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 10 Chapter 1

Pulmonary hypertension

Pulmonary hypertension (PH) is a progressive and life-threatening disorder. PH is patho-

physiologically characterized by a gradually progressive increase in the pulmonary vascular 

resistance. As a consequence, in order to maintain an adequate transpulmonary blood flow, 

the pulmonary artery pressure will increase. The definition of PH is based upon right heart 

catheterization measurements. PH is defined as a mean pulmonary artery pressure (mPAP) 

greater than 25 mmHg at rest or 30 mmHg during exercise; inclusion of exercise-induced PH 

in the definition, however, has been the subject of recent discussion (1). Without intervention, 

the prognosis is poor and proportional to the observed mean pulmonary arterial pressure at 

the moment of diagnosis (2). Most PH patients present with gradually progressive exercise 

intolerance, typically portrayed as exertional dyspnea, fatigue, palpitations and/or a non-

productive cough. As the disease progresses, signs of right ventricular failure, chest pain on 

exertion and syncope may occur. The ensuing progressive right ventricular failure leads to 

progressive disability and early death (2). 

  Hemodynamic variables that contribute to pulmonary arterial pressure can be identified 

using a variation of Ohm’s Law: Pressure gradient = flow x resistance. For PH we can rewrite 

this equation to: mPAP - mPVP = Q’ x PVR; where mPAP is mean pulmonary arterial pressure, 

mPVP is mean pulmonary venous pressure, Q’ is (right-sided) cardiac output, and PVR is 

pulmonary vascular resistance. From this equation we can convert that mPAP = (Q’ x PVR) + 

mPVP. The mPVP is estimated by the pulmonary capillary wedge pressure (PCWP) leading to: 

mPAP = (Q’ x PVR) + PCWP. From this equation, it is apparent that mPAP is determined by the 

pulmonary vascular resistance, (right-sided) cardiac output and the mean pulmonary venous 

pressure (3).

The primary cause of significant PH is almost always increased pulmonary vascular resistance. 

In general, an isolated increase in pulmonary blood flow will not cause significant pulmonary 

hypertension because of pulmonary vascular dilatation and recruitment. Likewise, an increased 

pulmonary venous pressure alone is unlikely to cause PH. However, a combination of increased 

flow and increased pulmonary venous pressure may increase pulmonary vascular resistance (3).

Pulmonary vascular resistance, pulmonary blood flow and pulmonary venous pressure can be 

altered by numerous medical conditions (3):

Increased pulmonary vascular resistance may be due to conditions associated with an •	

occlusive vasculopathy of the small pulmonary arteries and arterioles (eg, idiopathic 

pulmonary arterial hypertension, collagen vascular disease, HIV infection), conditions that 

decrease the area of the pulmonary vascular bed (eg, pulmonary emboli, interstitial lung 

disease), or conditions that may induce hypoxic vasoconstriction (eg, chronic obstructive 

pulmonary disease, interstitial lung disease);

Increased flow through the pulmonary vasculature may be due to congenital heart defects •	

with left-to-right shunt (eg, atrial septal defects, ventricular septal defects, patent ductus 

arteriosus), liver cirrhosis, or severe anemia;
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Increased pulmonary venous pressure may be due to mitral valve disease, left ventricular •	

systolic or diastolic dysfunction, constrictive pericarditis, or pulmonary venous obstruction 

(eg, veno-occlusive disease).

  In a recent attempt to categorize PH on a mechanistic basis, the World Health Organization 

(WHO) classified PH into five groups with specific clinical characteristics (Table 1). Pulmonary 

arterial hypertension (group 1) is frequently associated with an underlying connective tissue 

disease or congenital heart disease. However, PAH may also arise in the absence of underlying 

or disease (idiopathic PAH [IPAH]). The other four groups are PH due to left sided heart disease 

(group 2), PH in the context of chronic lung diseases (group 3), chronic thromboembolic 

pulmonary hypertension (CTEPH, group 4) and PH due to unclear often multifactorial 

mechanisms, such as myeloproliferative disorders, sarcoidosis, chronic renal failure on dialysis 

and tumoral obstruction (group 5) (4). 

