady-state values at 30, 60, 

and 90 seconds for oxygen consumption and cardiac output within 

each stage were significantly different both between and within 

variables in stages I-IV. There was a significant interaction 

between relative percentage of steady-state values for oxygen 

consumption and cardiac output in all stages except stage IV. Due to 

the progressive nature of the test, stage V and successive stages 



had insufficient subject numbers for any meaningful analyses and 

were not considered in the results. Specific comparisons between 

relative percentage of steady-state values for oxygen consumption 

and cardiac output at each transitional measurement revealed 

significant differences early in each stage and a recoupling by the 

end of most stages. These results are illustrated in Figures 24-27. 
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The relative percentage of steady-state values for stroke 

volume and heart rate showed no differences or interaction between 

or within variables in stage I. There were significant differences 

both between and within variables in stage II, however, there was no 

significant interaction in this stage. There were significant 

interactions and differences between variables in stages III and IV 

but no differences within variables. There were no specific 

differences between relative percentage of steady-state values for 

stroke volume and heart rate during the transitional period of stage 

I. Stages II-IV revealed significant transitional differences 

between relative percentage of steady-state values for stroke 

volume and heart rate in the first two measurements (Le., 30 second 

and 60 second measurement) but not in the third (90 second 

measurement) of each stage. These results are presented in Figures 

29-32. 

Discussion 

The present investigation has demonstrated that cardiac 

output attains steady-state values more rapidly than oxygen 
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consumption during progressive supine cycle ergometry. In addition, 

increases in heart rate, as opposed to changes in stroke volume are 

responsible for this rapid adjustment in cardiac output. These 

findings were the results of direct, noninvasive measurements of 

cardiac output by PDE combined with simultaneously obtained 

measurements of oxygen consumption. 

The finding in the present investigation that all metabolic 

variables had achieved their new steady-state by the end of each 

stage is in agreement with other investigations (27,56,60,121,125). 

This was an important determination for examining the uncoupling 

and recoupling of oxygen consumption and cardiac output throughout 

the test. 

The steady-state values for cardiac output and the lack of a 

change in stroke volume throughout supine exercise reported in this 

investigation are in general agreement with other investigations 

(15,17,18,38,71,82,99,112,113,116) .. The rapid adjustment of heart 

rate to the new steady-state in each stage is consistent with other 

reports where heart rate kinetics have been evaluated (28,46,47, 

48,55,82,94,112,122,128). The steady-state values are consistent 

with other supine studies and are lower than upright values as would 

be expected (15,17,18,27,31,82,112,116). 

Rapid serial measurements of cardiac output have not been 

widely reported due to the difficulty of obtaining these 

measurements under nonsteady-state conditions (82,84). Early 

investigations were limited in subject numbers (23,35), cardiac 



output technique (23,35,47), and assumptions used with the cardiac 

output technique which may not have been valid (23,35,47). The 

development of PDE as a direct, noninvasive technique for 

determining cardiac output during exercise has made the above 

typically nonsteady-state measurements possible 

(33,82,89,91,92,108). 
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The faster adjustment of cardiac output to each stage than 

oxygen consumption reported in the present investigation supports 

the early findings of Cerretelli and coworkers (23) that a neurogenic 

influence controls cardiac ouput beyond the metabolic response of 

oxygen consumption. These data also indirectly support the 

contention of Gilbert and coworkers (47) that a steady-state might 

not be necessary using the dye-dilution technique for cardiac output 

determination. More correctly, it appears that a new steady-state is 

rapidly reached in cardiac output during transitions between stages 

of exercise. 

Donald and others (36) used the Fick technique to determine 

cardiac output and oxygen consumption every minute during the 

transition from rest to different levels of exercise and during the 

respective steady-states once achieved. This early report was the 

only comparison of cardiac output and oxygen consumption 

throughout exercise stages. These investigators concluded that only 

steady-state measurements could be accurately obtained using the 

Fick technique. The present study's findings are in general 

agreement with theirs. 
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Recently, PDE was used by Loeppky and colleagues (82) to 

measure beat-by-beat changes in cardiac output, stroke volume, and 

heart rate during upright and supine cycle ergometry in eight healthy 

adult males age 23-37 years. Cardiac output increased 3 Umin from 

rest to exercise in both positions. Mean rest and exercise cardiac 

output measurements were 0.8 Umin and 1.3 Umin lower in the 

upright position but these differences were not significant. By the 

first thirty seconds of exercise cardiac output measurements had 

adjusted to the new workrate and were not different upright vs 

supine. Stroke volume increased 16 ml/beat or 21 % from rest to 

submaximal upright cycle ergometry. There was no increase in 

supine stroke volume from rest to the same submaximal workrate. 

During the first 20 seconds of exercise, heart rate rose 17 

beats/min in the supine position compared to 7 beats/min upright 

although both shared a 6 beats/min change during the first second. 

