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ABSTRACT 

 

It was hypothesized that intrapulmonary arteriovenous shunts would be recruited at lower 

exercise intensities in highly trained individuals, compared to untrained and moderately trained 

individuals. Twenty-four women with normal lung and cardiac function, completed a maximal 

exercise test on a semi-supine cycle ergometer, while agitated saline contrast echocardiography 

was performed. Subjects were considered either untrained (VO2peak < 40ml/kg/min), moderately 

trained (VO2peak 40-45 ml/kg/min) or highly trained (VO2peak > 45 ml/kg/min), as determined by 

their performance on the exercise test. One subject did not shunt, four subjects demonstrated 

shunt pre-exercise, and eleven subjects demonstrated shunt in stage one of exercise. Twenty 

subjects continued to shunt immediately post-exercise, and seventeen subjects continued to shunt 

three minutes post exercise. These findings contrast with other studies in the upright cycling 

position, indicating an effect of body position. Percent of VO2peak at shunt onset was not different 

between the groups, indicating no influence of training status. Cardiac output was not different 

between groups, potentially due to the inability of subjects to reach their true maximum on the 

exercise test. Peripheral oxygen saturation did not drop significantly during exercise and there 

was no difference in the lowest value reached by each group, indicating no limitations to 

pulmonary gas exchange.         
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INTRODUCTION 

 

The cardio-respiratory system is remarkable in its ability to respond to changing 

environments and physical demands placed on it, whether it be exercise or environmental (i.e. 

hypoxia) stress. However, this system is not perfect. Recent research suggests there are vessels in 

the lungs that re-route blood, bypassing the pulmonary capillary bed, thereby, failing to become 

fully oxygenated. These vessels, termed intrapulmonary arteriovenous shunts (IPAVS), have 

been reported in a majority of exercising asymptomatic young males (3; 10; 28-30; 32; 50; 51). 

IPAVS are dormant during rest and are recruited during dynamic exercise, as cardiac output (Q) 

and pulmonary artery pressure (PAP) increase (10; 50; 51). Stickland et al. (51) observed that 

IPAVS recruitment was positively correlated to both Q and PAP. They found that if subjects 

reached an alveolar-arterial oxygen difference (A-aDO2) that exceeded 12 mmHg and a Q that 

was greater than 24 litres/min during upright cycling exercise, IPAVS were present, and once the 

exercise bout was terminated, IPAVS were absent.  

 

It is important to note that IPAVS are different than pulmonary arteriovenous 

malformations (PAVM) as IPAVS are present in individuals with a healthy cardio-respiratory 

system. PAVM are rare pulmonary vascular abnormalities, mainly congenital in nature and are 

often associated with other disorders of the blood vessels (25). PAVM provide direct 

communication between the pulmonary artery and pulmonary veins, bypassing the capillary bed. 

The concept is similar to IPAVS, however, PAVM are larger and more severe in their 

consequences. For example, arterial oxygen saturation (SaO2) at rest while lying supine in 

individuals with PAVM is less than 95%, and drops further upon standing, and even further still 

upon exercise (61). Thus, PAVM can be detected at rest, and have a significant effect on SaO2, 

unlike IPAVS.  

 

It is also important to recognize that IPAVS are different than a patent foramen ovale 

(PFO) and any septal defect that may result in a direct communication between the right and left 

sides of the heart, also known as an intracardiac shunt. In the developing fetus, there is a small 

hole between the atria of the heart called the foramen ovale. This hole allows one third of the 

blood to by-pass the lungs, which are non-functioning in a developing fetus, as the fetus instead 

relies on the mother’s blood for oxygen and nutrients, and to eliminate carbon dioxide and waste. 

The rest of the blood is pumped to the pulmonary trunk but, again, most is diverted away from 
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the non-functioning lungs through the ductus arteriosus, a vessel that connects the pulmonary 

trunk to the aorta. When the baby is born and begins spontaneously breathing, the foramen ovale 

and ductus arteriosus close. In some infants, however, the foramen ovale does not completely 

close, potentially allowing blood to move from the ride side of the heart directly to the left side if 

pressure in the right atrium exceeds pressure in the left atrium (56). Many individuals who have 

this are not even aware that they do, as this hole is so small it does not significantly affect 

oxygenation of the blood. However, individuals who have a PFO are excluded from IPAVS 

studies as the main method of detecting IPAVS, contrast echocardiography, cannot differentiate 

between contribution due to an intracardiac shunt or IPAVS separately.   

 

It is not completely understood why IPAVS exist or what their consequence, in terms of 

gas exchange, may be. IPAVS may be remnant fetal vessels that once diverted blood away from 

the non-functioning alveoli in the fetal lung (29). The functional consequences of these vessels 

remains unclear, but a small fraction of Q as shunt could widen A-aDO2 significantly and have 

an effect on gas exchange (10). Many highly trained athletes exhibit an excessive A-aDO2 during 

moderate and high intensity exercise leading to arterial hypoxemia, while others do not (7; 19; 

20). Eldridge et al. (10) stated that perhaps these individuals who experience exercise-induced 

arterial hypoxemia (EIAH) exhibit IPAVS, and those individuals who do not experience EIAH 

do not exhibit IPAVS (10). Another theory is that IPAVS may protect the pulmonary capillaries 

from damage by diverting hydrodynamic energy away from them (23). This would mean that 

athletes who develop exercise-induced pulmonary hemorrhage may be the individuals who do 

not exhibit IPAVS. Lastly, perhaps individuals who develop pulmonary edema upon rapid ascent 

to altitude, may also be individuals who do not have IPAVS vessels (47).  

 

Another consideration in the recruitment of IPAVS is the potential effect of biological 

sex. To date, sex differences have not been found to play a role, however, the majority of studies 

examining IPAVS have used male subjects. Out of nine studies on IPAVS, 70 subjects have been 

males and 20 subjects have been females (3; 10; 28-30; 32; 50; 51; 57). As such, it has been 

difficult to interpret the limited amount of published data. It has been shown that women have 

smaller lungs, smaller airways, and less surface area for gas exchange, compared to height-

matched men (35). A number of studies have concluded that these anatomical differences may 

render women more susceptible to gas exchange abnormalities during exercise (16; 18; 19; 22; 

34; 46; 49). This then leads to the question of whether or not there is a sex difference in the 
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recruitment of IPAVS. The limited number of studies including women demonstrates the need 

for more research.  

 

Lastly, the role that fitness level may play in the recruitment of IPAVS has yet to be 

examined. Vogiatzis et al. (57) studied IPAVS in seven highly trained cyclists (VO2max = 61.3 ± 

2.4 ml/kg/min). They hypothesized that while very small IPAVS exist, they make only a minor 

contribution to the fall in partial pressure of oxygen and increase in A-aDO2 seen in normoxic 

and hypoxic exercise in highly trained individuals. Vogiatzis et al. (57) quantified IPAVS as a 

percent of Q by calculating venous admixture using the Fick equation; arterial oxygen 

concentrations were measured, mixed venous oxygen concentrations were calculated from 

oxygen consumption, and PAP was extrapolated from Q measurements and previously published 

direct measures of PAP and Q during exercise (58). Venous admixture was then expressed as a 

percent of Q. Vogiatzis et al. (57) did not use contrast echocardiography during a maximal 

exercise test, the method used by most IPAVS studies, to characterize the onset of IPAVS in 

these individuals, making it difficult to compare this study to others. Thus the role that fitness 

level plays in IPAVS recruitment is still unknown. Individuals of a higher fitness level will reach 

the highest Q compared to those who are of a lower fitness level. If the recruitment of IPAVS is 

related to Q and PAP, perhaps highly trained individuals experience IPAVS at a lower exercise 

intensity than those who are not as well-trained. This thesis questions whether or not fitness level 

affects when IPAVS vessels are recruited in women during semi-supine cycling exercise.  

 

Purpose 

To determine the effect of training status on the appearance of IPAVS during exercise in 

healthy women.  

 

Research Question 

Do highly trained women experience early shunt recruitment compared to untrained and 

moderately trained women?  
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Hypothesis 

Shunting will occur earlier in highly trained women compared to untrained and 

moderately trained women, as they will reach the highest cardiac outputs. No difference is 

expected between the untrained and moderately trained women, as cardiac output will not be 

high enough to generate a difference.  
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METHODS 

 

Subjects 

Twenty-nine healthy, non-smoking, female volunteers, 19-40 years of age were recruited. 

All subjects were recruited from the University of British Columbia community and Vancouver 

area through paper and email advertisements. Two subjects were excluded from this study 

because they had a PFO, two subjects were excluded due to the failure of the intravenous 

catheter to be inserted, and one subject was excluded due to an insufficient number of images 

obtained. The remaining 24 subjects had normal pulmonary function (age- and gender-predicted) 

(26), normal resting blood pressure, were free of any history or symptoms of cardiopulmonary 

disease (including exercise-induced asthma), and did not have a PFO or PAVM. Nineteen of the 

24 subjects had a regular menstrual cycle, 14 of the 24 subjects used contraceptives (oral birth 

control pills, NuvaRing™, or hormone-eluting intrauterine device), and none of the subjects 

were pregnant. Subjects were of varying fitness levels, including untrained (n=8), moderately 

trained (n=6), and highly trained (n=10) as determined by their performance on a maximal 

exercise test. Subjects who had a peak oxygen consumption (VO2peak) < 40 ml/kg/min were 

placed in the untrained (UT) group. Subjects who had a VO2peak of 40-45 ml/kg/min were placed 

in the moderately trained (MT) group and subjects who had a VO2peak > 45 ml/kg/min were 

placed in the highly trained (HT) group. This maximal exercise test was performed on a semi-

supine cycle ergometer, which resulted in lower VO2peak values relative to upright cycling, due to 

their body position. According to Astrand and Saltin (1), VO2max values in supine cycling are 

about 15% lower than values attained during upright cycling. VO2peak values for each training 

group were chosen based on previously published values (24). 

  

Procedure 

All subjects underwent the same testing procedures, completed in one testing session in 

the Exercise Physiology Lab at British Columbia Children’s Hospital. Each subject signed a 

consent form, completed the Physical Activity Readiness Questionnaire (PAR-Q), as well as a 

medical/menstrual/physical activity history questionnaire. Height and weight were measured, as 

well as standard spirometry (EasyOne™ Diagnostic Spirometer, Model 2001, ndd Medical 

Technologies, Chelmsford, MA) according to American Thoracic Society guidelines (37; 41). 

Perceived Functional Ability and Physical Activity Rating questionnaires, as published by 

George et al. (12) were completed by the subjects to estimate their VO2max before the test. This 
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result was used in conjunction with their answers to the physical activity questionnaire, to 

determine whether to start the subject at 50W or 110W for the exercise test.  

 

To accomplish our objectives, we measured Q using echocardiography-Doppler. IPAVS 

was determined using contrast echocardiography to detect the appearance of injected saline 

bubbles in the left ventricle. This method is similar to that performed by Eldridge et al. (10). A 

highly-skilled pediatric echocardiographer performed all of the echocardiography and Doppler 

measurements using a Vivid7 ultrasound machine (GE Vingmed Ultrasound AS, Horten, 

Norway). Presence or absence of a PFO was assessed by visualizing the interatrial septum by 2D 

echocardiography and using color-flow Doppler to ensure an intact interatrial septum. Spectral 

Doppler was then used to confirm the presence of a PFO. Heart rate was measured via three-lead 

electrocardiography (ECG). Arterial oxygen saturation was measured from the index finger 

continuously via pulse oximetry (Model 920M Plus, Respironics Georgia, Inc., Kennesaw, GA). 

Absence of a PAVM was determined by observing peripheral oxygen saturation (SpO2). Subjects 

did not have an SpO2 of 95% or lower at rest, and they did not experience a significant drop in 

SpO2 during exercise. Blood pressure was measured from the left arm by auscultation. Diastolic 

blood pressure (DBP) was defined by the muffling of the Korotkoff sounds (phase IV unless the 

diastolic pressure was heard to zero when phase V was used). After the images were obtained, an 

experienced pediatric cardiologist reviewed them offline using EchoPac™ 6.2 (GE Medical 

Systems, Milwaukee, WI) software to determine the presence or absence of IPAVS.   