  The one common presenting symptom in patients with PH is dyspnea (5;6). Dyspnea 

includes several qualitatively distinct sensations that can arise from different pathophysiological 

mechanisms (7;8). In PH, increased dead space ventilation, hypoxemia, sympathetic 

overstimulation and/or stimulation of pressure receptors in the pulmonary vascular bed may 

give rise to an increased ventilatory demand. This will contribute to an increase in respiratory 

motor output with a corresponding increase in the sense of effort, i.e. the work of breathing. 

  Dyspnea can be assessed by the New York Heart Association (NYHA) functional classification 

and the Borg score. NYHA functional class is a doctor reported dyspnea scoring system that 

quantifies a patient’s level of exercise intolerance, expressing the patients (dis)ability to perform 

everyday activities. The Borg score, on the other hand, is a patient reported quantitative scaling 

method of the symptomatic dyspnea (9). Patients rate their own dyspnea on a scale from 0 

(no dyspnea) to 10 (absolutely breathlessness). The Borg score is a momentarily measurement, 

that can change rapidly over time and with activities, allowing the assessment of the effect of 

exercise on the dyspnea.

  Dyspnea is associated with decreased exercise performance, functional status and quality 

of life (10). In PH patients, the initial complaints are commonly related to exertion; and this is 

physiologically reflected by a reduced maximal oxygen consumption during incremental 

maximal cardiopulmonary exercise testing (CPET) (11). A growing number of studies have 

shown that exercise testing provides diagnostic and prognostic information in PH patients (11-

15). The most commonly used exercise test in PH patients, next to CPET, is the six minute walk 

test (6-MWT).
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Exercise testing

Six minute walk test

The 6-MWT is by far the most popular and most frequently used exercise test in PH clinical 

practice and research. The 6-MWT is derived from the Cooper test, a 12 minute running test that 

was developed to evaluate fitness in healthy individuals (16). The 6-MWT itself is a reproducible, 

inexpensive, safe, and simple exercise test that requires no exercise equipment or advanced 

training for technicians. The 6-MWT can be used to evaluate exercise limitation in patients with 

cardiac and pulmonary diseases (17). Walking is a daily life activity that can be performed by all 

but the most severely impaired patients. The 6-MWT measures the distance walked on a flat, 

hard surface in a period of 6 minutes; the 6-minute walk distance (6-MWD). It evaluates the 

global and integrated responses of all systems involved during exercise, i.e. the pulmonary and 

cardiovascular system, systemic and peripheral circulation, neuromuscular units and muscle cell 

metabolism. In contrast to CPET, it does not provide specific information on the function of each 

of the different organs and systems involved in exercise or on the mechanism of the exercise 

limitation. As the 6-MWT is a self-paced walking test (patients choose their own intensity of 

exercise and are allowed to stop and rest during the test), it assesses a sub-maximal level of 

functional capacity. Nevertheless, the 6-MWD has been found to correlate closely with maximal 

oxygen uptake in various pulmonary and cardiac diseases (18;19).

Cardiopulmonary exercise testing

CPET is considered the gold standard for the evaluation of exercise intolerance in patients with 

pulmonary and cardiac disease, and is based on the principle that system failure typically occurs 

while the system is under physical stress (20). CPET is based on a symptom-limited incremental 

exercise protocol in combination with breath-by-breath analysis of cardiopulmonary variables, 

such as oxygen consumption (V’O2), carbon dioxide output (V’CO2), minute ventilation (V’E), 

heart rate (HR) and arterial oxygen saturation. From these variables others can be calculated, 

like the oxygen pulse (O2 pulse; V’O2/HR) as derivative of stroke volume, and the ventilatory 

equivalent of CO2 (V’E/V’CO2) as measure of ventilatory efficiency. As such, in contrast to the 