After 20 seconds, 55% of the five-minute (steady-state) value had 

been achieved supine versus 370/0 upright. The rise in supine heart 

rate was significant after only one second, whereas the rise in the 

upright position was not significant until the third second. As 

would be expected, resting values for heart rate were lower supine 

versus upright (62±5 vs 77±6 beats/min). 

The finding in the present investigation that heart rate, as 

opposed to stroke volume, accounted for the increase in cardiac 

output is consistent with the previously described report (82). This 



finding is also in agreement with other studies where steady-state 

values were obtained (15,17,18,31) during supine exercise. 

The rapid matching or coupling of hemodynamic (cardiac 

output) and metabolic (oxygen consumption) variables to the 
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stimulus of exercise requires both a central and peripheral 

component for adequate explanation (101). In the present 

investigation, the faster adjustment of cardiac output is most likely 

an indication of the central component (73,101,112) while the less 

rapid adjustment of oxygen consumption is representative of the 

peripheral component (23,47,63,75). 

In the resting supine position, stroke volume is equal to, or 

only slightly less than the value achieved during maximal upright or 

supine exercise (15,17,18,101,116). The predominant extrinsic 

factor responsible for the nearly maximal stroke volume at rest in 

the supine position is increased ventricular filling pressure 

(relative to upright posture). This increase in preload increases the 

end-diastolic volume and results in an improved Frank-Starling or 

length-tension relationship (4,18,101). The pressure against which 

the left ventricle is contracting is the afterload. This extrinsic 

factor exerts its influence through the force-velocity relationship 

(4,18,101). 

Intrinsic factors also play a role in the force of contraction 

in the myocardium. During exercise, these factors include increases 

in heart rate, cardiac sympathetic nerve activity, and circulating 

epinephrine concentrations (38,101,112). In the present 



investigation, since stroke volume was nearly maximal throughout, 

the finding that heart rate was responsible for the adjustment in 

cardiac output is easily understood. 

110 

Rapid and easily obtainable measurements of cardiac output 

by PDE, when combined with measurements of oxygen consumption, 

make it possible to evaluate the ratio of D.. cardiac output / D.. oxygen 

consumption (exercise factor) between steady-state conditions of 

rest and various levels of sub-maximal exercise. This ratio has been 

shown to vary predictably between some specific clinical 

populations (76,79,91) and normals (89). The results of this 

investigation indicate the importance of obtaining these metabolic 

and hemodynamic measurements only after each has adjusted to its 

new steady-state value. 

In the present investigation, oxygen consumption was 

measured by gas exchange at the mouth and cardiac output was 

measured by PDE at the ascending aorta. The systemic nature of 

these measurements does not allow conclusions to be drawn 

regarding any cellular coupling or uncoupling of the metabolic and 

hemodynamic variables studied. Additionally, measurements were 

made serially every 30 seconds rather than on a breath-by-breath or 

beat-by-beat basis. Therefore, the apparent uncoupling and 

recoupling of oxygen consumption and cardiac output observed during 

nonsteady-state exercise must be evaluated with the above 

limitations in mind. 
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In conclusion, the findings of the present study demonstrate 

that cardiac output responds more rapidly than oxygen consumption 

during transitions between stages in a rapid loading supine exercise 

testing protocol. In addition, heart rate is responsible for this rapid 

response as opposed to stroke volume. Therefore, relationships 

between hemodynamic and metabolic variables need to be examined 

with this information in mind when used in evaluating exercise test 

resu Its. 
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TABLE 11 SUBJECT CHARACTERISTICS 

(n = 22) (MEAN ± SO) 

Age (yrs) 13.7±1.0 

Aortic Diameter (cm) 2.2 ± 0.2 

Height (cm) 164.7 ± 11.0 

Weight (kg) 49.0 ± 10.0 

Body Surface Area (m 2) 1.5 ± 0.2 
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CHAPTER 6 

STUDY 3: A COMPARISON OF MAXIMAL HEMODYNAMIC AND 

METABOLIC VARIABLES BETWEEN TWO SUPINE PROTOCOLS IN 

EARLY ADOLESCENT BOYS. 

Abstract 

The purpose of this investigation was to determine whether the type 

of supine cycle ergometer protocol affected maximal metabolic and 

hemodynamic variables. Two supine cycle ergometer protocols, one 

gradual loading (Gl) and the other rapid loading (Rl), were compared 

in fifteen boys (aged 13.9±0.9 years). Maximal oxygen consumption, 

carbon dioxide production, ventilation, respiratory exchange ratio, 

and heart rate were not different between the two protocols. 