 

Exercise Protocol  

The exercise protocol was a progressive, incremental maximal exercise test on an 

electronically-breaked semi-supine cycle ergometer (Angio Ergometer and Echo Cardiac Stress 

Table, Lode BV, Groningen, The Netherlands). In this position, the subject’s trunk was elevated 

to a 45º angle with the heart approximately 15 cm above the level of the crank axis of the 

ergometer. Subjects started at 50W or 110W, increasing by 30W every three minutes until they 

reached volitional fatigue and were no longer able to maintain a cadence of 60 rpm. During the 

exercise protocol, subjects breathed through a low-resistance two-way nonrebreathing valve 

(Hans Rudolph, Inc., Kansas City, MO). Using a MOXUS Modular VO2 System (AEI 

Technologies Inc., Naperville, IL), expired gases were analyzed by oxygen and carbon dioxide 

analyzers (Model S-3A and CD-3A, respectively, AEI Technologies, Inc., Naperville, IL). The 

system was calibrated before each test with standard gases of known oxygen (20.93% and 
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15.00%) and carbon dioxide (0.03% and 5.02%) concentrations. The pneumotach was calibrated 

and verified using a 3-litre syringe (Hans Rudolph, Inc., Kansas City, MO). Echocardiography 

measurements were taken at rest, during each exercise stage, immediately post-exercise, and 

three minutes post-exercise. During each exercise stage, imaging started one minute into the 

stage and bubbles were injected approximately two minutes into the stage. Heart rate, SpO2 and 

blood pressure were also recorded at the same time points, as was the rate of perceived exertion 

(4) for the subjects’ legs and breathing.  

 

Contrast Echocardiography  

A physician placed a 20-gauge intravenous catheter containing saline solution in the 

cephalic vein at either the wrist or the antecubital fossa of each subject. A three-way stop-cock 

was attached, as well as two 10 ml syringes attached to the other two ports. One syringe 

contained 1 ml of air and the other syringe contained 4 ml of saline. To create the contrast 

bubbles, the saline solution was flushed from one syringe to another. Immediately following 

agitation, the saline bubbles were injected and an apical four-chamber view of the heart obtained, 

showing the presence or absence of the contrast bubbles in the heart chambers. Immediately 

following injection, contrast bubbles were visible in the right side of the heart.  

 

The timing and appearance of bubbles in the left side of the heart provides important 

anatomical information (10). In the presence of an atrial septal defect, bubbles will appear in the 

left side of the heart almost immediately, after one or two heart cycles (15). If the bubbles appear 

in the left side of the heart after at least three cardiac cycles, an IPAVS is thought to be present 

(15). This technique is advantageous because it can be used during heavy exercise and can be 

performed repeatedly within the same exercise test. Pulmonary artery pressure was not assessed 

during exercise due to the technical difficulties of obtaining tricuspid regurgitation velocity jets 

while patients are moving. 

 

Echocardiography – Doppler  

The pediatric echocardiographer performed the stress echocardiogram using the Vivid 7 

System. An M4S transducer (GE Vingmed Ultrasound AS, Horten, Norway) was used for all 

subjects. An M-mode echocardiogram was performed in the parasternal short axis view to 

measure the dimensions of the left ventricle at end-systole and end-diastole (LVIDs, LVIDd) and 

the posterior wall thickness at end-systole (LVPWs). Left ventricular dimensions were indexed 
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to body surface area (BSA). The diameter of the aortic annulus was measured at the valve using 

a parasternal long axis view. A left ventricular outflow tract (LVOT) Doppler tracing was done 

with the sample volume placed at the valve tips from an apical four-chamber view and peak 

LVOT velocity (LVOT V), the velocity-time integral (VTI), and ejection time (LVOT Env.Ti) 

were obtained and recorded. Mitral valve early inflow velocities (MV(E)) were obtained from an 

apical four-chamber view with the sample volume at the tips of the mitral valve leaflets. Tissue 

Doppler velocities (E’) from the basal lateral left ventricular wall, the basal interventricular 

septum, and the basal right ventricular free wall were obtained from an apical four-chamber view 

and analyzed off-line using the EchoPac™ 6.2 software. Apical two-chamber and apical long-

axis views were also obtained to assess wall motion and was later interpreted by the pediatric 

cardiologist. 

  

Total work, fractional shortening (FS), rate-corrected mean velocity of circumferential 

fiber shortening (MVCFc), wall stress at peak systole (σPS), cardiac index (CI), and left 

ventricular (LV) E/E’ were calculated.  Heart rate was determined from the R-R interval of the 

ECG. 

  

Calculations  

Work 

Total Work (J·kg
-1

) = (Time1 x Work1)/Weight + (Time2 x Work2)/Weight + (Time3 x 

Work3)/Weight + … 

            Where Time1 = Time at stage 1(in sec) 

Work1 = Work at stage (in Watts)  

  

Contractility 

FS = LVIDd-LVIDs  x 100% 

              LVIDd 

  

The following formulas were used to calculate MVCFc and σPS: 

  

MVCFc (circ/s) = LVIDd-LVIDs              

                             (LVOT Env.Ti. corrected x LVIDd) 
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            where: LVOT Env.Ti. corrected = LVOT Env.Ti. (in sec) 

                                                                            √R-R interval   

   

σPS (g/cm
2
) =  SBP x LVIDs x 1.36  

                         4 x LVPWs (1+(LVPWs/LVIDs)) 

  

            where:    1 mmHg=1333 Dynes/cm
2
 =1.36 gm/cm

2
 

                and SBP = systolic blood pressure 

 

Hemodynamics 

Stroke volume (SV) was determined from the Doppler signal using the VTI and aortic 

cross-sectional area (π x aortic diameter
2
/4). Cardiac output was calculated as the product of SV 

and heart rate (HR). Both SV and Q were indexed (cardiac index=CI and stroke volume 

index=SI) to BSA.  

 

LV E/E’ was determined by using the mitral valve E velocities divided by the tissue 

Doppler E’ velocities from the lateral wall and interventricular septum.     

  

Mean arterial pressure (MAP) was calculated as DBP + ⅓ (SBP-DBP).  

 

Data Analysis 

Descriptive and physiological data are presented as means ± standard deviations (SD). A 

one by three way ANOVA was performed on subject characteristics, pulmonary function, 

expired gases and ventilatory data at peak exercise, cardiovascular data at peak exercise and 

submaximal exercise, and physiologic data at shunt onset, to determine if group differences 

existed. If p was < 0.05, a Tukey’s post-hoc test was performed to determine which groups were 

significantly different. To determine if an IPAVS was present, once the injected saline bubbles 

were visible in the right side of the heart, heart cycles were counted until the saline bubbles were 

present in the left side of the heart. If saline bubbles were present in the left side of the heart after 

three or more cardiac cycles, IPAVS was occurring. Thus, shunt recruitment in each group was 

either a “yes” shunting occurred or “no” shunting did not occur. If shunting did occur during 

exercise, the stage of exercise was noted. The measurement of shunt is not continuous and shunt 
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itself is a dichotomous variable, therefore, statistical analysis is limited and mainly qualitative in 

nature (48). Data was analyzed using STATISTICA 7.0 software (StatSoft, Inc., Tulsa, OK).  
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RESULTS 

 

Subjects  

All subjects had normal resting pulmonary function and blood pressure (range: SBP = 

116-121, DBP = 79-83), were free of any history or symptoms of cardiopulmonary disease 

(including exercise-induced asthma), and did not have a PFO or PAVM. Subject characteristics 

are shown in Table 1. There was no significant difference in age (p=0.81), height (p=0.34), 

weight (p=0.42), body-max index (BMI) (p=0.34), and BSA (p=0.50) between the UT, MT and 

HT groups. 

 

Table 1. Subject Characteristics   

 Training Category 

 UT MT HT 

  (N=8) (N=6) (N=10) 

Age, years 25.6 ± 3.6 26.7 ± 4.7 27.2 ± 6.1 

Height, cm 163.0 ± 2.7 166.0 ± 2.8 165.4 ± 5.5 

Weight, kg 58.3 ± 6.5 61.1 ± 9.1 56.5 ± 4.6 

BMI, kg/m
2
 22.0 ± 2.3 22.2 ± 3.6 20.6 ± 1.2 

BSA, m
2
 1.62 ± 0.10 1.67 ± 0.12  1.61 ± 0.09 

Values are means ± SD.  

For definitions of abbreviations see text above.  
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Pulmonary Function 

Pulmonary function data are shown in Table 2. Forced vital capacity (FVC) was normal 

for each group, ranging from 3.9-4.3 litres and there was no difference found between the groups 

(p=0.30). Maximal voluntary ventilation (MVV) was normal ranging from 115-131 litres/min 

and there was no difference between the groups (p=0.23). There was a small, but significant 

difference in forced expiratory volume in one second (FEV1), with the UT group being 

significantly lower than the MT and HT groups (p=0.02). However, when expressed as the ratio 

of FEV1/FVC all groups were above 80%, thus, considered to have normal pulmonary function. 

There was no difference in FEV1/FVC between the groups (p=0.31).   

 

Table 2. Pulmonary Function     

  Training Category  

  UT MT HT 

  (N=8) (N=6) (N=10) 

FVC, litres 3.9 ± 0.4  4.3 ± 0.4 4.1 ± 0.5 

FVC % Predicted 106.1 ± 9.3 110.7 ±9.0 106.3 ± 9.9 

FEV1, litres 3.1 ± 0.4  3.6 ± 0.2*  3.5 ± 0.3*  

FEV1 % Predicted 99.6 ± 9.9 107.3 ± 4.8 106.9 ± 6.2 

MVV, litres/min 114.9 ± 24.7  130.8 ± 17.2  130.1 ± 17.2  

MVV % Predicted 100.2 ± 20.2 112.2 ± 15.4 112.8 ±16.4 

FEV1/FVC 81.0 ± 6.7 82.6 ± 3.4 86.2 ± 7.5 

Values are means ± SD. *Statistically significantly different from 

the UT group. 

For definitions of abbreviations see text above.    
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Cardio-respiratory Responses to Exercise  

Expired gases and ventilatory data at peak exercise are shown in Table 3. Peak oxygen 

uptake (VO2peak) values for each group were significantly different from each other (p < 0.01).  

Absolute VO2peak and carbon dioxide production (VCO2) in the UT group were significantly less 

than the MT and HT groups (p < 0.01). Minute ventilation (VE) in the UT group was 

significantly less than the MT and HT groups (p=0.01). VE/VO2 (p=0.41) and VE/VCO2 (p=0.36) 

for each group were not different. Tidal volume (Vt) (p=0.44), respiratory exchange ratio (RER) 

(p=0.11), and saturation of peripheral oxygen (SpO2) (p=0.06) were not different between the 

groups. Breathing frequency (Fb) was significantly lower in the UT group compared to the HT 

group (p=0.02). Power in the UT group was significantly lower than in the MT and HT groups (p 

< 0.01). Only five out of the 24 subjects reached an RER ≥ 1.1, therefore, ventilatory thresholds 

were not calculated.  

 

Table 3. Expired Gases and Ventilatory Data at Peak Exercise 

 Training Category 

 UT MT HT 

  (N=8) (N=6) (N=10) 

VO2peak, ml/kg/min 35 ± 5† 43 ± 1† 50 ± 3† 

VO2peak , litres/min 2.0 ± 0.3 2.5 ± 0.3* 2.7 ± 0.2* 

VCO2, litres/min 2.0 ± 0.3 2.7 ± 0.4* 2.9 ± 0.3* 

VE, litres/min 80.0 ± 18.2 103.8 ± 10.3* 105.2 ± 19.0*  

VE/VO2 39.8 ± 2.3 41.7 ± 5.0 38.1 ± 4.0 

VE/VCO2 40.9 ± 10.1 38.6 ± 4.9 36.2 ± 3.5 

Vt, litres 1.8 ± 0.3 1.9 ± 0.2 1.8 ± 0.2 

Fb, breaths/min 46 ± 7 55 ± 9 60 ± 12* 

SpO2, % 97 ± 1 97 ± 2 96 ± 2  

RER 0.99 ± 0.10 1.09 ± 0.12 1.05 ± 0.03 

Power, watts 151 ± 22 200 ± 27* 212 ± 21* 

Values are means ± SD. *Statistically significantly different  

from the UT group. †Statistically significantly different from all  

other groups. For definitions of abbreviations see text above.    
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Cardiovascular data at peak exercise are shown in Table 4. Heart rate (p=0.21), Q 

(p=0.43), SV (p= 0.88), SBP (p=0.53), DBP (p=0.43), and MAP (p=0.41) were not different 

between any of the groups.  

 

Table 4. Cardiovascular Data at Peak Exercise 

 Training Category 

 UT MT HT 

  (N=8) (N=6) (N=10) 

HR (beats/min) 169 ± 17 178 ± 9 179 ± 8 

Q (litres/min) 11.2 ± 1.5 11.5 ± 1.5 12.2 ± 1.8 

SV (ml) 67.0 ± 13.2 65.2 ± 9.7 67.9 ± 9.2 

SBP (mmHg) 168.5 ± 13.6 178.3 ± 23.7 168.1 ± 18.7 

DBP (mmHg) 91.3 ± 7.5 90.5 ± 8.7 86.1 ± 9.9 

MAP (mmHg) 117 ± 7.9 119.8 ± 10.9 113.4 ± 9.1 

Values are means ± SD.  