6-MWT, CPET requires expensive equipment and well trained technicians. Two modes of 

exercise are frequently used: treadmill and cycle ergometer, with cycle ergometry being the 

preferred mode in adult patient (20;21). During CPET, work load is typically increased in a 

stepwise manner, depending on the predicted maximum exercise capacity of the patient; 

with the prerequisite that maximal effort should be attained in 10-15 minutes. All patients are 

stimulated to exercise to their personal maximum exercise capability, allowing peak exercise 

capacity to be determined. As opposed to the 6-MWT, CPET not only evaluates the global and 

integrated responses of all the organ systems involved during exercise, it also provides specific 

information on the function of each of the different components determining the exercise 

capacity. Maximal exercise capacity is determined by the ‘weakest link’ in the interdependent 

physiological components of the gas transport mechanisms (10). 
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General response to exercise in PH

In PH, exercise is considered to be limited primarily by the inability of the right ventricle to 

sufficiently increase pulmonary blood flow, due to the increased pulmonary vascular resistance 

(22;23). CPET has been shown to be a useful tool to assess the severity of disease and prognosis 

in patients with PH (11;15;24;25). CPET in patients with PH shows a distinct pattern of abnormal 

responses to exercise, with reductions in peak oxygen uptake (V’O2-peak), O2 pulse, V’O2 at 

the anaerobic threshold and V’E/V’CO2 (10-12;14). The PH-associated decrease in ventilatory 

efficiency has multiple causes. As blood flow fails to perfuse the ventilated lung, dead space 

Table 1 Clinical Classification of Pulmonary Hypertension (Dana Point, 2008)

1 Pulmonary arterial hypertension (PAH)
1.1 Idiopathic PAH
1.2 Heritable
1.2.1 BMPR2
1.2.2 ALK1, endoglin (with or without hereditary hemorrhagic telangiectasia)
1.2.3 Unknown
1.3  Drug- and toxin-induced
1.4  Associated with
1.4.1  Connective tissue diseases
1.4.2  HIV infection
1.4.3  Portal hypertension
1.4.4  Congenital heart diseases
1.4.5  Schistosomiasis
1.4.6  Chronic hemolytic anemia
1.5  Persistent pulmonary hypertension of the newborn
1’   Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary hemangiomatosis 

(PCH)
2 Pulmonary hypertension owing to left heart disease

2.1  Systolic dysfunction
2.2  Diastolic dysfunction
2.3  Valvular disease

3 Pulmonary hypertension owing to lung diseases and/or hypoxia
3.1  Chronic obstructive pulmonary disease
3.2  Interstitial lung disease
3.3  Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4  Sleep-disordered breathing
3.5  Alveolar hypoventilation disorders
3.6  Chronic exposure to high altitude
3.7  Developmental abnormalities

4 Chronic thromboembolic pulmonary hypertension (CTEPH)
5 Pulmonary hypertension with unclear multifactorial mechanisms

5.1  Hematologic disorders: myeloproliferative disorders, splenectomy
5.2   Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis: 

lymphangioleiomyomatosis, neurofibromatosis, vasculitis
5.3   Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
5.4   Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure on dialysis
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ventilation increases. To compensate for this increase in dead space ventilation the patient’s 

ventilatory requirement must increase. At the same time, the inability to increase cardiac 

output impairs oxygen transport appropriately in response to exercise, causing a low work rate 

“lactic acidosis” and exercise-induced hypoxemia, thereby further stimulating the ventilatory 

drive. The decrease in ventilatory efficiency results in an increase in V’E/V’CO2 and a decrease in 

end-tidal PCO2 (PET,CO2) at anaerobic threshold. Both V’E/V’CO2 and PET,CO2 at anaerobic threshold, 

as parameters of increased dead space ventilation, as well as V’O2-peak and peak O2-pulse, as 

measures of decreased cardiac output, were found to be related to the hemodynamic severity 

of disease in PH patients (11;23;25).

Challenges and outline of this thesis

Although many studies have assessed exercise and exercise limitations in PH, a number of 

aspects remain unsolved. In the studies described in this thesis we focused on the mechanisms 

underlying exercise limitations in variuos forms of PH and on the use of exercise testing as 

parameter of outcome after intervention and in particular PEA surgery, and as prognostic 

outcome measure in predicting survival. Hereby, we mainly studied patients with CTEPH and 

PH associated with congenital heart disease. Additionally, we assessed the contribution of PH 

to the exercise limitation that can be observed in sickle cell disease and idiopathic pulmonary 

fibrosis (IPF). 

Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete resolution 

of the vascular obstruction associated with pulmonary embolism. CTEPH is a life threatening, 

but potentially correctable form of pulmonary hypertension. CTEPH is considered to develop 

in 1-4% of patients who survive an acute pulmonary embolism (26-28). The incidence of 

acute pulmonary embolism is approximately 1:1000 (29), and in the Netherlands, diagnosed 

in about 16.000 patients yearly. Although the exact incidence of CTEPH in the Netherlands is 

still unknown, taken together, these data indicate that yearly up to 600 patients might develop 

CTEPH. 

  Pulmonary endarterectomy (PEA) represents the therapy of choice for CTEPH patients with 

surgically accessible thrombi (28;30;31). PEA has been found to improve, and in many cases 

normalize pulmonary hemodynamics, functional status and long-term survival (31-34). PEA, 

however, does not come without risk. Reported peri- and direct postoperative mortality ranges 

between 4.4% and 16% even in highly experienced centers (31-34).

  In CTEPH, dyspnea is, at least in part, considered to be related to ventilation-perfusion 

mismatching caused by the thromboembolic obstruction of the pulmonary vascular bed. 

Dead space ventilation increases as blood flow fails to perfuse ventilated lung. PEA relieves the 

thromboembolic obstruction of the pulmonary vascular bed, thereby re-establishing pulmonary 

perfusion. Surprisingly, however, a significant decrease in dead space ventilation after PEA 

could not be demonstrated before (35). In chapter 2 we describe the contribution of alveolar 
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dead space ventilation to the pathophysiology in CTEPH and its relation with the experienced 

sensation of dyspnea. Although dead space ventilation is generally believed to contribute to 

decreased exercise intolerance by increasing dyspnea sensation, so far no evidence was found 

for this relation. On the contrary, earlier studies even failed to report an increase in dead space 

ventilation in CTEPH. 

Pulmonary hypertension is a disease affecting the right ventricle. A substantial portion of 

patients with a congenital heart defect have a morphologic right ventricle (RV) supporting 

the systemic circulation; i.e. a systemic right ventricle. These patients are known to develop 

systemic right ventricular dysfunction, have an abnormal cardiac response to stress, and a 

reduced exercise capacity (36;37). Maximal exercise capacity is an important prognostic factor 

in these patients (37). Maximal exercise capacity is directly related to the ability to increase 

cardiac output during exercise, which is obtained by increasing stroke volume, heart rate 

or both. Conflicting data have been published on the different mechanisms used to achieve 

cardiac output augmentation in patients with a systemic right ventricle. Therefore, in chapter 

3 we evaluated the cardiac response to exercise in patients with a systemic RV. Moreover, we 

assessed the relation between resting cardiac function and the cardiac response to exercise in 

these patients.

In CTEPH, after PEA, most patients experience a significant hemodynamic improvement, which 

is associated with improvements in reported New York Heart Association (NYHA) functional 

class and long-term survival (38). However, as the ACCP evidence-based clinical practice 

guidelines for surgical treatments for PAH stated, objective data, such as the 6-MWD, to assess 

the postoperative functional status are still lacking in CTEPH patients following PEA (39). In fact, 

data on the correlation of the 6-MWD with parameters reflecting clinical and hemodynamic 

severity of disease in CTEPH were not studied before. Therefore, in chapter 4 we studied the 

6-MWD in relation to the clinical and hemodynamic severity of disease in patients with CTEPH. 

Moreover, we assessed the level of improvement of the 6-MWD one year after PEA, and studied 

its relation with the postoperative clinical and hemodynamic outcome.

Longitudinal data on the dynamics of functional recovery after PEA in CTEPH patients are also 

still missing. Therefore, in chapter 5 we assessed the longitudinal follow-up (up to 5 years) of 

6-MWD as parameter of functional recovery in CTEPH patients after PEA.