Maximal cardiac output, stroke volume, arteriovenous oxygen content 

difference, and total work were significantly different in the Gl 

protocol compared to the Rl protocol (13.6±2.8 vs 12.5±2.4 L/min, 

79.8±17.7 vs 74.2±14.6 ml, 139±24 vs 148±25 mill, and 7327±3167 

vs 5227±2963 kpm respectively). These data indicate that a Gl 

protocol allows cardiac output to attain slightly greater values 

compared to a Rl protocol in this population in the supine position. 

Introduction 

Pediatric exercise testing protocols are selected based on 

the specific variable under investigation and the ability of the 
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subjects (3,11,20,32,49). The most extensive comparison of various 

pediatric exercise testing protocols to date was recently conducted 

by Cumming and Langford (32). These investigators compared 

maximal values of heart rate and oxygen consumption in twenty

three boys and girls between nine different exercise testing 

protocols. The only significant differences between protocols (5 

upright cycle,1 supine cycle, 3 treadmill) were lower supine values 

of maximal heart rate and oxygen consumption compared to the other 

eight protocols. There have been no investigations where maximal 

values of cardiac output and oxygen consumption were compared 

between gradual and rapid loading protocols during supine cycle 

ergometry in children. 

Pulsed Doppler echocardiography (PDE) has been validated as 

a viable method for determining cardiac output at rest (1,51, 

52,83,119) and during exercise (33,82,89,91,92,108). Unlike 

established invasive and noninvasive techniques, PDE is ideally 

suited for rapid serial measurements of cardiac output during 

exercise regardless of whether or not a steady-state has been 

achieved. This characteristic makes PDE well suited for 

hemodynamic determinations during exercise, including near 

maximal and maximal levels of exercise. 

The purpose of this investigation was to compare two supine 

graded exercise testing protocols in order to determine which 

allowed children to achieve higher maximal cardiac output 

(measured by PDE) and oxygen consumption values. 
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Methods 

Subjects 

Fifteen early adolescent boys who had previously 

participated in organized cross-country running were recruited from 

a local junior high school. Subjects already familiar with strenuous 

endurance exercise were preferred in order to minimize any 

"learning effect" which could have resulted from increased motor 

skills obtained through practicing a previously unfamiliar activity 

(4). All subjects were familiarized with the experimental 

procedures during an orientation test and were determined to be free 

of any diseases upon physical and echocardiographic examination by 

a pediatric cardiologist. Subjects and parents each gave their 

informed consent in accordance with the University of Arizona 

Human Subjects Committee. Characteristics of the subjects are 

presented in Table 12. 

Hemodynamic Measurements 

Cardiac output was determined using Doppler 

echocardiography (51). Doppler velocity measurements were 

obtained using a range gated pulsed Doppler unit (Biosound). This 

instrument provided real-time two-dimensional images achieved by 

mechanically sweeping a conventional single element transducer 

back and forth through a 60 degree arc. The unit also provided an 



electrocardiographic trace and a frequency analysis of the Doppler 

spectral signal by fast Fourier transform analysis. 
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Previous work in our laboratory measuring Doppler cardiac 

output during exercise in early adolescent males and pediatric 

patients revealed that best results were obtained by measuring 

aortic flows from the suprasternal notch (92,89,91). This has been 

shown by others in adults (33,82,108). We determined that 

pulmonary flow can not be adequately measured from the short axis 

parasternal plane during exercise because of excessive chest wall 

movement. Aortic flow was best obtained at rest with an off-axis 

two-dimensional/Doppler transducer (Biosound 5.0 MHz) which can 

be conveniently and comfortably placed in the suprasternal notch and 

rotated in multiple planes until the best velocity waveforms are 

obtained. During exercise, a smaller, single-crystal fixed 

transducer (KB-Aerotech 2.25 MHz) which was capable of measuring 

higher velocities and more comfortable for the subject was used. 

For measurement of Doppler aortic flow, the sample volume 

was first placed from the suprasternal notch parallel to the flow of 

blood in the ascending aorta. Orientation was obtained by 

maintaining the Doppler cursor parallel to the walls of the great 

vessels, and when optimal position of the cursor beam was obtained, 

the unit was switched from two-dimensional echocardiography to 

range gated pulsed Doppler. Once in the Doppler mode, two 

simultaneous outputs were available. The first was an audio signal, 

and the second was a fast Fourier transform spectral analysis of the 



Doppler signal which was sampled every five milliseconds. The 

output of the fast Fourier transform analysis and Doppler frequency 

shift was directly converted to velocity flow calibrated in cm/sec 

according to the following equation: 

v = velocity shift x velocity of sound in the medium / 2 x 

transmitted frequency x cosine e, 

where e was the angle of incidence between the Doppler beam and 

flow direction. Since flow was used for alignment, the cosine of e 

was assumed to be unity, and was not utilized further. Once in the 

Doppler mode, the transducer was aligned in the two visualized 

planes and then moved in the azimuthal (elevational) plane to obtain 

1) the optimal audio output, and 2) the highest quality time velocity 

envelope, i.e., the highest velocities with minimal spectral 

dispersion. 