For definitions of abbreviations see text above.    
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Doppler Measurements 

Doppler measurements at submaximal exercise (Stage 3) are presented in Table 5. Stage 

3 was chosen as it was the highest submaximal stage with the most complete data set. LVIDd 

(p=0.25), LVIDs (p=0.27), LVPWs (p=0.21), LVOT V (p=0.56), LVOT VTI (p=0.47), LVOT 

Env. Ti. (p=0.16), MV(E) (p=0.11), MVCFc (p=0.86), FS (p=0.76), CI (p=0.50), and SI (p=0.36) 

were not different between the groups. The σPS was significantly lower in the UT group compared 

to the HT trained group (p=0.03). E/E’ was difficult to obtain during exercise due to the increased 

artefact and high noise-to-signal ratio. Values are not reported as we could only obtain data in less 

than 50% of the subjects.  

 

Table 5. Doppler Measurements at Submaximal Exercise (Stage 3)   

  UT N MT N HT N 

LVIDd, cm 4.31 ± 0.39 7/8 4.42 ± 0.26 6/6 4.65 ± 0.49 10/10 

LVIDs, cm 2.39 ± 0.36 7/8 2.45 ± 0.29 6/6 2.64 ± 0.32 10/10 

LVPWs, cm 1.19 ± 0.07 7/8 1.18 ± 0.06 6/6 1.13 ± 0.07 10/10 

LVOT V, m/s  1.66 ± 0.26 7/8 1.50 ± 0.25 6/6 1.79 ± 0.29 10/10 

LVOT VTI, cm 25.22 ± 3.33 7/8 23.23 ± 2.53 6/6 24.19 ± 3.26 10/10 

LVOT Env.Ti, ms 202.57 ± 23.80 7/8 184.67 ± 16.32 6/6 186.5 ± 15.34 10/10 

MV(E), m/s 1.37 ± 0.19 7/8 1.53 ± 0.23 6/6 1.6 ± 0.22 10/10 

MVCFc, circ/s 1.39 ± 0.25 7/8 1.44 ± 0.16 6/6 1.42 ± 0.12 10/10 

σPS, g/cm
2
 72.64 ± 9.23 7/8 90.97 ± 12.45 5/6 89.78 ± 15.77* 10/10 

FS % 44.78 ± 5.97 7/8 44.58 ± 5.24 6/6 43.27 ± 2.55 10/10 

CI, litres/min/m
2
 6.76 ± 0.68 8/8 6.76 ± 0.60 6/6 7.29 ± 1.44 10/10 

SI, ml/m
2
 43.04  ± 5.19 7/8 40.12 ± 4.80 6/6 44.96 ± 7.80 10/10 

E/E' Insufficient  3/8 Insufficient  2/6 Insufficient  4/10 

  Data   Data   Data   

Values are means ± SD. *Statistically significantly different than the UT group.  

For definitions of abbreviations see text above.    
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Doppler measurements at peak exercise are displayed in Table 6. LVIDd (p=0.46), 

LVIDs (p=0.34), LVPWs (p=0.31), LVOT V (p=0.18), LVOT VTI (p=0.69), LVOT Env. Ti. 

(p=0.73), MVCFc (p=0.30), σPS (p=0.12), FS (p=0.34), CI (p=0.16), and SI (p=0.28) were not 

different between the groups. MV(E) was statistically significantly lower in the UT group 

compared to the HT group (p=0.03). E/E’ was difficult to obtain during exercise due to the 

increased artefact and high noise-to- signal ratio. Values are not reported as we could only obtain 

data in less than 50% of the subjects. 

 

Table 6. Doppler Measurements at Peak Exercise       

  UT N MT N HT N 

LVIDd, cm 4.2 ± 0.41 5/8 4.40 ± 0.25 5/6 4.44 ± 0.36 9/10 

LVIDs, cm 2.18 ± 0.42 5/8 2.48 ± 0.31 5/6 2.46 ± 0.35 9/10 

LVPWs, cm 1.2 ± 0.07 5/8 1.21 ± 0.10 5/6 1.15 ± 0.05 8/10 

LVOT V, m/s   1.69 ± 0.23 7/8 1.64 ± 0.27 5/6 1.86 ± 0.19 8/10 

LVOT VTI, cm 22.87 ± 4.31 7/8 22.36 ± 2.42 5/6 23.91 ± 2.75 8/10 

LVOT Env.Ti, ms 176.43 ± 20.52 7/8 178.8 ± 11.28 5/6 172.25 ± 10.42 8/10 

MV(E), m/s 1.38 ± 0.16 7/8 1.54 ± 0.21 5/6 1.68 ± 0.22* 9/10 

MVCFc, circ/s 1.65 ± 0.27 5/8 1.44 ± 0.17 5/6 1.56 ± 0.18 7/10 

σPS, g/cm
2
 74.82 ± 11.82 2/8 95.76 ± 2.81 3/6 85.01 ± 11.24 5/10 

FS % 48.36 ± 5.71 5/8 43.72 ± 5.48 5/6 44.90 ± 4.48 9/10 

CI, litres/min/m
2
  6.86 ± 0.60 8/8 6.91 ± 0.71 6/6 7.56 ± 0.97 10/10 

SI, ml/m
2
 40.69 ± 7.11 7/8 38.16 ± 3.82 5/6 43.32 ± 4.55 8/10 

E/E' Insufficient  2/8 Insufficient  2/6 Insufficient  1/10 

  Data    Data   Data   

Values are means ± SD. *Statistically significantly different than the UT group.  

For definitions of abbreviations see text above.    
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Intrapulmonary Arteriovenous Shunt 

Shunt onset is characterized for each subject in Table 7.  

 

Table 7. Characterizing Shunt Onset for Each Subject   

Training % Max Power %VO2peak Exercise Stage Q (litres/min) 

Category Shunt Onset Shunt Onset Shunt Onset Shunt Onset 

UT – 5 No shunt No shunt No shunt No shunt 

UT – 6 36 42 Stage 1 10.9 

UT – 7 45 57 Stage 1 6.4 

UT - 10 0 8 Resting 3.5 

UT - 13 29 45 Stage 1 9.6 

UT - 14 82 81 Stage 2 10.2 

UT - 15 29 47 Stage 1 7.2 

UT - 19 0 9 Resting 4.2 

MT - 3 85 98 Stage 3 11.8 

MT - 12 0 9 Resting 2.9 

MT - 17 0 7 Resting 3.5 

MT - 23 82 85 Stage 2 8.3 

MT - 27 55 60 Stage 1 10.9 

MT - 29 48 55 Stage 1 9.4 

HT – 2 70 82 Stage 2 7.6 

HT – 4 74 71 Stage 3 16.4 

HT – 8 48 46 Stage 1 12.4 

HT – 9 55 52 Stage 1 10.5 

HT - 11 55 55 Stage 1 7.3 

HT - 18 29 42 Stage 1 6.4 

HT - 22 87 90 Stage 4 10.0 

HT - 24 61 74 Stage 2 12.0 

HT - 25 55 60 Stage 1 10.2 

HT - 26 61 59 Stage 2 12.6 
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Characterizing shunt onset for each group is displayed in Table 8. Percent of max power 

at shunt onset was not significantly different between the groups (p=0.13). The % of VO2peak at 

which shunting began to occur was not significantly different between the groups (p=0.26). 

Cardiac output was not significantly different between the groups (p=0.06).  Majority of the 

subjects began to shunt during stage one of exercise.  

 

Table 8. Characterizing Shunt Onset for Each Group     

 UT MT HT 

  (N=8) (N=6) (N=10) 

% Max Power at Shunt Onset  32 ± 28 45 ± 38 60 ± 16 

 (0-82) (0-85) (29-87) 

% VO2peak at Shunt Onset 41 ± 26  52 ± 38 63 ± 16  

 (8-81) (7-98) (42-90) 

Q (litres/min) at Shunt Onset 6.5 ± 3.8  7.8 ± 3.8  10.5 ± 3.0  

 (3.5-12.7) (2.9-11.8) (6.4-16.4) 

Stage with Highest Frequency at Shunt Onset Stage 1 Resting/Stage 1 Stage 1 

Values are means ± SD. Values in parentheses are ranges.    

For definitions of abbreviations see text above.    
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Onset of shunting for each group is displayed in Figure 1. One subject in the UT group 

did not shunt at all. Two subjects from the UT group and two subjects from the MT group began 

shunting at rest. Almost half of the remaining subjects started shunting at Stage 1. Five subjects 

began shunting at Stage 2, while two subjects started shunting at Stage 3 and one subject began 

shunting at Stage 4.   

 

Figure 1. Onset of Shunt for Each Group 
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Two subjects from the UT group and two subjects from the MT group started to shunt at 

rest. Gradually, with increasing exercise intensity more subjects began to shunt and by 90-100% 

of VO2peak every subject, except for one, demonstrated shunt. Twenty subjects continued to shunt 

immediately post exercise and 17 subjects continued to shunt three minutes post exercise. Since 

the subjects were not reaching their true maximum during the exercise test, in the first stage of 

exercise they were already working around 40% of their VO2peak.  

 

Figure 2. Presence of Shunt in Each Group 
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Total presence of shunt in all groups combined (n=23) is present in Figure 3. 17% of 

subjects began shunting at rest and 96% of subjects were shunting by the time they reached 90-

100% of VO2peak. Immediately post exercise, 83% were still shunting and by three minutes post 

exercise 71% were still shunting.  

 

Figure 3. Total Presence of Shunt 
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Figure 4 is an apical four-chamber view of subject 17 pre-exercise, and shows the 

presence of an IPAVS. In the first image, before the saline bubble injection is made, all four 

chambers of the heart are clear. When the injection is made, the right side of the heart is filled 

with contrast, as seen in the second image. After the heart has gone through a number of cardiac 

cycles (more than three), the bubbles are appear in the left side of the heart, depicted in image 

three.  

 

Figure 4. Apical Four-Chamber View Subject 17 Pre-Exercise 
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Figure 5 is an apical four-chamber view of subject 11 pre-exercise, during Stage 1 of 

exercise, and during Stage 2 of exercise. The pre-exercise image demonstrates the absence of 

bubbles in the left side of the heart, indicating that an IPAVS is not present. The second image 

taken during Stage 1 of exercise, shows that IPAVS vessels are open as contrast bubbles appear 

in the left side of the heart after more than three cardiac cycles. The third image taken during 

Stage 2 of exercise, also shows that IPAVS vessels are open as there are also bubbles in the left 

side of the heart after more than three cardiac cycles. 

 

Figure 5. Apical Four-Chamber View Subject 11 Pre-Exercise, Stage 1, Stage 2 
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Figure 6 is an apical four-chamber view of subject 11 in Stage 3, immediately post-

exercise and three minutes post-exercise. All three images demonstrate that an IPAVS is present 

as there are contrast bubbles in the left side of the heart after more than three cardiac cycles.  

   

Figure 6. Apical Four-Chamber View Subject 11 Stage 3, Immediately Post, 3 Minutes Post   
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DISCUSSION 

 

Main Findings 

The main findings of this investigation are four-fold. First, four subjects demonstrated 

shunting under resting conditions and many continued to shunt post-exercise. These observations 

contrast with other studies where subjects exercised in the upright position, and suggest there 

may be an effect of body position. Second, the %VO2peak at shunt onset was not significantly 

different between the groups and most individuals began shunting during modest levels of 

exercise intensity. As such, there appears to be no effect of fitness level on shunt onset. Third, Q 

at peak exercise was highest in the HT group, compared to the MT and UT groups. This 

difference, however, was not significant and contrary to what we expected to occur. This may be 

due to body position and the subjects not reaching their true maximum. Lastly, none of the 

subjects demonstrated EIAH (SpO2 of 91% or lower) with exercise and the lowest SpO2 was not 

significantly different across the groups. This observation suggests that shunt in the semi-supine 

position does not negatively affect SpO2. In summary, it appears that IPAVS recruitment can be 

affected by body position, but not by training status, and does not appear to affect SpO2.   