In PH, the 6-MWD is frequently used as primary endpoint in clinical trials. Although designed 

as a sub-maximal exercise test, the 6-MWD is considered to reflect decreased maximal 

aerobic capacity in severely impaired PH patients (WHO functional class III and IV). Changes 

in hemodynamic severity of disease were found to be directly related to changes in 6-MWD. 

In mildly impaired patients, however, obvious improvements in hemodynamics upon medical 
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treatment were reported to be accompanied by either no, or less markedly improvements in 

6-MWD (40;41). In chapter 6 we discuss that for these patients the 6-MWD might not be the 

most appropriate parameter of outcome since the 6-MWT may be not demanding enough to 

evoke maximal aerobic capacity and corresponding maximal cardiac output. 

In CTEPH, as in other forms of PH, exercise is limited by the inability of the heart to sufficiently 

increase pulmonary blood flow due to a decreased RV stroke volume response (22;23). An 

exercise associated increase in pulmonary arterial pressure results in impairment of RV function, 

as well as left ventricular underfilling, both leading to a failing stroke volume response to 

exercise (22). As exercise in CTEPH is limited by an impaired RV stroke volume response, it 

might be hypothesized that improvement in exercise capacity observed after hemodynamically 

successful PEA is the result of an improved RV stroke volume response. The aim of the study 

described in chapter 7 was therefore, to determine the PEA-induced restoration of the RV 

stroke volume response upon sub-maximal exercise, by use of cardiac magnetic resonance 

imaging (cMRI). Cardiac MRI has been shown a valuable tool to evaluate cardiac function and 

remodeling in patients with pulmonary hypertension, both at rest and during exercise. 

Pulmonary hypertension is a well known complication in both sickle cell disease (SCD) and 

idiopathic pulmonary fibrosis (IPF); PH is associated with reduced exercise capacity and is 

a independent predictor of mortality in both groups of patients. In PH, reduction in exercise 

capacity is one of the main symptoms; and exercise capacity, reflected by peak oxygen 

consumption (V’O2-peak) in a symptom limited CPET was shown to be an important predictor of 

survival in PH patients (13;15). In PH, exercise is limited by the inability of the heart to sufficiently 

increase pulmonary blood flow, due to increased pulmonary vascular resistance (22;23). In both 

SCD and IPF, however, exercise capacity is known to be multifactorial with attribution of disease 

specific pathophysiology. The contribution of PH to the reduced exercise capacity in SCD and 

IPF has not been systematically studied. Upon analysis with CPET, pulmonary vascular limitation 

is reflected by a typical pattern of physiological changes. This pattern is well described and 

validated and has prognostic significance in patients with IPAH (10-14). Recognition of this 

typical pattern can discriminate exercise intolerance due to pulmonary vascular limitation 

from that due to other (SCD or IPF related) factors; and may therefore be of help to identify PH 

early in the course of these diseases. In chapter 8 we studied to what extend PH contributes 

to decreased exercise tolerance observed in sickle cell disease. We hypothesized that PH 

contributes to reduced exercise capacity in SCD and that this could be shown non-invasively by 

a correlation between CPET variables and echocardiography. In the follow-up study described in 

chapter 9 we assessed whether non-invasive CPET parameters are predictive for the presence 

of PH in IPF; and studied the predictive value of these parameters for survival. 
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ABSTRACT

Background

In chronic thromboembolic pulmonary hypertension (CTEPH), dyspnea is considered to 

be related to increased dead space ventilation caused by vascular obstruction. Pulmonary 

endarterectomy (PEA) releases the thromboembolic obstruction, thereby improving regional 

pulmonary blood flow. We hypothesized that PEA reduces dead space ventilation and that this 

reduction contributes to attenuation of dyspnea symptoms. 

Methods

In this follow-up study we assessed dead space ventilation, hemodynamic severity of disease 

and symptomatic dyspnea in 54 consecutive CTEPH patients, before and one year after PEA. 

Dead space ventilation was calculated using the Bohr-Enghoff equation. Dyspnea was assessed 

by both Borg scores and the NYHA functional classification. 