Cardiac output measurement by Doppler echocardiography 

required measurement of the area at the site of Doppler sampling. 

This was best obtained from the two-dimensional image. Area was 

calculated by dividing the diameter by 2 , squaring the resulting 

radius, and multiplying by 1t. An accurate radius measurement was 

critical, since errors in measurement would have been exaggerated 

in the final calculation. For aortic area measurement from the 

suprasternal notch, the sample volume was placed in the mid-aorta 

parallel to its walls and cross-sectional diameter was obtained by 
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the lateral resolution measurement method. Cardiac output was 

then calculated according to the equation: 

Q = (mean velocity/sec) x (60 sec/min) x (vessel area) / 

cos e 
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Mean velocity was calculated by digitizing the middle of the densest 

portion of the gray scale output of the spectral analyzer (modal 

velocity) along the systolic phasic velocity curve with a digitizing 

pad (HIPAD, Houston Instruments) interfaced with an Apple lie 

computer and commercially available software (Biodata, Davis, CA). 

The velocity integral was computed for a minimum of three 

complete cardiac cycles and divided by time to compute mean 

velocity. 

The major problem encountered during preliminary work was 

spectral dispersion of the time velocity envelope, probably due to 

poor alignment with flow. Therefore, only tracings with minimal 

spectral dispersion for a minimum of three beats were digitized. 

Minimal spectral dispersion was considered to exist when dispersion 

was less than 25% of the height of the entire Doppler waveform. 

Metabolic Measurements 

A semi-automated system was employed for all metabolic 

measurements. The system was comprised of a Hans-Rudolf valve 

with the inspired side connected to a gas flowmeter (Parkinson-
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Cowan, CD-4) for measurement of minute ventilation. The expired 

side was connected to a mixing chamber which, by use of a Wrrmore

Costill valve, allowed samples of expired air to be collected, 

analyzed, and disposed of systematically every 30 seconds. FE02 and 

FEC02 were analyzed with a Beckman OM-11 and a Godart Capnograph 

rapid gas analyzer respectively. These analyzers were calibrated 

prior to and following each test with a gas whose composition had 

been previously determined by the micro-Scholander technique. The 

volume transducer was calibrated daily with a calibrated syringe 

using various volumes and flow rates. Raw data were reduced and 

utilized in conjunction with an Apple lie computer to allow 

calculation of minute ventilation, oxygen consumption, carbon 

dioxide production, and respiratory exchange ratio. The above 

mentioned semi-automated system for determination of oxygen 

consumption has been described in detail elsewhere (126). 

Exercise Testing Mode and Protocols 

All exercise tests were performed on a Spectrum Mode III 

electronically braked, rate independent, supine cycle ergometer. 

Calibration was verified and maintained by checking resistor 

specifications with an ohmmeter against those specified in the 

operations manual. Pedal rate was maintained with a metronome set 

at 60 revolutions/minute. 

Cardiac output and oxygen consumption measurements were 

obtained serially every 30 seconds beginning with 2 minutes of rest 
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and continuing through termination of each exercise test. All 

subjects were familiarized with the procedures prior to the testing 

sessions. Additionally, verbal encouragement was utilized to insure 

maximal performances in each test. 

The above measurements were made using one of two 

different supine protocols. A rapid loading (RL) protocol developed 

by Goldberg (53) consisting of 2 minute stages with work rates of 

1 ~O, SOD, 800, 1000, 1200, 1400, 1600, and 1800 kpm/min was one 

of the experimental protocols. This RL protocol employed a series of 

early, nonlinear increases in workrate (L\ 1 ~O, L\400, and L\300 

kpm/min) before changing to linear increases in workrate (L\200 

kpm/min). A gradual loading (GL) protocol developed in our 

preliminary investigations starting at 100 kpm/min and consisting 

of 1 minute stages of 100 kpm/min increments was the other 

experimental protocol. This GL protocol employed smaller (L\ 100 

kpm/min), more frequent (1 minute vs 2 minute stages), and linear 

increases in work rates. 

Data Analysis 

Maximal values for all variables were the highest values 

achieved during the last minute of the exercise test. Each variable 

from the RL and GL tests (absolute and relative oxygen consumption, 

carbon dioxide production, ventilation, respiratory exchange ratio, 

cardiac output, cardiac index, stroke volume, stroke index, heart 

rate, arteriovenous oxygen content difference, and total work) was 



compared using a paired t-test. Additionally, correlaton and 

regression analyses were performed on each variable between the 

two tests. 