 

Shunting Pre- and Post-Exercise 

Most studies to-date state that IPAVS vessels are recruited during exercise only, when Q 

and PAP increase from resting values (10; 30; 50; 51). These studies have been exclusively 

performed during upright cycling exercise. In the current study, however, subjects exercised in 

the semi-supine position. Four subjects demonstrated shunt pre-exercise, 20 subjects continued 

to shunt immediately post-exercise, and 17 subjects continued to shunt three minutes post-

exercise. Stickland et al. (51) performed contrast echocardiography in the supine resting position 

pre-exercise and observed IPAVS in two of eight subjects. When contrast echocardiography was 

performed again at rest in the upright cycling position, none of these subjects demonstrated 

IPAVS, indicating an influence of body position. This concept is further supported by 

preliminary data in subjects seated upright, lying supine, and lying supine with 15º head-down 

tilt during hypoxia, as more subjects began to shunt when body position changed to supine and 

supine with head-down tilt (2). Strauss et al. (53) measured IPAVS at rest in the recumbent 

position through injecting technetium 99m-labelled albumin (
99m

Tc) microspheres and measuring 

the radioactivity arriving in a systemic capillary bed. A small amount of shunt (mean of 1.1% ± 

1) was found. It was originally understood that shunt vessels do not remain open post-exercise in 
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normoxia (10). Post-exercise shunting has been demonstrated once previously in normoxia in the 

upright cycling position by Lovering et al. (29). However, the demonstration of post-exercise 

shunting is unique to the study by Lovering et al. (29) and the authors do not address this finding 

in their paper. Post-exercise shunting in our study may be, in part, due to body position, 

combined with respiratory and cardiovascular variables remaining elevated above resting values 

post-exercise.  

 

Blood flow in the lung at rest in a standing individual is not uniform due to hydrostatic 

pressure (17). During standing, blood flow is normally intermittent in the apices and continuous 

in the lower areas of the lung vasculature. When a person is lying down however, no part of the 

lung is more than a few centimetres above the level of the heart and blood flow is continuous 

throughout the entire lung. Tobin and Zariquiey (55) claim that IPAVS vessels are found 

predominately in the apex of the lung, which would make them more likely to be recruited in the 

supine position, further supported by the findings of Bates et al. (2) and Stickland et al. (51).  

 

Percent of VO2peak at Shunt Onset 

The percent of VO2peak at shunt onset was not significantly different between the groups 

and most individuals began shunting in Stage 1 of exercise. Shunt onset occurred at 39 ± 30% of 

VO2peak for the UT group, 50 ± 42% of VO2peak for the MT group, and 63 ± 16% of VO2peak for 

the HT group. The observed range of %VO2peak at shunt onset was large, indicating that fitness 

level is not associated with shunt onset in women during semi-supine exercise. The women 

(n=10) studied by Eldridge et al. (10), who were comparable in fitness to the MT women in the 

current study, began shunting at 56 ± 23% of VO2max during upright cycling. This difference may 

be due to the subjects in the current study not reaching their true maximum on the exercise test in 

the semi-supine position. Subjects were working at modest workloads when shunting began with 

the UT group beginning to shunt 49 ± 47W, the MT group beginning to shunt at 88 ± 72W, and 

the HT group beginning to shunt at 128 ± 40W. Power output at shunt onset was significantly 

higher in the HT group compared to the UT group, but when expressed as a percent of maximum 

power output this difference disappeared. Thus each subject, regardless of training status, 

appeared to start shunting at similar relative workloads, another indication that fitness level does 

not predict shunt onset.  
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Cardiac Output 

Cardiac output during peak treadmill exercise in young women ranges from 13 - 20 

litres/min in UT to HT women respectively (38). In the current study, Q at peak exercise was 

lower in each group, ranging from 9.42 – 14.63 litres/min for UT to HT subjects respectively. 

Cycling in the semi-supine position is not an activity that people generally participate in 

regularly, thus, it requires different muscle recruitment than one is accustomed to. In the semi-

supine position, subjects are not able to pedal with the assistance of gravity and body weight to 

help them push through the resistance as it increases throughout the exercise test, resulting in 

lower maximum values. The HT group was able to reach a higher average Q at peak exercise 

when compared to the UT and MT groups however, this difference was not significant. Despite 

that, Q for each group was low, 23 of the 24 subjects tested demonstrated shunt, unlike the men 

tested by Stickland et al. (51) who reached a minimum Q of 24 litres/min before beginning to 

shunt. Cardiac output is the product of SV and HR, both of which are also affected by body 

position. It was hypothesized that the HT subjects would exhibit a higher Q due to an increased 

SV compared to the UT subjects, as has been shown previously in upright cycle exercise. Stroke 

volume at peak upright exercise in young women is typically 68 – 114 ml for UT to HT 

individuals respectively (38). In the current thesis, SV at peak exercise was below 70 ml for all 

groups and there was no significant difference between the groups. Typically, during maximal 

exercise, endurance athletes will exhibit a continual increase in SV while UT individuals will 

show a SV plateau at 40-50% of VO2max (33). The rate of ventricular filling in trained individuals 

can be 86% greater than the rate of ventricular emptying contributing to the continual increase in 

SV (14). In general, SV in the supine position is typically higher when compared to upright 

exercise (42); Left ventricular end-diastolic volume increases in the supine position, as the role 

of gravity is reduced increasing venous return, reducing the pooling of blood in the legs, 

increasing preload. Perhaps all subjects experienced enhanced preload due to their body position, 

not just the highly trained individuals as is normally the case during upright exercise. There was 

no difference in peak HR between the groups and peak HR was not as high as the HR during 

treadmill exercise in the study by Ogawa et al. (38). This difference may also be due to the 

increased venous return demonstrated while cycling in the semi-supine position (6). No 

difference in SV or HR between groups coincides with no difference in Q between the groups. If 

increasing Q with exercise is a reason for IPAVS recruitment, perhaps Q plays less of a role in 

the semi-supine position. 
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EIAH and Shunt 

If IPAVS is related to gas exchange inefficiencies, it would be plausible that individuals 

who display an IPAVS would be more likely to experience EIAH, especially in HT subjects. 

Many HT endurance athletes experience a decrease in the partial pressure of oxygen in arterial 

blood, resulting in an increased A-aDO2 with exercise, leading to EIAH. Only a small fraction of 

Q as shunt may be enough to contribute to this increase in A-aDO2 with exercise. Gavin and 

Stager (11) documented that treadmill running resulted in lower SaO2 values when compared to 

upright cycle ergometry, due to a higher VE during cycling exercise. Pedersen et al. (40) 

concluded that there was no difference in arterial oxygen desaturation in elite cyclists during 

intense cycle exercise in the upright or supine positions. However, none of the subjects in the 

current study experienced a notable drop in SpO2 of 91% or lower (43) and there was no 

significant difference in the lowest SpO2 value reached between the groups. The mean drop in 

saturation from resting to peak exercise reached an average of 3.2 in the HT group, 2.2 in the MT 

group, and 1.9 in the UT group. Thus, an IPAVS in the semi-supine position does not appear to 

affect SpO2.  

 

Doppler Measurements 

Additional Doppler measurements were collected to document these values in women 

during exercise, as published values are limited. These values were not measured to determine 

their relationship to IPAVS, thus they are not discussed in detail. There was no significant 

difference between the groups on any of these variables during exercise, except for σPS and 

MV(E). Peak systolic wall stress in the HT group was significantly higher than in the UT group 

during submaximal exercise. At peak exercise, mitral valve inflow velocity, was significantly 

higher in the HT group than in the UT group.  

 

Methodological Considerations 

Limitations to Contrast Echocardiography 

Contrast echocardiography is a standard technique to image the heart, however, obtaining 

images during exercise can be difficult due to upper body movement and is echocardiographer-

dependent. The subjects in this study were women, thus presenting anatomic constraints in the 

use of echocardiography. To reduce the imaging difficulty due to exercise and anatomy, subjects 

exercised on a semi-supine cycle ergometer, and the same experienced echocardiographer 

performed the imaging for each test.    
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Contrast echocardiography does not provide a continuous measure of shunt nor does it 

quantify shunt. It only shows the presence or absence of shunt at certain points in time, but it can 

be used repeatedly throughout an exercise test. The use of echocardiography has been critiqued 

due to the inability to follow the path of these saline bubbles to ensure that they are, in-fact, 

passing through IPAVS and not through dilated pulmonary capillaries (10). However, based on 

evidence of the size, properties and behaviour of pulmonary vessels and saline contrast bubbles, 

we can assume this measurement is valid (10). During exercise, when vascular flows and 

pressures are increased, contrast bubble survival times are likely less than at rest. According to 

Warren et al. (59), mean pulmonary capillary transit time is approximately 750 ms at rest and 

decreases during exercise. They estimate that mean pulmonary transit time does not fall below 

450 ms even in well-trained athletes at maximal exercise. If this is the case, contrast bubbles 

8µm in diameter, small enough to pass through pulmonary microcirculation, would have a life 

span of < 200ms, not surviving long enough to traverse the pulmonary capillaries (36). True 

pulmonary transit time measures, however, are not possible in humans. Hopkins et al. (21) 

performed radionuclide angiography using  
99m

Tc, and estimated pulmonary transit times based 

on calculations from the first pass time-activity curves at rest and at maximal exercise in HT 

endurance athletes. They demonstrated that pulmonary transit times dropped from 9.32 ± 1.41 

seconds at rest to 2.91 ± 0.30 seconds during exercise, values that are much higher than those 

published by Warren et al. (59). Thus, measurements of pulmonary transit time vary 

considerably as they are not direct in nature, and interpretation of these values must be made 

with caution. Saline contrast bubbles are typically 60-90µm in diameter, making them too big to 

pass through pulmonary capillaries (less than 10µm in diameter), even if they survived long 

enough to pass through (10; 15). Another critique criticism of the method is that the bubbles may 

be forced through the pulmonary microcirculation. However, this is unlikely because, in humans 

performing maximal exercise, pulmonary vascular driving pressures remain relatively low, never 

exceeding 20 mmHg (45). With these low driving pressures, trapped contrast bubbles cannot be 

forced through pulmonary microcirculation even during high intensity exercise. Finally, the 

theory that the pulmonary capillaries can distend enough to allow the passage of saline bubbles is 

refuted by the fact that pulmonary capillary distension does not exceed 20µm, thus, the saline 

bubbles are unable to pass through (60). Despite the challenges noted above, results from the use 

of contrast echocardiography have been shown to be reproducible within subjects, therefore, this 

technique is reliable (10). 
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Limitations of the Exercise Protocol and Cycle Ergometer 

Subjects completed the VO2max test once, thus choosing the correct protocol was difficult 

in some cases. The prediction equation (12) used was based on running, resulting in some 

participants unsure how to score themselves because they did not participate in regular run 

training. Subjects who scored a high predicted VO2max according to the prediction equation, and 

who stated they currently cycled or cycled in the more recent past at a moderate intensity or 

higher, and/or weight trained, started the exercise test at 110W. This method was successful in 

most cases, only a couple of circumstances existed where choosing the other protocol would 

have been better, resulting in the subject exercising for a more appropriate length of time.   

 

Cycling in the semi-supine position is unnatural for most individuals. This position 

makes it impossible for the subject to use gravity or their body weight to help them cycle. An 

RER ≥ 1.1 indicates excess carbon dioxide production from buffering lactate and, hence, an 

increase in pulmonary ventilation, which occurs with high intensity exercise. One criterion for a 

VO2max test is that RER is ≥ 1.1. Average RER for each group in this study was not ≥ 1.1, thus, 

one can assume that leg fatigue was the limiting factor, not the cardio-respiratory system. The 

demand of Q to the working muscles did not exceed the capacity of the respiratory system in the 

current study, thus EIAH did not occur. When VO2 at each exercise stage was expressed as a 

percent of VO2peak, subjects were working at higher percentages of their peak earlier in the 

exercise test because their peak was lower. This created some difficulties when interpreting the 

data. However, all subjects encountered the same difficulties during the exercise test, thus the 

comparison between groups is valid.   