Results

Preoperatively, dead space ventilation was increased (0.40±0.07) and correlated with severity 

of disease (mPAP; r=0.49, p<0.001, and TPR; r=0.53, p<0.001), and resting and post-exercise 

Borg dyspnea scores (r=0.35, p<0.05, and r=0.44, p<0.01, respectively). Postoperatively, 

dead space ventilation (0.33±0.08, p<0.001) and dyspnea symptoms decreased significantly. 

Changes in symptomatic dyspnea were independently associated with changes in pulmonary 

hemodynamics and absolute dead space. 

Conclusions

In CTEPH dead space ventilation is increased and correlates significantly with hemodynamic 

severity of disease and dyspnea symptoms. Pulmonary endarterectomy decreases dead 

space ventilation. The induced change in dead space upon surgical removal of chronic 

thromboembolism contributes to the postoperative recovery of symptomatic dyspnea. 
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INTRODUCTION

Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete resolution 

of the vascular obstruction associated with pulmonary embolism (1;2). The one common 

presenting symptom in patients with CTEPH is dyspnea (3;4). Dyspnea is associated with 

decreased exercise performance, functional status and quality of life (5). 

  Dyspnea in CTEPH is, at least in part, considered to be related to ventilation-perfusion 

mismatching caused by the thromboembolic obstruction of the pulmonary vascular bed 

(6). Dead space ventilation increases, as blood flow fails to perfuse the ventilated lung. To 

compensate for this increase in dead space ventilation the patient’s ventilatory requirement 

increases, leading to a sensation of dyspnea. However, so far, evidence that dead space 

ventilation is indeed related to the sensation of dyspnea in CTEPH patients is lacking.

  Pulmonary endarterectomy (PEA) represents the therapy of choice for CTEPH patients 

with surgically accessible thrombi (1;3;7). PEA has been found to improve, and in many cases 

normalize pulmonary hemodynamics and New York Heart Association (NYHA) functional 

status (7-15). PEA was also reported to cause improvement in pulmonary perfusion (16) and 

ventilation-perfusion relationships (17). Surprisingly, however, most likely due to the low 

number of patients studied, a significant decrease in dead space ventilation after PEA could not 

be demonstrated before (17). 

  We hypothesized, that PEA leads to reduced dead space ventilation in CTEPH patients. 

Secondly, we postulated that such decrease in dead space ventilation is associated with 

improvement of dyspnea symptoms. Therefore, we studied the effect of PEA on dead space 

ventilation in a larger cohort of consecutive CTEPH patients, and assessed whether the changes 

in dead space ventilation after PEA were related to the reported changes in symptomatic 

dyspnea. 

METHODS

Patients

Patients with operable CTEPH, referred to the Academic Medical Centre of the University of 

Amsterdam, were considered eligible for this study. Diagnosis of CTEPH was established on the 

basis of previously reported procedures (18). Diagnosis and cardiopulmonary hemodynamics 

were determined by pulmonary angiography and right heart catheterization. Pulmonary 

hypertension was defined as mean pulmonary artery pressure (mPAP) >25 mmHg at rest, or 

>30 mmHg during a standardized exercise test on a cycle ergometer (19). All patients received 

oral anticoagulation therapy for at least three months prior to referral to our hospital. 
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Study design

The study had a follow-up design, with assessments performed before and after intervention. 

Measurement of dead space ventilation and assessment of dyspnea was routinely performed 

in all patients during the preoperative work-up. Postoperative hemodynamics were determined 

on the first or second day following PEA, before removal of the Swan-Ganz catheter. Dead space 

ventilation and dyspnea scores were re-assessed one year after PEA. The research protocol was 

approved by the local institutional review board and the study was carried out in accordance 

with the principles of the declaration of Helsinki.