ResullJi 
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There were no differences in maximal values of oxygen 

consumption, carbon dioxide production, ventilation, respiratory 

exchange ratio, or heart rate between the two protocols. Maximal 

oxygen consumption values ranged from 1.4 to 2.3 Umin (28.2 to 

49.5 mllkg/min) in the GL protocol and from 1.3 to 2.5 Umin (28.7 

to 44.5 mllkg/min) in the RL protocol. Maximal carbon dioxide 

production values ranged from 1.6 to 2.8 Umin (GL) and from 1.4 to 

2.9 Llmin (RL). Maximal ventilation ranged from 46.0 to 95.1 Umin 

(GL) and from 43.8 to 107.2 Umin (RL) and maximal respiratory 

exchange ratio from 1.01 to 1.32 (GL) vs 1.02 to 1.22 (RL). Maximal 

heart rate ranged from 146 to 191 beats/min (GL) vs 154 to 190 

beats/min (RL). 

Maximal values of cardiac output, cardiac index, stroke 

volume, stroke index, (a-v)02 difference, and total work were 

significantly different between the GL and RL protocols. Maximal 

cardiac output and cardiac index values ranged from 9.9 to 20.3 

Llmin (GL) vs 9.1 to 17.9 Umin (RL) and from 6.5 to 12.0 Umin/m2 

(GL) vs 6.0 to 10.6 Umin/m2 (RL) respectively. Maximal values of 

stroke volume and stroke index ranged from 60.0 to 111.3 ml (GL) vs 

56.4 to 103.7 ml (RL) and from 40.7 to 66.4 mllm2 (GL) vs 37.1 to 



61.2 ml/m2 (Rl) respectively. Maximal (a-v)02 difference ranged 

from 105 to 196 mill (Gl) and from 117 to 201 mill (Rl). Total 

work performed ranged from 2800 to 13600 kpm (Gl) vs 1600 to 

10800 kpm (Rl). These data are presented in Table 13. 
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Maximal values of absolute oxygen consumption, carbon 

dioxide production, cardiac output, cardiac index, stroke volume, 

stroke index, (a-v)02 difference, and total work were closely related 

between tests (r ~ 0.85). Relative oxygen consumption, ventilation, 

and heart rate were less closely related between the two tests (0.55 

~ r ~ 0.80). Thei'e was no relationship between maximal respiratory 

exchange ratios between tests (r = 0.29, P = ns). These data are 

presented in Table 14. 

Discussion 

The lack of significant differences between protocols in 

maximal values of oxygen consumption, carbon dioxide production, 

ventilation, respiratory exchange ratio, or heart rate is contrary to 

the initial hypothesis, however no studies have compared two supine 

cycle ergometer protocols with as dramatic differences in workrate 

progressions. These findings are consistent where protocols have 

been compared within the same mode and body position. 

Cumming and langford recently compared values of maximal 

heart rate and maximal oxygen consumption between nine different 

pediatric exercise testing protocols in twenty-three healthy 

children, (10 boys and 13 girls) aged 9-13 years (32). The tests 
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included five upright cycle ergometer tests, one supine cycle 

ergometer test identical in protocol to one of the upright tests, and 

three treadmill protocols. All tests were randomly assigned and 

conducted on separate occasions. Maximal heart rate ranged from 

192 to 199 beats/min in the upright cycle tests and from 198 to 204 

beats/min in the treadmill tests. The only significant ~Ifferences 

were noted between these eight tests and the supine cycle test test 

where the maximal heart rate was 182 beats/min. Specifically, in 

the two identical protocols (upright vs supine) maximal heart rate 

was 198±5 versus 182±11 beats/min. The highest heart rate was 

achieved on the running treadmill protocol (204±5 beats/min). 

In the same investigation (32), maximal oxygen consumption 

measurements in the five upright cycle ergometer tests ranged from 

47.4 mllkg/min to 48.5 mllkg/min. There were no significant 

differences between these values and the values obtained on the 

treadmill tests, which ranged from 48.2 mllkg/min to 54.0 

mllkg/min. As above, the supine cycle ergometer protocol produced 

a significantly lower value (40.4 mllkg/min) than the other eight 

protocols. Specifically, in the two identical protocols, the upright 

value was 47.4±7.0 mllkg/min and the supine value was 40.4±7.4 

mllkg/min. The highest maximal oxygen consumption was again 

from the "running" treadmill protocol. 

These protocol related differences in maximal heart rate and 

oxygen consumption are consistent with previous reports in children 

(3,12,49). However, there are no reports where two different supine 



protocols have been compared for maximal values of heart rate and 

oxygen consumption. 
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The maximal heart rates reported in the present study for 

both gradual and rapid loading protocols (171 ±12 and 169±10 

beats/min) are lower than the supine value reported above (182±11). 

However, the subjects in the present study were older which may 

account for some of the difference. The values of maximal oxygen 

consumption reported in the present study (38.0±5.4 and 37.3±5.2 

ml/kg/min) are similar to the supine value reported above (40.4±7.4 

ml/kg/min). 