  

Limitations of Viewing the Contrast Images Offline 

An experienced cardiologist viewed the images offline to determine whether or not an 

IPAVS was occurring. However, the images were not presented in a blinded fashion. The 

contrast of the images was sometimes dull, making distinguishing structures difficult. As some 

individuals breathed, their lungs slid over the image obstructing the heart. The contrast of the 

images and the movement of the lungs made the determination of bubbles in the left side of the 

heart difficult in some subjects. Despite these difficulties, care was taken to ensure the data 

obtained from these images was valid and interpreted in the best way possible given the 

circumstances.      
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Conclusion 

The results from this study indicate that an IPAVS is present in a majority of healthy, 

young, women and shunt vessels can be recruited at rest in the semi-supine position. This is 

interpreted to occur because blood flow is redirected apically in the lung in this position. Fitness 

level does not appear to result in earlier shunt onset in HT individuals, perhaps in part due to the 

HT group not reaching significantly higher Q. The demand of Q to the working muscles did not 

exceed the capacity of the respiratory system in the semi-supine position, thus an IPAVS in the 

semi-supine position does not appear to affect EIAH in women. While the exact behaviour of 

IPAVS vessels remains unclear, these findings bring us a step closer to a more complete 

understanding of an IPAVS and its properties.   
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APPENDIX A – LITERATURE REVIEW 

 

Introduction 

The cardio-respiratory system is remarkable in its ability to respond to changing 

environments and physical demands placed on it, whether it be exercise or environmental (i.e. 

hypoxia) stress. However, this system is not perfect. Recent research suggests there are vessels in 

the lungs that re-route blood, bypassing the pulmonary capillary bed, failing to become fully 

oxygenated. These vessels, termed intrapulmonary arteriovenous shunts (IPAVS), have been 

reported to occur in a majority of exercising, asymptomatic young males (3; 10; 28-30; 32; 50; 

51). IPAVS are dormant at rest and are recruited during dynamic exercise, as cardiac output (Q) 

and pulmonary artery pressure (PAP) increase (10; 50; 51). Stickland et al. (51) observed that 

IPAVS recruitment was significantly related to both Q and PAP. They found that if subjects 

reached an alveolar-arterial oxygen difference (A-aDO2) that exceeded 12 mmHg and a Q that 

was greater than 24 litres/min during upright cycling exercise, IPAVS were present, and once the 

exercise bout was terminated, IPAVS vessels were absent.  

 

It is important to note that IPAVS are different than pulmonary arteriovenous 

malformations (PAVM) as IPAVS are present in individuals with a healthy cardio-respiratory 

system. PAVMs are rare pulmonary vascular abnormalities, mainly congenital in nature and are 

often associated with other disorders of the blood vessels (25). PAVMs provide direct 

communication between the pulmonary artery and pulmonary veins, bypassing the capillary bed. 

The concept is similar to IPAVS, however, PAVMs are larger and more severe in their 

consequences. For example, arterial oxygen saturation (SaO2) at rest while lying supine in 

individuals with PAVM is less than 95%, and drops further upon standing, and even further still 

upon exercise (61). Thus, PAVMs can be detected at rest, and have a significant effect on SaO2, 

unlike IPAVS.  

 

It is also important to recognize that IPAVS are different than a patent foramen ovale 

(PFO) and any septal defect that may result in a direct communication between the right and left 

sides of the heart, also known as intracardiac shunts. In the developing fetus, there is a small hole 

between the atria of the heart called the foramen ovale. This hole allows one third of the blood to 

by-pass the lungs, which are non-functioning in a developing fetus, as the fetus instead relies on 

the mother’s blood for oxygen and nutrients, and to eliminate carbon dioxide and waste. The rest 
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of the blood is pumped to the pulmonary trunk but again, most is diverted away from the non-

functioning lungs through the ductus arteriosus, a vessel that connects the pulmonary trunk to the 

aorta. When the baby is born and begins spontaneously breathing, the foramen ovale and ductus 

arteriosus close. In some individuals, however, the foramen ovale does not completely close, 

potentially allowing blood to move from the ride side of the heart directly to the left side if 

pressure in the right atrium exceeds pressure in the left atrium (56). Many individuals who have 

this are not even aware that they do, as this hole is so small it does not significantly affect 

oxygenation of the blood. However, individuals who have a PFO are excluded from IPAVS 

studies as the main method of detecting IPAVS, contrast echocardiography, cannot differentiate 

between contribution due to intracardiac shunt and IPAVS separately.   

 

It is not completely understood why IPAVS exist or what their consequence, in terms of 

gas exchange, may be. IPAVS may be remnant fetal vessels that once diverted blood away from 

the non-functioning alveoli in the fetal lung (29). The functional consequences of these vessels 

remains unclear but a small fraction of Q as shunt could widen A-aDO2 significantly and have an 

effect on gas exchange (10). Many highly trained athletes exhibit an excessive A-aDO2 during 

moderate and high intensity exercise leading to arterial hypoxemia, while others do not (7; 19; 

20). Eldridge et al. (10) stated that perhaps these individuals who experience exercise-induced 

arterial hypoxemia (EIAH) exhibit IPAVS, and those individuals who do not experience EIAH 

do not exhibit IPAVS (10). Another theory is that IPAVS may protect the pulmonary capillaries 

from damage by diverting hydrodynamic energy away from them (23). This would mean that 

athletes who develop exercise-induced pulmonary hemorrhage may be the individuals who do 

not exhibit IPAVS. Lastly, perhaps individuals who develop pulmonary edema upon rapid ascent 

to altitude, may also be individuals who do not have IPAVS vessels (47).  

 

Direct Anatomical Evidence for IPAVS  

Anatomical evidence for IPAVS in humans is not new. In 1966, Tobin (54) examined the 

pulmonary microcirculation of whole human lungs by infusing glass or resin beads (50-100µm in 

diameter) into the pulmonary artery or inferior vena cava. They observed IPAVS in the 

peripheral section of the second lobule, bypassing alveolar circulation in 47% of the lobules. 

Wilkinson and Fagan (63) also demonstrated IPAVS in post-mortem infants (n=49) who had no 

previous cardio-respiratory abnormalities. A gelatin mixture containing polymethylmethacrylate 

beads was injected into the pulmonary arteries. The mixture was collected in the left atrium 
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demonstrating that they had either passed through the normal pulmonary circulation or through 

IPAVS. Injected beads were 64µm in diameter and the diameter of the pulmonary capillaries 

only about 7µm, therefore, the capillaries would have had to stretch 2000% in order for the beads 

to pass through. Thus, these authors suggest that the gelatin and beads bypassed the pulmonary 

capillary bed through IPAVS. 

 

A more recent study by Lovering et al. (32) aimed to determine whether large diameter (> 

25-50µm) IPAVS are functional in human (n=6) and baboon lungs (n=4) under physiological 

perfusion and ventilation pressures. Isolated lung preparations were ventilated with room air by 

using a peak inflation pressure of 15 cmH2O and a positive end-expiratory pressure of 5 cmH2O. 

They infused a mixture of 25- and 50-µm microspheres into the pulmonary artery and collected 

the entire venous outflow. In the lungs that demonstrated IPAVS, 50µm microspheres always 

traversed the pulmonary circulation. Therefore, the data showed that IPAVS > 50µm in diameter 

are functional under physiologic ventilation and perfusion pressures in the isolated lung.  

 

Evidence for IPAVS in Humans 

All of the previously mentioned studies support that IPAVS exist in the isolated lung. 

Technological advances have permitted the investigation of this phenomenon in vivo under 

physiologically relevant conditions. Whyte et al. (62) measured right-to-left pulmonary shunt 

during rest in 19 patients with a PAVM and six normal subjects by intravenously injecting 

albumin microspheres labelled with 
99m

Tc, a gamma emitting isotope used as a radioactive tracer. 

This technique reflects shunt fraction as these microspheres do not normally traverse the 

pulmonary capillary bed (5). In this study, subjects exercised at 50% of their previously 

determined maximum workload for five minutes. At the end of five minutes, subjects continued 

to cycle at that intensity and the microspheres were injected into an antecubital vein. After the 

injection, subjects then stopped exercising and rested supine in order for the images of the upper 

abdomen and lungs to be taken with a gamma camera. Microspheres were counted before 

injection and then counted as they appeared in the right kidney. A correction was made for the 

physical decay according to the timing of each image. This technique is reliable and valid in 

quantifying shunt, but it cannot be performed during a VO2max test, as the subject must be lying 

supine in order to take the images with the gamma camera, thus, the exact intensity at which 

these vessels are recruited cannot be determined. In the healthy controls, shunt was 2.7% of Q at 

rest and in five of the normal subjects mean shunt increased from 2.9% to 5.1% of Q during 
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exercise at 50% of their maximal workload. These findings support the existence of IPAVS in 

people who have a healthy cardio-respiratory system, and demonstrates the fraction of Q as 

shunt, which may affect gas exchange. They did show that arterial desaturation was correlated 

with the change in the size of the shunt during exercise (r=0.80) in the PAVM subjects, however, 

not in the normal subjects, as they did not desaturate.    

 

Saline injection contrast echocardiography has become the standard clinical technique 

used to diagnose intracardiac and intrapulmonary shunting. Lee et al. (27) used contrast 

echocardiography, before and after treatment of the PAVM by transcatheter embolotherapy, a 

procedure that occludes the artery feeding the PAVM with a detachable balloon or metal coils 

(13). The study results showed that contrast echocardiography remains positive after treatment of 

PAVM in >90% of patients, despite the pulmonary angiography being negative. The presence of 

IPAVS may explain the positive contrast echocardiography result after the treatment of PAVM.  

 

Eldridge et al. (10) was the first to specifically examine IPAVS with contrast 

echocardiography. They hypothesized that increasing exercise intensity recruits dormant IPAVS 

and that these vessels may contribute to the widening A-aDO2 seen with exercise. Twenty-three 

subjects (13 men and 10 women) who had normal lung function and varying fitness levels 

(average 126% of predicted VO2max) performed a progressive, incremental exercise test to 

exhaustion on a cycle ergometer. The test started at 65W and increased by 30W every two 

minutes. Saline injections and contrast images were conducted at rest, during the last minute of 

each exercise stage, and at three minutes post-exercise. As these subjects presented with a 

normal cardio-respiratory system and a normal response to exercise, it would be expected that 

the contrast echocardiography would be negative for any shunting. However, in 21 of the 23 

subjects, this was not the case, demonstrating that IPAVS may occur in healthy, asymptomatic 

individuals.  

 

Stickland et al. (51) also used contrast echocardiography to determine if IPAVS develop 

with exercise, and see if there was a relationship to the increased A-aDO2 also seen with 

exercise. The participants were males who performed graded cycling to 90% VO2max while PAP 

and pulmonary artery wedge pressure (PAWP) were measured directly from pressure catheters, 

and Q was measured via the Fick method. Subjects exercised five minutes at each of the 

following workloads: 75W, 150W, power output at ventilatory threshold, 25W above power at 
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ventilatory threshold, and 90% VO2max. At each exercise stage, saline injections and subsequent 

images were taken during the third minute of each five minute workload. Stickland et al. (51) 

found that IPAVS was related to Q (r=0.76) and PAP (r=0.73), and to a lesser extent A-aDO2 

(r=0.68), but the relationship to A-aDO2 was not consistent among subjects. The authors stated 

that perhaps this variability was due to the contribution of diffusion limitation and alveolar 

ventilation-perfusion (VA/Q ) mismatching to A-aDO2. Another finding was that IPAVS was 

always recruited when A-aDO2 exceeded 12 mmHg and when Q exceeded 24 litres/min. Normal 

values for A-aDO2 at rest are 5-10 mmHg and for Q 5-6 litres/min. This finding was supported 

by the finding that the only subject who did not demonstrate IPAVS during exercise had the 

lowest VO2max, had a Q of 20 litres/min, and had a PAP that was 10mmHg higher than the 

average PAP for the other subjects at the same Q.  

 

Lovering et al. (30) questioned whether breathing 100% oxygen affected IPAVS 

recruitment during exercise. Seven subjects (four male and three female) performed two different 

exercise protocols; The first protocol was an incremental exercise test on a cycle ergometer, that 

started at 60W, increasing by 30W every two minutes, breathing room air to start. Once 

significant shunting was present, the workload was held constant and the fraction of inspired 

oxygen (FIO2) was alternated between hyperoxia (100% O2) for three minutes and normoxia 

(20.9% O2) for two minutes, then hyperoxia for two minutes, and normoxia for two minutes, 

then hyperoxia for one minute and normoxia for two minutes. In the second protocol, subjects 

performed an incremental cycle test until exhaustion while breathing 100% O2 continuously. All 

subjects demonstrated IPAVS in the first protocol during submaximal exercise intensities, 

however, once hyperoxia was applied shunting was reduced or eliminated in all subjects. The 

degree to which shunting was eliminated depended on the length of the hyperoxia bout, where it 

was partially eliminated after one minute and then fully eliminated after two minutes. Once back 

in normoxia IPAVS returned. In the second protocol, hyperoxia substantially decreased or 

eliminated IPAVS during exercise in all subjects at submaximal intensities, and in four out of the 

seven subjects at maximal exercise. Therefore, it appears that IPAVS behave more like systemic 

vessels in response to hyperoxia (vasoconstricting), unlike the pulmonary circulation (dilating). 