Dead space ventilation

Bohr’s dead space ventilation (VD/VT) was measured in a supine position. Exhaled air was 

collected using a two-way valve and Douglas bag during five minutes of tidal breathing. After 

two minutes, a blood sample was taken from the radial artery. The arterial blood samples and 

expiratory gases were analysed (ABL 700, Radiometer, Copenhagen, Denmark) and expiratory 

volume was measured via a dry gas meter (Mijnhardt, the Netherlands). Absolute dead space 

(VD; ml) and dead space ventilation (VD/VT) were calculated using the Bohr-Enghoff equation 

(20): 
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VD/VT ≤ 0.30 is considered normal (21). The Bohr-Enghoff VD/VT expresses physiological dead 

space, which is a combination of alveolar dead space and anatomic dead space. The fraction 

of alveoli that is ventilated but unperfused can be calculated by use of the equation described 

by Julian and colleagues, in which (1- fp) expresses alveolar dead space as fraction of the total 

alveolar ventilation (22):
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Alveolar dead space as fraction of tidal volume (VD,alv/VT) and anatomic dead space as fraction 

of tidal volume (VD,anat/VT) can be calculated from VD/VT and (1- fp).
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The nature of dead space was further established by the use of capnography (Jaeger MS 

capnograph, Wuerzburg, Germany). Parallel dead space is characterized by increased arterial-

end tidal PCO2 difference with a normal horizontal slope of the alveolar part of the CO2/volume 

curve. 

  Since Bohr’s dead space ventilation is known to be sensitive to shunting, the effect of 

shunting on the calculated Bohr-Enghoff VD/VT was assessed using the equation for shunt 

independent VD/VT as reported by Kuwabara and Duncalf (23). 

Assessment of dyspnea

Dyspnea was assessed using two different methods; the NYHA functional classification and the 

Borg score. NYHA functional class is a doctor reported dyspnea scoring system that quantifies 

a patient’s level of exercise intolerance, expressing the patients (dis)ability to perform everyday 

activities (24). Each patient was classified by an independent physician according to the NYHA 

classification of the World Health Organization prior to enrolment in the study and one year 

after PEA. 

  The Borg score, on the other hand, is a patient reported quantitative scaling method of the 

symptomatic dyspnea (25). Patients rate their own dyspnea on a scale from 0 (no dyspnea) to 

10 (absolutely breathlessness). The Borg score is a momentarily measurement, that can change 

rapidly over time and with activities, allowing the assessment of the effect of exercise on the 

dyspnea. In this study we assessed the Borg score before and immediately after a 6-minute 

walk test (6-MWT) which was performed according to the guidelines of the American Thoracic 

Society (ATS), as previously described (14;26). As the 6-MWT was introduced in a later stage of 

the program, it was performed in 38 consecutive patients only. 

Surgical procedure

PEA was performed according to the protocol of the University of California San Diego (3;27). 

PEA is performed via median sternotomy. After initiation of cardiopulmonary bypass, during 

deep hypothermia (20°C), the right pulmonary artery is incised where it passes the aorta to the 

division of the lower lobe arteries. On the left, the incision extends from the main pulmonary 

artery to the origin of the left upper lobe branch. The organized thromboembolic material is 

fibrotic and adherent to the vessel wall. An endarterectomy plane is established between the 

intima and the fibrotic thromboembolic material. Subsequently, the obstructing material is 

grasped with a forceps, and distal, circumferential dissection is performed with an aspirating 

dissector. Circulatory arrest is mandatory to ensure optimal visibility in the presence of usually 

copious retrograde blood flow from a hypertrophied bronchial circulation. The circulatory arrest 

period is limited to 20 minutes, with restoration of flow between each arrest
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Statistical analysis

Results are expressed as mean±SD. All analyses were performed with the SPSS statistical 

package (SPSS 13.0; Chicago, IL). Borg score and NYHA functional class were considered as 

numerical outcome values in a stepwise multivariate linear regression analysis. Pearson’s 

correlation test was used to assess correlations between dead space ventilation, Borg score, 

NYHA and the hemodynamic and ventilatory parameters, and was tested for two-sided 

significance. Multivariate linear regression analysis of all individual parameters which correlated 

significantly with either Borg score or NYHA was performed to calculate the predictive value of 

different parameters in relation to Borg score and NYHA. A paired t-test was used to analyze the 

effect of PEA. A p-value <0.05 was considered statistically significant. 