Eriksson and coworkers measured maximal cardiac output in 

eight healthy boys age 13-14 years by the dye-dilution technique 

during upright cycle ergometry at a workrate which had previously 

resulted in each subject's maximal oxygen consumption. Mean 

maximal values for oxygen consumption, cardiac output, stroke 

volume, and heart rate were 2.51 ±0.11 Llmin, 17.4±0.9 Llmin, 

86.8±3.9 ml, and 200.5±2.9 respectively (40). 

The subjects in the present investigation were virtually 

identical to those of Eriksson and others in age (13.9 vs 13.7 years), 

height (166 vs 164 cm), and weight (50 vs 52 kg). Maximal values in 

the present supine investigation for cardiac output were 13.6±2.8 

Llmin and 12.5±2.4 Llmin for gradual and rapid loading protocols. 

These lower values supine versus upright are consistent with the 

earlier findings of Bevegard (16). Maximal stroke volume values in 

the present study for GL and RL protocols (79.8±17.7 vs 74.2±14.6 



ml) are also lower than those reported above, however, the 

difference is less than for cardiac output. The relative maximal 

oxygen consumption for the subjects in the present investigation 

was 38 ml/kg/min which was lower than that reported for the 

subjects of Eriksson and others (49 ml/kg/min). This difference in 

fitness could explain the lower stroke volume values in the present 

investigation since stroke volume increases with training 

(4,12,24,101 ). 
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Maximal arterio-venous oxygen content difference, (a-v)02 

difference was significantly different between Gl and Rl protocols 

in the present investigation (139±24 vs 148±25 mill). These values 

were similar to those of Eriksson and others (145±40 mill). 

An RER ~ 1.0 was one of the criteria for an acceptable 

maximal performance on each test in the present investigation. This 

probably accounted for the lack of any significant relationship for 

RER between the two protocols. It would be difficult for such a 

narrow range of values (maximal RER) to exhibit close relationships 

similar to those of the other maximal variables. 

Since maximal oxygen consumption was not significantly 

different between the two protocols, the 9% higher values of cardiac 

output and 8% higher values of stroke volume observed in the Gl 

protocol in the present study are consistent with the 6% lower 

values of (a-v)02 difference compared to the Rl protocol. These 

differences in cardiac output are greater than the reported 
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measurement error for POE and, therefore reflect actual differences 

in cardiac output (51). 

The RL protocol required twice the increase in work rate for 

each stage near the end of the test compared to the GL protocol 

(~200 vs ~1 00 kpm/min). This factor combined with the previous 

large increases in workrate in each stage in the RL protocol resulted 

in the RL protocol having a larger static component of work at the 

beginning of each stage. This static (isometric) component may have 

increased the accumulation of metabolic bi-products in the 

exercising muscles resulting in greater local fatigue (4). In 

addition, this static component most likely increased total 

peripheral resistance resulting in the reduction of stroke volume 

observed in the RL protocol at maximal exercise (101). The 

combination of diminished stroke volume and local fatigue may have 

been responsible for the inability of the subjects to perform as 

much total work in the RL protocol. 

In conclusion, the results of the present study indicate that 
"\ 

in this population, maximal values of cardiac output and stroke 

volume determined by POE were significantly higher when a GL 

supine cycle ergometer protocol was compared to a RL supine 

protocol. Maximal oxygen consumption and heart rate were not 

different between the two protocols even though total work 

performed was greater in the GL protocol. 
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TABLE 12 SUBJECT CHARACTERISTICS 

N=15 mean±SD 

Age (yrs) 13.9±O.9 

Aortic Diameter (cm) 2.2±O.2 

Height (em) 165.5±9.9 

Weight (kg) 49.7±10.0 

BSA (m2) 1.5±O.2 
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TABLE 13 
MAXIMAL VALUES IN GRADUAL VS RAPID LOADING PROTOCOLS 

(n=15) GRADUAL LOADING RAPID LOADING P 
(mean±SD) (mean±SD) *(p<O.05) 

'102 (L/min) 1.87±0.34 1.8S±0.41 0.6639 
'102 (ml/kg/min) 38.0±S.4 37.3±S.2 0.4703 
VC02 (Umin) 2.17±0.46 2.13±0.S4 0.6118 
VE (L/min) 76.3±1S.3 74.9±17.7 0.6933 
RER 1.16±0.09 1.15±0.07 0.6517 
Q (Umin) 13.6±2.8 12.5±2.4 *0.0012 
QI (L/min/m2) 8.9±1.4 8.2±1.1 *0.0013 
SV (ml) 79.8±17.7 74.2±14.6 *0.0037 
SVI (ml/m2) 51.9±7.7 48.3±6.2 *0.0043 
HR (beats/min) 171±12 169±10 0.4383 
(a-v)02 (milL) 139±24 148±25 *0.0082 
L WORK (kpm) 7327+3167 5227+2963 *0.0001 