 

Another study by Lovering et al. (29) studied the effect of hypoxia on IPAVS 

recruitment. They hypothesized that, despite Q and pulmonary pressure being higher in hypoxia, 

the pulmonary vasoconstrictor effect of hypoxia would actually reduce IPAVS during exercise.  
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Nine healthy men exercised to exhaustion on a cycle ergometer starting at 65W and increasing 

by 30W every two minutes. Contrast echocardiography was performed at rest, at the end of each 

exercise stage, and three to five minutes post exercise. One test was in normoxia, while a second 

test was conducted in hypoxia (12% O2). At rest during the normoxic trial, no subjects exhibited 

IPAVS, where three out of the nine subjects exhibited IPAVS at rest in hypoxia. During exercise, 

eight out of the nine subjects demonstrated IPAVS in normoxia, while four out of the nine 

subjects shunted at a lower workload during hypoxia. All subjects continued to shunt post-

exercise in hypoxia, unlike in normoxia. Thus, it appears that hypoxia induces IPAVS 

recruitment at rest and during exercise, and keeps these vessels open post-exercise. Once again, 

it appears that IPAVS behave more like systemic vessels than pulmonary vessels, dilating in 

response to hypoxia.         

 

Limitations to Gas Exchange 

Inefficient gas exchange is defined by an excessive increase of the A-aDO2 and/or 

insufficient alveolar hyperventilation during exercise (8). Normal A-aDO2 values at rest are 5-10 

mmHg (31). At VO2max, A-aDO2 values of 15-25 mmHg are common and in elite athletes A-

aDO2 can reach 24-40 mmHg. If A-aDO2 exceeds 35-40 mmHg, severe inefficiencies in gas 

exchange are present (8). Efficiency of gas exchange is a major determinant of SaO2 (20). EIAH 

is defined as a reduction in arterial oxygen saturation to 91% or lower during exercise (43). This 

happens mainly at high exercise intensities (> 80% VO2max), therefore, gas exchange limitations 

are more common in those individuals capable of achieving high levels of aerobic work.  

 

Powers et al. (43) was one of the first to determine the incidence of EIAH during exercise 

in healthy males of different fitness levels. Sixty-eight subjects were divided into three groups 

based on their fitness level: untrained, moderately trained, and elite highly-trained endurance 

athletes. Subjects performed an incremental VO2max test on a cycle ergometer, while respiratory 

data and SaO2 (via pulse oximetry) was measured. The subjects in the highly trained group 

tended to have lower end-tidal partial pressures of oxygen and higher end-tidal partial pressures 

of carbon dioxide at VO2max compared to the other groups. All of the subjects had normal 

pulmonary function and no resting diffusion limitation. Powers et al. (43) reported that 52% of 

their highly trained endurance subjects (VO2max >68 ml/kg/min) experienced EIAH during work 

rates greater than 90%VO2max. It was unclear why some highly trained subjects in this study 

experienced EIAH and why some did not. Perhaps the presence or absence of IPAVS contributes 
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to the difference seen among athletes, with those who do experience this hypoxemia also 

exhibiting IPAVS (10).  

 

Fitness Level and Limitations to Gas Exchange  

Proctor et al. (44) studied the influence of age and gender on the relationship between Q 

and VO2 during submaximal exercise. The purpose of this study was to generate a greater 

understanding of how gender, age, and physical activity status interact to determine the 

magnitude of the increase in Q during submaximal exercise. Four groups were studied: younger 

and older men, and younger and older women, all chronically endurance trained. The primary 

finding of this study was that the relationship between Q and a given VO2 does not differ among 

the groups. Older men and women did show a reduced ability to maintain stroke volume (SV) at 

exercise intensities above 70% VO2peak when compared to their younger counterparts. This effect 

was most prominent in the older women. These results suggest that neither age nor gender, per 

se, significantly modify the Q response to submaximal dynamic exercise in these individuals 

(44). It is interesting to note that because of these findings, there may not be any difference in 

IPAVS recruitment between endurance trained men and women. It would be interesting to see 

the results if the study had included an untrained group.    

 

Stickland et al. (52) examined the effects of fitness on exercise cardiac compliance and 

cardiac filling pressures as subjects with greater aerobic fitness demonstrate greater diastolic 

compliance at rest. They also examined the application of lower-body positive pressure (LBPP) 

to see if acute changes in pulmonary pressure affect pulmonary gas exchange. All subjects were 

male and were divided into low and high aerobic capacity groups. Each subject performed a 

discontinuous maximal exercise test staged according to power output. Additional workloads 

were conducted with the application of LBPP. Traditionally, it has been accepted that SV 

plateaus during aerobic exercise and that the increase Q seen from submaximal to maximal 

exercise is due solely to increases in heart rate. However, more recent studies have shown that 

endurance-trained athletes do not demonstrate a plateau in SV during exercise, therefore, they 

are better able to use the Frank-Starling mechanism (9; 14). There were no differences between 

the low and high groups on any measure at rest. Subjects with greater aerobic fitness 

demonstrated low left-ventricular filling pressures during exercise, whereas SV and end-diastolic 

volume were either similar (submaximal exercise) or higher (peak exercise), suggesting superior 

diastolic compliance and function. These findings suggest that enhanced exercise SV in 
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endurance trained athletes was due to favorable changes in diastolic function. Mean PAP was not 

different at rest or during submaximal exercise in either group, however, at maximal exercise, 

there was a trend for PAP to be higher in the lower fitness group.     

 

Stickland et al. (50) studied the effect of acute increases in pulmonary vascular pressures, 

via the application of LBPP, on exercise A-aDO2, anatomic IPAVS recruitment, and ventilation. 

Eight men (VO2max of 54.7 ± 9 ml/kg/min) cycled at 90% VO2max under normal conditions with 

the application of 52 mmHg of LBPP. PAP, PWAP, Q, A-aDO2, mean right atrial pressure, and 

IPAVS were measured. The elevated PAP increased shunt frequency slightly at rest and during 

low intensity exercise, but LBPP did not affect IPAVS recruitment during moderate to very 

heavy exercise. The data showed that IPAVS recruitment typically develops with increasing Q, 

and not consistently with increasing PAP. It is likely that shunt vessels are sensitive to very 

specific opening pressures upon increasing driving pressure and Q with exercise. This opening 

pressure appears to be consistent within subjects, but extremely variable between subjects. These 

two factors, along with the relatively small increase in PAP via LBPP, likely explain why LBPP 

failed to substantially affect IPAVS recruitment. Lastly, it was found that ventilation was not 

affected by acute increases in pulmonary vascular pressures. This investigation showed that 

acute increases (4-5mmHg) in pulmonary vascular pressures via LBPP do not impair pulmonary 

gas exchange, and do not affect A-aDO2 or ventilation. The subjects in this study were of 

average fitness level and the investigators report that their results may have been different had 

their subjects been athletes of a higher fitness level, who experience significant impairment in 

pulmonary gas exchange during exercise. Stickland et al. (50) reason that previous research 

suggests that athletes would have greater PAP pressures during exercise because of their elevated 

Q and, therefore, would be more likely to develop a larger impairment in gas exchange. The 

results from the current experiment indicate that to achieve greater pulmonary flow rates, 

subjects who are more fit accomplish this not through high PAP, but by having better cardiac 

compliance and, therefore, lower pulmonary venous pressures compared with less-fit subjects. 

 

Vogiatzis et al. (57) studied IPAVS in seven highly trained cyclists (VO2max = 61.3 ± 2.4 

ml/kg/min). They hypothesized that very small IPAVS exist, only making a minor contribution 

to the fall in partial pressure of oxygen and increase in A-aDO2 seen in normoxic and hypoxic 

exercise in highly trained individuals. Vogiatzis et al. (57) quantified IPAVS as a percent of Q by 

calculating venous admixture using the Fick equation; Arterial oxygen concentrations were 
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measured, mixed venous oxygen concentrations were calculated from oxygen consumption, and 

PAP was extrapolated from Q measurements and previously published direct measures of PAP 

and Q during exercise (58). Venous admixture was then expressed as a percent of Q. Vogiatzis et 

al. (57) did not use contrast echocardiography during a maximal exercise test, the method used 

by most IPAVS studies, to characterize the onset of IPAVS in these individuals, making it 

difficult to compare this study to others. Thus, the role that fitness level plays in IPAVS 

recruitment is still unknown. Individuals of a higher fitness level will reach the highest Q 

compared to those who are of a lower fitness level. If the recruitment of IPAVS is related to Q 

and PAP, perhaps highly trained individuals experience IPAVS at a lower exercise intensity than 

those who are not as well-trained. 

 

Biological Sex Differences 

A majority of the studies examining IPAVS to-date have used male subjects, however, it 

has been shown that women have smaller lungs, smaller airways, and less surface area for gas 

exchange, compared to height-matched men (35). A number of studies since then have 

concluded that these anatomical differences may render women more susceptible to inefficient 

gas exchange during exercise (16; 18; 19; 22; 34; 46; 49). This leads to the question of whether 

or not there is a biological sex difference in the recruitment of IPAVS. Sex differences have not 

yet been found, however, the limited number of studies on women demonstrates the need for 

more research. The prevalence of EIAH in a large female population with a wide range of 

VO2max values was studied by Richards et al. (46). Fifty-two young women performed a VO2max 

test on a cycle ergometer and SaO2 was measured via pulse oximetry. After the test, subjects 

were placed into either the non-EIAH group, the mild EIAH group, or the moderate EIAH group. 

They found that EIAH was present in 67% of their women, thus occurring at a slightly higher 

prevalence and at a relatively lower fitness level (VO2max values 15-20% of predicted) than that 

previously reported for highly fit men (VO2max values > 150% predicted) (19). Except for end-

exercise SaO2, there was no difference between the groups on any physiological variables and 

they found no relationship between EIAH and aerobic capacity. The finding of EIAH in 

untrained women is unusual, as it is typically reported only in highly trained males. Women, 

regardless of fitness level, may experience gas exchange difficulties compared to men simply 

because of their smaller lungs, smaller airways, and less surface area available for gas exchange.   
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Harms et al. (19) questioned whether EIAH occurs in healthy active women compared to 

age- and height-matched men. Twenty-nine healthy, young women of varying fitness levels 

completed a VO2max test measuring respiratory data, and taking arterial blood samples at rest and 

near the end of each workload. Subjects either fell into the no EIAH group, the mild EIAH 

group, or the severe EIAH group. In this study, almost half of the women with significant EIAH 

had a VO2max within 15% of predicted, and it occurred at VO2 values ranging from 43-70 

ml/kg/min. This is different from the EIAH reported in men who have a VO2max greater than 

150% of their predicted VO2max and when exercising at near maximal intensity. Subjects who 

experienced the greatest widening in A-aDO2 (46-52 mmHg) at VO2max were the most 

hypoxemic and the prevalence of hypoxemia was distinctly higher in subjects with a higher 

VO2max. The group that did not show hypoxemia had a significantly lower VO2max values 

compared to the mild and severe hypoxemia groups. Therefore, fitness level plays an important 

role in EIAH severity and EIAH appears to also occur in women who are not as highly trained, 

and at a lower percent of their maximal exercising intensity. This raises the question of whether 

or not fitness level plays a role in IPAVS recruitment.        

 

In a similar study, Harms et al. (18) questioned whether EIAH affected VO2max in 

healthy, habitually active women and whether the effect was similar to that reported in men. 

Twenty-five healthy, young women of varying fitness levels performed two randomized 

incremental treadmill VO2max tests, one with an FIO2 of 21% administered and another with an 

FIO2 of 26%. The researchers found that when desaturation was prevented via the administration 

of 26% O2, VO2max increased in proportion to the degree of desaturation in 22 of the 25 women. 

Even small amounts of EIAH (approximately a 3% decrease) were shown to have a significant 

detrimental effect on VO2max in these women. This demonstrated that desaturation limits VO2max 

in women, by altering O2 content, hence, O2 delivery.  

 

Olfert et al. (39) used a multiple inert gas elimination technique (MIGET) to determine 

whether women would develop greater VA/Q mismatching and/or diffusion limitation during 

exercise compared to men, and to compare the effects of biological sex, independent of the 

effects of lung size, on pulmonary gas exchange. Women and men were matched for age, height, 

aerobic capacity, and lung size. This study differs from most studies because men and women 

often are age- and height-matched only. Both sexes performed light, moderate, and heavy 

exercise in normoxia and hypoxia in order to give the best evaluation of the contribution of VA/Q 
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mismatching and diffusion limitation to pulmonary gas exchange. They determined that active 

women do not experience greater exercise-induced abnormalities in gas exchange than men, in 

normoxia and hypoxia. VA/Q mismatching and diffusion limitation were not higher in women. 

Olfert et al. (39) suggested that perhaps fitness level and lung size are more important than sex, 

in determining whether or not pulmonary gas exchange impairments occur during exercise. 