TABLE 14 
RELATIONSHIP OF MAXIMAL VALUES 

BETWEEN GRADUAL AND RAPID LOADING PROTOCOLS 

(n=15) r r 2 SEE 

~O2 (L/min) 0.92 0.83 0.17 
~O2 (ml/kg/mi n) 0.78 0.58 3.36 
VC02 (L/min) 0.85 0.71 0.29 
~E (L/min) 0.67 0.43 13.31 
RER 0.29 (n s) 0.01 (ns) 0.07 
Q (L/min) 0.93 0.85 0.92 
QI (L/min/m2) 0.88 0.75 0.53 
SV (ml) 0.94 0.88 5.11 
SVI (ml/m2) 0.85 0.71 3.42 
HR (beats/min) 0.55 0.25 8.97 
(a-v)02 (milL) 0.88 0.76 12.19 
L WORK (k,lm) 0.92 0.83 1220 
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(n s) 



CHAPTER 7 

SUMMARY 

Three investigations were conducted using pulsed Doppler 

echocardiography (POE) and oxygen consumption to non-invasively 

determine the relationship between hemodynamic and metabolic 

variables from rest through maximal exercise in early adolescent 

males. 

In the first study, interinvestigator and day-to-day 

variability of hemodynamic measurements at rest and during sub

maximal and maximal exercise, determined by POE, were evaluated 

in six junior high school aged boys. Cardiac output, cardiac index, 

stroke volume, and stroke index calculations by independent 

investigators were not different by two-factor repeated measures 

ANOVA. In addition, these four Doppler-derived variables were very 

closely related and showed the same interinvestigator variability 

that has been reported at rest in previous validation studies. 

There was a slight but significant increase in these values 

during the second identical test conducted approximately nine days 

later. Cardiac output, stroke volume, heart rate, and oxygen 

consumption were 70/0, 3%, 3%, and 6% higher respectively on the 

second test when all values from rest through near-maximal 

exercise were analyzed. 
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The results of the first investigation supported the 

hypothesis that there was no difference in hemodynamic variables 

derived by POE when calculated by two investigators from rest 

through maximal exercise. The second hypothesis in this 

investigation, that there was no difference in hemodynamic 

measurements by POE on two different days, was not supported 

unequivocally since resting through near-maximal values were 

slightly higher on the second test. It was was concluded that the 

unfamiliar activity of supine cycle ergometry contributed to a 

learning effect which allowed more rapid adjustment to exercise 

workrates on the second test even though orientation tests were 

performed by each subject. 

In the second study, PDE was used to determine rapid serial 

measurements of cardiac output during a rapid loading supine cycle 

ergometer exercise test in twenty-two junior high aged boys. The 

purpose of this investigation was to determine the coupling of 

cardiac output and oxygen consumption during nonsteady-state 

exercise. These measurements were made every 30 seconds from 

rest through maximal exercise and compared to simultaneously 

determined measurements of oxygen consumption. Cardiac output 

values adjusted faster to each new workrate than oxygen 

consumption. Cardiac output measurements attained a new steady

state by the first 30 second measurement in each two-minute stage. 

Oxygen consumption measurements did not attain a new steady-
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state until 90 or 120 seconds into each stage. Closer examination of 



the reponses of cardiac output to each new workrate revealed that 

increases in heart rate (as opposed to stroke volume) were 

responsible for the above rapid adjustment in cardiac output. 
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The first hypothesis in this investigation, that cardiac 

output would adjust more rapidly, ie, achieving its new steady-state 

value sooner than oxygen consumption to a new workrate, was 

supported throughout all stages of exercise. In addition, the second 

hypothesis was supported since changes in heart rate were 

responsible for the rapid adjustment of cardiac output. Stroke 

volume values remained relatively constant throughout these graded 

exercise tests. It was concluded that cardiac output, via rapid 

increases in heart rate, adjusts more rapidly than oxygen 

consumption during the transitional period between steady-state 

levels of supine cycle ergometer exercise. 

In the final study, gradual loading and rapid loading supine 

cycle ergometer protocols were compared in fifteen junior school 

high aged boys to determine whether type of protocol affected 

maximal values of cardiac output and oxygen consumption. The 

comparison consisted of the maximal hemodynamic and metabolic 

measurements from each test. There was no difference in maximal 

oxygen consumption, carbon dioxide production, ventilation, and 

respiratory exchange ratio between the two protocols. Maximal 

heart rate was also the same in each protocol. Total work 

performed (400/0) and the PDE-derived measurements of cardiac 

output (9%), cardiac index (11 %), stroke volume (80/0), and stroke 



index (7%) were significantly higher in the gradual loading protocol. 