However, these subjects were reasonably fit and may not be representative of the population at 

large. This may reflect a population bias to athletic women with large lungs. If fitness level does 

play a more important role in gas exchange impairment and it is important to look at the effect of 

fitness level on IPAVS recruitment.  

 

Conclusion 

IPAVS appear to be present in most individuals who have a healthy cardio-respiratory 

system. Why these vessels exist and their consequences are not completely known. They appear 

to be remnant fetal vessels and may contribute to the EIAH experienced in athletes, the exercise-

induced pulmonary hemorrhage also seen in athletes, or to pulmonary edema experienced by 

those who ascend to altitude quickly. A common trend is that the resulting cardio-respiratory 

limitations seem to be worse in those who are more highly trained. The limited number of studies 

on IPAVS in highly trained individuals warrants further investigation into the role that fitness 

level may play in the recruitment of IPAVS. Although there appears to be no difference between 

sexes, the number of studies examining IPAVS in women is limited. The existing literature 

demonstrates that women are more susceptible to gas exchange limitations than men, suggesting 

that a difference in IPAVS recruitment may exist.   
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APPENDIX B – INDIVIDUAL DATA  

Note that subjects 1, 16, 20, 21, and 28 have been excluded from analyses.  

 

Subject Characteristics       

Subject  Age  Height  Weight  BMI BSA  

# (years) (cm) (kg)  (kg/m
2
) (m

2
) 

UT – 5 22 158.4 56.5 22.5 1.58 

UT – 6 25 166.8 56.7 20.4 1.62 

UT – 7 23 163.7 56.3 21.0 1.60 

UT – 10 28 162.2 47.9 18.2 1.47 

UT – 13 24 164.3 68.7 25.5 1.77 

UT – 14 23 165.5 62.8 23.1 1.70 

UT – 15 27 160.4 53.9 21.0 1.55 

UT – 19 33 162.3 63.9 24.3 1.70 

MT – 3 24 169.2 61.3 21.4 1.70 

MT – 12 32 161.9 72.4 27.6 1.80 

MT – 17 26 168.4 55.3 19.4 1.60 

MT – 23 32 165.1 52.4 19.2 1.55 

MT – 27 26 163.9 53.1 19.8 1.55 

MT – 29 20 167.4 71.9 25.7 1.83 

HT – 2 25 155.0 51.6 21.5 1.49 

HT – 4 25 172.1 65.4 22.1 1.77 

HT – 8 24 168.0 53.0 18.6 1.57 

HT – 9 22 165.9 57.5 20.9 1.63 

HT – 11 21 159.0 52.2 20.6 1.52 

HT – 18 22 161.0 52.9 20.4 1.54 

HT – 22 30 166.0 61.7 22.4 1.69 

HT – 24 38 167.0 54.4 19.5 1.59 

HT – 25 37 168.2 56.8 20.1 1.63 

HT – 26 28 171.9 59.4 20.1 1.68 
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Pulmonary Function       

Subject # FVC (litres) FEV1
 
(litres) MVV (litres) FEV1/FVC  

UT – 5 3.63 2.86 128.9 78.79 

UT – 6 4.38 3.48 123.8 79.45 

UT – 7 3.84 2.77 77.2 72.14 

UT - 10 3.69 2.80 95.1 75.88 

UT - 13 3.70 3.06 130.4 82.70 

UT - 14 4.48 3.84 150.6 85.71 

UT - 15 3.34 3.15 122.9 94.31 

UT - 19 4.02 3.19 90.2 79.35 

MT - 3 4.28 3.65 128.1 85.28 

MT - 12 3.95 3.43 134.8 86.84 

MT - 17 3.79 3.50 162.7 92.35 

MT - 23 4.45 3.55 116.7 79.78 

MT - 27 4.07 3.34 127.1 82.06 

MT - 29 4.97 3.87 115.6 77.87 

HT – 2 3.60 3.04 134.3 84.44 

HT – 4 3.73 3.68 137.5 98.66 

HT – 8 3.73 3.28 138.5 87.94 

HT – 9 4.81 3.52 100.5 73.18 

HT - 11 3.75 3.39 102.3 90.40 

HT - 18 3.65 3.52 124.9 96.44 

HT - 22 4.52 3.77 131.8 83.41 

HT - 24 4.18 3.26 131.8 77.99 

HT - 25 4.41 3.90 155.9 88.44 

HT - 26 4.76 3.88 143.7 81.51 
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Expired Gases and Ventilatory Data at Peak Exercise         

Subject  VO2peak VO2 VCO2 VE VE/VO2 VE/VCO2 Vt Fb RER 

 # (ml/kg/min) (l/min) (l/min) (l/min)     (litres) (br/min)   

UT – 5 29.8 1.67 1.77 66.93 41.49 38.34 1.44 47 1.07 

UT – 6 39.6 2.16 2.2 88.55 30.22 30.42 1.97 46 1.02 

UT – 7 27.6 1.54 1.53 46.54 41.00 40.25 1.42 33 1.00 

UT – 10 38.9 1.82 1.97 75.52 40.08 37.81 1.51 50 1.09 

UT – 13 32.7 2.21 2.32 84.44 38.21 36.40 1.76 49 1.05 

UT – 14 36.8 2.12 1.85 106.50 50.23 57.56 2.06 52 0.88 

UT – 15 39.6 2.11 1.72 94.48 44.78 54.93 1.84 52 0.81 

UT – 19 37.7 2.40 2.46 76.93 32.05 31.27 2.11 37 1.03 

MT – 3 43.3 2.60 2.54 108.60 50.39 41.26 1.52 71 0.98 

MT – 12 42.9 2.85 2.84 102.90 43.40 43.98 2.05 51 1.00 

MT – 17 42.4 2.26 2.23 98.08 41.76 42.75 2.05 48 0.99 

MT – 23 40.7 2.08 2.54 104.80 36.09 36.22 1.91 55 1.23 

MT – 27 44.3 2.34 2.87 88.77 37.94 30.93 1.92 46 1.23 

MT – 29 41.2 2.94 3.28 119.60 40.67 36.45 2.04 59 1.12 

HT – 2 48.4 2.50 2.55 80.74 41.23 39.02 1.85 44 1.02 

HT – 4 49.1 3.18 3.36 131.10 32.30 31.66 1.77 74 1.06 

HT – 8 56.3 2.96 3.09 113.40 38.32 36.71 1.54 74 1.04 

HT – 9 49.5 2.63 2.88 99.32 37.76 34.49 2.11 47 1.10 

HT – 11 48.6 2.53 2.65 81.91 32.38 30.91 1.39 60 1.05 

HT – 18 48.3 2.50 2.52 85.16 34.06 33.79 2.02 43 1.01 

HT – 22 48.37 2.99 3.24 129.50 43.30 39.96 1.92 68 1.09 

HT – 24 47.3 2.55 2.75 97.49 38.23 35.45 1.75 56 1.08 

HT – 25 50.2 2.80 2.76 114.00 40.71 41.30 1.65 69 0.99 

HT – 26 49.0 2.80 3.07 119.20 42.59 38.84 1.76 68 1.10 
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Cardiovascular Data at Peak Exercise           

Subject  HR Q SV SBP DBP MAP SpO2 Power 

 # (beats/min) (l/min) (ml) (mmHg) (mmHg) (mmHg) (%) (Watts) 

UT – 5 189 9.42 49.85 190 92 124.7 97 140 

UT – 6 168 11.87 70.65 180 102 128.0 98 140 

UT – 7 143 10.18 71.22 166 86 112.7 99 110 

UT - 10 173 9.61 55.58 154 98 116.7 97 140 

UT - 13 182 12.38 68.01 152 84 106.7 97 170 

UT - 14 169 12.73 75.33 180 92 121.3 99 170 

UT - 15 184 10.17 55.26 166 96 119.3 95 170 

UT - 19 144 13.02 90.43 160 80 106.7 97 170 

MT - 3 179 11.01 61.49 162 88 112.7 99 200 

MT - 12 164 13.44 81.95 218 90 132.7 98 230 

MT - 17 175 9.62 54.98 160 95 116.7 98 170 

MT - 23 177 10.17 57.48 160 75 103.3 95 170 

MT - 27 192 12.66 65.94 175 100 125.0 96 200 

MT - 29 179 12.37 69.08 195 95 128.3 97 230 

HT – 2 177 9.12 51.53 165 100 121.7 98 200 

HT – 4 182 14.63 80.38 160 80 106.7 95 230 

HT – 8 184 14.62 79.44 154 92 112.7 93 230 

HT – 9 197 12.98 65.89 160 82 108.0 97 200 

HT - 11 173 11.11 64.20 132 80 97.3 95 200 

HT - 18 168 11.76 70.00 175 85 115.0 97 170 

HT - 22 175 10.88 62.17 190 70 110.0 93 230 

HT - 24 179 10.65 59.51 190 80 116.7 94 230 

HT - 25 173 12.11 70.02 190 102 131.3 98 200 

HT - 26 184 14.04 76.30 165 90 115.0 96 230 
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Stress Echo Calculations at Submaximal Exercise (Stage 3)   

Subject  LVIDd  LVIDs  LVPWs  LVOT V LVOT  LVOT  MV 

# cm cm cm m/s VTI Env.Ti (E) 

      cm ms m/s 

UT – 5 3.9 1.8 1.1 1.7 22.6 179 1.40 

UT – 6 4.5 2.7 1.2 1.8 26.0 201 1.60 

UT – 7 4.5 2.2 1.2 2 28.0 196 1.40 

UT - 10 4.3 2.3 1.1 1.2 18.5 205 1.28 

UT - 13 4.0 2.5 1.2 1.8 25.4 201 1.50 

UT - 14 N/A N/A N/A N/A N/A N/A N/A 

UT - 15 4.0 2.3 1.2 1.7 22.2 184 1.40 

UT - 19 5.0 2.9 1.3 1.44 26.6 252 1.00 

MT - 3 4.5 2.7 1.1 1.6 21.7 166 1.60 

MT - 12 4.8 2.5 1.2 1.8 26.2 205 1.70 

MT - 17 4.0 2.0 1.25 1.3 19.4 192 1.70 

MT - 23 4.4 2.8 1.1 1.5 22.6 184 1.20 

MT - 27 4.3 2.3 1.2 2.0 24.0 165 1.70 

MT - 29 4.5 2.4 1.2 1.8 25.5 196 1.30 

HT – 2 4.1 2.5 1.0 1.9 21.5 165 1.60 

HT – 4 5.1 2.9 1.1 2.3 31.2 183 1.70 

HT – 8 5.7 3.3 1.2 2.1 28.6 184 2.00 

HT – 9 4.4 2.6 1.2 1.8 23.5 166 1.40 

HT - 11 4.5 2.4 1.1 2.0 27.5 188 1.90 

HT - 18 4.1 2.2 1.1 1.6 22.7 188 1.50 

HT - 22 4.9 2.9 1.1 1.3 22.4 218 1.40 

HT - 24 4.4 2.4 1.2 1.7 23.0 188 1.30 

HT - 25 4.5 2.5 1.1 1.6 23.6 184 1.60 

HT - 26 4.8 2.7 1.2 1.6 28.2 201 1.60 
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Stress Echo Calculations at Submaximal Exercise (Stage 3) – Continued 

Subject  MVCFc σPS FS  CI SI E/E' 

# circ/s g/cm
2
 % l/min/m

2
 Ml   

UT – 5 1.75 65.13 53.85 6.45 36.46 0.10 

UT – 6 1.22 92.53 40.00 8.01 50.38 N/A 

UT – 7 1.69 66.46 51.11 6.36 44.51 0.10 

UT - 10 1.38 73.52 46.51 6.43 39.45 0.10 

UT - 13 1.11 69.36 37.50 6.83 40.66 N/A 

UT - 14 N/A N/A N/A 7.49 N/A N/A 

UT - 15 1.40 69.71 42.50 6.66 40.60 N/A 

UT - 19 1.18 71.74 42.00 5.86 49.21 0.07 

MT - 3 1.40 95.35 40.00 6.49 36.23 N/A 

MT - 12 1.48 104.52 47.92 6.79 45.59 0.12 

MT - 17 1.52 N/A 50.00 6.00 34.27 0.13 

MT - 23 1.15 98.69 36.36 6.56 37.08 N/A 

MT - 27 1.64 74.39 46.51 7.79 43.74 N/A 

MT - 29 1.47 81.90 46.67 6.92 43.79 N/A 

HT – 2 1.43 96.43 39.02 5.37 32.27 0.11 

HT – 4 1.41 101.92 43.14 9.26 55.42 0.11 

HT – 8 1.38 98.01 42.11 9.51 57.29 N/A 

HT – 9 1.41 80.05 40.91 7.53 40.91 N/A 

HT - 11 1.50 66.65 46.67 6.78 41.08 0.16 

HT - 18 1.66 71.10 46.34 5.52 41.82 N/A 

HT - 22 1.20 119.34 40.82 6.13 41.70 0.09 

HT - 24 1.44 83.25 45.45 6.98 41.03 N/A 

HT - 25 1.47 96.95 44.44 7.41 45.49 N/A 

HT - 26 1.34 84.12 43.75 8.36 52.58 N/A 
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Stress Echo Calculations at Peak Exercise        

Subject  LVIDd  LVIDs  LVPWs  LVOT V LVOT  LVOT  MV 

# cm cm cm m/s VTI Env.Ti (E) 

      cm ms m/s 

UT – 5 3.8 1.9 1.1 1.7 19.6 158 1.50 

UT – 6 N/A N/A N/A 1.7 22.5 171 1.50 

UT – 7 4.5 2.2 1.2 2.0 28.0 196 1.40 

UT - 10 4.2 2.0 1.2 1.3 17.7 188 1.30 

UT - 13 N/A N/A N/A 1.8 24.0 168 1.50 

UT - 14 N/A N/A N/A N/A N/A N/A N/A 

UT - 15 3.8 1.9 1.2 1.5 19.5 149 1.40 

UT - 19 4.7 2.9 1.3 1.8 28.8 205 1.07 

MT - 3 4.5 2.7 1.1 1.6 21.7 166 1.60 

MT - 12 4.7 2.5 1.3 2.0 26.1 184 1.70 

MT - 17 4.0 2.0 1.25 1.3 19.4 192 1.70 

MT - 23 4.4 2.8 1.1 1.5 22.6 184 1.20 

MT - 27 N/A N/A N/A N/A N/A N/A N/A 

MT - 29 4.4 2.4 1.3 1.8 22.0 168 1.50 

HT – 2 4.2 2.6 N/A N/A N/A N/A 1.70 

HT – 4 4.9 2.8 1.1 2.2 25.6 175 1.90 

HT – 8 5.2 3.2 1.2 2.0 25.3 166 2.00 

HT – 9 4.3 2.2 1.2 N/A N/A N/A 1.50 

HT - 11 4.4 2.3 1.1 2.0 28.3 179 N/A 

HT - 18 4.2 2.2 1.1 1.8 24.7 179 1.80 

HT - 22 4.4 2.2 1.2 1.6 19.8 154 1.80 

HT - 24 4.2 2.4 1.1 1.8 21.0 162 1.30 

HT - 25 4.2 2.2 1.2 1.7 22.3 179 1.50 

HT - 26 N/A N/A N/A 1.8 24.3 184 1.60 
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Stress Echo Calculations at Peak Exercise - Continued    

Subject  MVCFc σPS FS  CI SI E/E' 

# circ/s g/cm
2
 % l/min/m

2
 ml  

UT – 5 1.78 N/A 50.00 5.98 31.62 N/A 

UT – 6 N/A N/A N/A 7.33 43.60 N/A 

UT – 7 1.69 66.46 51.11 6.36 44.51 0.10 

UT – 10 1.64 N/A 52.38 6.53 37.75 0.09 

UT – 13 N/A N/A N/A 6.99 38.42 N/A 

UT – 14 N/A N/A N/A 7.49 N/A N/A 

UT – 15 1.92 N/A 50.00 6.56 35.66 N/A 

UT – 19 1.21 83.18 38.30 7.67 53.28 N/A 

MT – 3 1.40 95.50 40.00 6.49 36.23 N/A 

MT – 12 1.54 93.09 46.81 7.45 45.42 0.12 

MT – 17 1.52 N/A 50.00 6.00 34.27 0.13 

MT – 23 1.15 98.69 36.36 6.56 37.08 N/A 

MT – 27 N/A N/A N/A 8.17 N/A N/A 

MT – 29 1.57 N/A 45.45 6.76 37.78 N/A 

HT – 2 N/A N/A 38.10 6.12 N/A N/A 

HT – 4 1.41 98.69 42.86 8.28 45.47 0.13 

HT – 8 1.32 N/A 38.46 9.32 50.68 N/A 

HT – 9 N/A N/A 48.84 7.96 N/A N/A 

HT – 11 1.57 N/A 47.73 7.31 42.27 N/A 

HT – 18 1.59 78.75 47.62 7.65 45.51 N/A 

HT – 22 1.90 76.07 50.00 6.45 36.86 N/A 

HT – 24 1.53 95.94 42.86 6.71 37.46 N/A 

HT – 25 1.57 76.07 47.62 7.44 42.98 N/A 

HT – 26 N/A N/A N/A 8.34 45.31 N/A 
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Characterizing Shunt Onset for Each Subject   

Training % Max Power %VO2peak Exercise Stage Q (litres/min) 

Category Shunt Onset Shunt Onset Shunt Onset Shunt Onset 

UT – 5 No shunt No shunt No shunt No shunt 

UT – 6 36 42 Stage 1 10.9 

UT – 7 45 57 Stage 1 6.4 

UT – 10 0 8 Resting 3.5 

UT – 13 29 45 Stage 1 9.6 

UT – 14 82 81 Stage 2 10.2 

UT – 15 29 47 Stage 1 7.2 

UT – 19 0 9 Resting 4.2 

MT – 3 85 98 Stage 3 11.8 

MT – 12 0 9 Resting 2.9 

MT – 17 0 7 Resting 3.5 

MT – 23 82 85 Stage 2 8.3 

MT – 27 55 60 Stage 1 10.9 

MT – 29 48 55 Stage 1 9.4 

HT – 2 70 82 Stage 2 7.6 

HT – 4 74 71 Stage 3 16.4 

HT – 8 48 46 Stage 1 12.4 

HT – 9 55 52 Stage 1 10.5 

HT – 11 55 55 Stage 1 7.3 

HT – 18 29 42 Stage 1 6.4 

HT – 22 87 90 Stage 4 10.0 

HT – 24 61 74 Stage 2 12.0 

HT – 25 55 60 Stage 1 10.2 

HT – 26 61 59 Stage 2 12.6 
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APPENDIX C – MEDICAL/MENSTRUAL/PHYSICAL ACTIVITY QUESTIONNAIRE 

 

Age: 

Subject Code: 

Date/Time: 

 

Menstrual History  

1.  Are you having regular periods?   YES/NO 

 

2.  How long is your cycle length? _________ (days) 

 

3.  How many days long is your flow? _________ (days) 

 

4. Can you usually tell, by the way you feel, that your period is coming?   YES/NO 

 

5.  Do you usually experience the following symptoms?  

 

Breast tenderness   YES/NO 

Appetite changes   YES/NO 

Mood changes   YES/NO 

Fluid retention   YES/NO 

 

6.  How many times did you menstruate in the past year? __________ 

 

7.  How many periods have you missed in the last five years?  ___________ 

 

8.  Are you currently taking oral contraceptives?  YES/NO 

 

If yes, for how long?   ____________ 

 

What is the name of the oral contraceptive pill which you are taking? __________________ 

 

9.  When was the last start of your period (DAY 1)?   ______________________ 

 

Medical History 

1.  Are you currently taking any medications (excluding oral contraceptives)? 

 

Please List:  ____________________________________________________ 

 

2.  Do you currently smoke?  YES/NO 

 

3.  Are you a past smoker?  YES/NO 

 

4.  When was the last time you had a cold?  ___________________ 

 

5.  Do you have asthma, other lung problems or significant illness?  Please List: 

_____________________________________________________________________ 

 

 



 

      62 

Physical Activity History 

Activity #1:______________________________________________________________ 

Average Duration:  ________________________________________________________ 

Average Frequency:  ______________________________________________________ 

Average Intensity (state heart rate if known):____________________________________ 

Do you compete? If so, at what level, how often a year, and for how many years?______ 

________________________________________________________________________ 

________________________________________________________________________ 

 

 

Activity #2:______________________________________________________________ 

Average Duration:  ________________________________________________________ 

Average Frequency:  ______________________________________________________ 

Average Intensity (state heart rate if known):____________________________________ 

Do you compete? If so, at what level, how often a year, and for how many years?______ 

________________________________________________________________________ 

________________________________________________________________________ 

 

 

Activity #3:______________________________________________________________ 

Average Duration:  ________________________________________________________ 

Average Frequency:  ______________________________________________________ 

Average Intensity (state heart rate if known):____________________________________ 

Do you compete? If so, at what level, how often a year, and for how many years?______ 

________________________________________________________________________ 

________________________________________________________________________ 

 

 

Activity #4:______________________________________________________________ 

Average Duration: ________________________________________________________ 

Average Frequency: _______________________________________________________ 

Average Intensity (state heart rate if known): ___________________________________ 

Do you compete? If so, at what level, how often a year, and for how many years? ______ 

________________________________________________________________________ 

________________________________________________________________________ 

 

 

All other activities:________________________________________________________ 

________________________________________________________________________ 

Average Duration: ________________________________________________________ 

Average Frequency:_______________________________________________________ 

Average Intensity:_________________________________________________________ 

________________________________________________________________________ 

 

Have you had a VO2max test done before? If so, what was your score previously?_______ 

________________________________________________________________________ 
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APPENDIX D – VO2max PREDICTION EQUATION 

 

Part 1: 

Perceived Functional Ability (PFA)  

 

Suppose you were going to exercise continuously on an indoor track for 1 mile. Which exercise 

pace is just right for you – not too easy and not too hard? 

 

Circle the appropriate number (any number, 1-13): 

 

1  Walking at a slow pace (18 minutes per mile or more) 

2 

3  Walking at a medium pace (16 minutes per mile) 

4 

5  Walking at a fast pace (14 minutes per mile) 

6 

7   Jogging at a slow pace (12 minutes per mile) 

8 

9   Jogging at a medium pace (10 minutes per mile) 

10 

11 Jogging at a fast pace (8 minutes per mile) 

12 

13 Running at a fast pace (7 minutes per mile or less) 

 

How fast could you cover a distance of 3-miles and NOT become breathless or overly fatigued? 

Be realistic.  

 

Circle the appropriate number (any number, 1-13): 

 

1   I could walk the entire distance at a slow pace (18 minutes per mile or more) 

2 

3   I could walk the entire distance at a medium pace (16 minutes per mile) 

4 

5   I could walk the entire distance at a fast pace (14 minutes per mile) 

6 

7   I could jog the entire distance at a slow pace (12 minutes per mile) 

8 

9   I could jog the entire distance at a medium pace (10 minutes per mile) 

10 

11 I could jog the entire distance at a fast pace (8 minutes per mile) 

12 

13 I could jog the entire distance at a fast pace (7 minutes per mile or less) 

 

 

George et al. (12) 
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Part 2: 

Physical Activity Rating (PA-R) 

 

Select the number that best describes your overall level of physical activity for the previous 6 

months: 

 

0 = avoid walking or exertion; eg. always use the elevator and drive instead of walking 

 

1 = light activity: walk for pleasure, routinely use stairs, occasionally exercise sufficiently to 

cause heavy breathing 

 

2 = moderate activity: 10 to 60 minutes per week of moderate activity; such as golf, aerobics, 

tennis, bowling, weight lifting, yard work, walking.  

 

3 = moderate activity: over 1 hour per week of moderate activity described above 

 

4 = vigorous activity; run less than one mile per week or spend less than 30 minutes in 

comparable activity such as running or jogging, swimming, cycling, rowing, aerobics, soccer, 

basketball, tennis, racquetball, squash.  

 

5 = vigorous activity: run one mile or less than 5 miles per week or spend 30 minutes to less than 

60 minutes per week in comparable activity.  

 

6 = vigorous activity: run 5 miles to less than 10 miles per week or spend one hour to less than 3 

hours per week in comparable activity.  

 

7 = vigorous activity: run 10 miles to less than 15 miles per week or spend 3 hours to less than 6 

hours per week in comparable activity.  

 

8 = vigorous activity: run 15 miles to less than 20 miles per week or spend 6 hours to less than 7 

hours per week in comparable activity 

 

9 = vigorous activity: run 20 to 25 miles per week or spend 7 to 8 hours per week in comparable 

activity.  

 

10 = vigorous activity: run over 25 miles per week or spend 8 hours per week in comparable 

activity.  

 

Equation:  

VO2max (ml/kg/min) prediction equation = 45.513 + (6.564 * gender) – (0.749 * BMI) + (0.724 * 

PFA) + (0.788 * PA-R) 

 

Gender (0 = females, 1 = males) 

R = 0.86, SEE = 3.44 ml/kg/min  

 

George et al. (12) 
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Other Documents: 
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