Maximal (a-v)02 difference was, as a consequence, significantly 

lower in the gradual loading protocol by 6%. 
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Maximal oxygen consumption was not higher in the gradual 

loading protocol as was hypothesized. Maximal heart rate was also 

not higher in the gradual loading protocol. Maximal stroke volume 

and, consequently, maximal cardiac output were significantly higher 

in the gradual loading protocol supporting the second hypothesis. It 

was concluded that maximal values of cardiac output were greater 

in a gradual loading supine cycle ergometer protocol compared to a 

rapid loading protocol due to the higher values of stroke volume 

achieved. 
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HUMAN SUBJECTS COMMITTEE 'TELEPHONE: 16021 621H>72 I or 6260151S 

IWI N. WARREN fBUILDISG 2201. ROOM 112 

Gerald Marx, M.D. 
Department of Pediatrics 
Arizona Health Sciences Center 

Dear Dr. Marx: 

21 March 1985 

Thank you for the revised consent form for your project, "fWmodynamic 
Response to Exercise in Pulmonary Insufficiency" (HSC #85-13). The condition 
set out in our letter to you of 27 rebruary 1985 has been met. Therefore, 
... pproval for this subjects-at-risk project is granted effective 21 March 1985. 

Approval is granted with the understanding that no changes or additions 
will be made to either the procedures followed or the consent form(s) used 
(copies of which we have on file) without the knowledge and approval of the 
Human Subjects Committee and your College or Departmental Review Com
mittee. Any physical or psychological harm to any subject must also be 
l'eported to each committee. 

A university policy requires that all signed subject consent forms be 
kept in a permanent file in an area designated for that purpose by the 
Department Head or comparable authority. This will assure their accessibility 
in the event that unive: sity officials require the infot'mation and the principal 
investigator is unavailable for s-ome reason. 

MN/jm 

cc: Michael J. Schumacher, M.D. 
Departmental Review Committee 

Sincerely yours, 

VJLa .... '(,<A.~·"l 'ILl. 
Milan Novak, M.D, Ph.D. 
Chairman 
Human Subjects Committee 
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SUBJECT'S CONSENT 
HEMODYNAMIC RESPONSE TO EXERCISE IN PULMONARY INSUFFICIENCY 

Gerald R. Marx, M.D., Principal Investigator 
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You are being invited to participate in the above named study. This project is designed to 
study how well children and adolescents who have had surgery for tetralogy of Fallot can 
perform exercise. Most of you have very good surgicnl results; however, so~e have re~idual 
problems. The most common of these residual problems is in~ufficiency of one heart valve, 
the pulmonary valve. The importance of thi~ study is that it will help us to understand the 
effects of surgery on your heart and circulatory system. We think it will help you individ
ually in that the study may provide us with specific guidelines for your future activities 
in sports, vacation, etc. 

Some of you have never had surgerv, and by history are very healthy. You will serve as con
trols, that is, a population to which we can compare the ones who have had surgery. 

All studies are to be performed at the University of Arizona Department of Pediatric Cardi
ology. The tests that will be performed are completely safe, and will not cause any harm or 
discomfort. In fact, we hope that the tests will actually be fun to perform. 

At the beginning of the study, we will ask you to pedal a bicycle as long as possible. We 
will have you rest and then repeat the study while lying on your back. Before and during 
the bicycle test, we will take measurements of the heart with an echocardiograph machine. 
We do this by placing a small pencil-like transducer on the chest, which will cause no dis
comfort. Besides the echocardiogram, we will measure changes in respiratory gases by having 
you breath into a small mouthpiece. Each testing period should last about 90 minutes, and 
includes a 3D-minute rest period. 

Vou will be tested four different times. The first time is to really acquaint you with the 
study. Tests will be scheduled on alternate days with the initial test taking approximately 
4S minutes and subsequent tests taking 30 minutes. 

We realize that there are costs of parking and transportation. More importantly, we want 
you to fully participate in the study and be present at all testing periods. Therefore, you 
will be paid $20 for the entire study, which will be given to you at the termination of the 
study. 

All data will remain confidential; no participant's names will ever be released, and data 
will be used only in scientific publications. 

In summary, we think this is an important study. It will not be painful, and we hope you 
will find it a fun and rewarding study to participate in. 

I have read the above "Subject's Consent". The nature, demands, risks and benefits of the 
project have been explained to me. I understand that I may ask questions and that I am free 
to withdraw from the project at any time without incurring ill will (or affecting my medical 
care). I also understand that this consent form will be filed in an area designated by the 
Human Subject's Committee with access restricted to the principal investigator or authorized 
representative of the particular Departments. A copy of this consent form will be given to 
me. 

SUBJECT'S SIGNATURE DATE 

PARENT OR GUARDIAN'S SIGMTURE DATE 

PRINCIPAL INVESTIGATOR'S SIGNATURE DATE 
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