RESULTS

Patient characteristics

Fifty-four consecutive patients (21 male, 33 female, mean age 51±13.9, range 16-77 years) 

were studied. Most patients with pulmonary arterial hypertension at rest (n=48), suffered from 

moderate to severe pulmonary hypertension, with a median mPAP of 48 mmHg (range 26-

75) and a median total pulmonary resistance (TPR) of 800 dynes.s.cm-5 (range 346-1875). Six 

additional patients with exercise-induced pulmonary hypertension suffered from disabling 

impairment of exercise tolerance and had angiographic evidence for proximal chronic 

thromboembolic occlusion of at least two lobes. Asymptomatic coronary artery disease was 

present in two patients who had a significant stenosis in the left anterior descending coronary 

artery and the right coronary artery, respectively.

Dead space ventilation

Preoperatively, VD/VT was elevated and correlated significantly with the hemodynamic severity 

of disease (mPAP: r=0.49 and TPR: r=0.53, both p<0.001); in line, in the group patients with 

exercise-induced pulmonary hypertension (n=6) VD/VT was significantly lower than in the other 

patients (0.32±0.05 vs. 0.42±0.06; p<0.005). The shunt independent VD/VT, that was calculated 

in a subgroup of 22 consecutive patients only, did not differ from the Bohr-Enghoff VD/VT 

(0.43±0.06 vs. 0.42±0.07, with r=0.93, p<0.001). In line with this observation, average shunt (QS/

QT) remained below the reported critical value of 0.20 (0.19±0.01) (23). 

  Pa,CO2 was decreased below the clinical lower limit value of 4.7 kPa (Table 1) and correlated 

inversely with mPAP (r=-0.46, p<0.001) and TPR (r=-0.54, p<0.001). Administration of 100% 

oxygen for at least 20 minutes increased but did not normalize Pa,CO2 (4.58 ± 0.42 kPa). 

Capnography showed a significant lower end tidal PCO2 (PET,CO2) compared to arterial PCO2 (Pa,CO2) 

(3.55 ± 0.43 vs. 4.46 ± 0.42 kPa, p<0.001), with in all but 3 patients a qualitatively normal CO2 

slope, indicating a parallel origin of the observed dead space ventilation (Figure 1). 
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Preoperative dyspnea

Preoperatively, the mean Borg score at rest (n=38; Table 1) was 1.1, ranging from no dyspnea 

(Borg score 0) to mild dyspnea (Borg score 3). After the 6-MWT the reported post-exercise Borg 

score increased significantly (mean 4.6, range 2-8; p<0.001). Both resting and post-exercise Borg 

scores correlated significantly with VD/VT (r=0.35 (p<0.05), and r=0.44 (p<0.01), respectively). In 

contrast, neither resting nor post-exercise Borg score correlated with any of the parameters 

reflecting the hemodynamic severity of disease; best correlation reached r=0.266, p=0.128, for 

pre-exercise Borg score and PVR. 

  Also the NYHA functional class correlated with dead space ventilation (VD/VT: r=0.34, 

p<0.05; Figure 2). In contrast to both Borg scores, the NYHA functional class also correlated 

significantly with the hemodynamic severity of disease (mPAP: r=0.55 and TPR: r=0.50 

respectively, both p<0.001). By multivariate linear regression analysis, however, mPAP only 

was shown to be independently associated with the reported NYHA functional class. (Model: 

r2=0.28, p<0.001; β=0.51, p<0.001).

Figure 1 Model of parallel dead space ventilation.

Figure 2  Pre operative dead space ventilation (VD/VT) and mean pulmonary arterial pressure (mPAP) 
against NYHA functional class 
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Figure 2. Pre operative dead space ventilation (VD/VT) and mean pulmonary arterial 

pressure (mPAP) against NYHA functional class  
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Effect of pulmonary endarterectomy on dead space and dyspnea

The effects of PEA are summarized in Table 1. Four patients died postoperatively, two because 

of progressive right heart failure caused by persistent pulmonary hypertension and two due to 

postoperative massive alveolar haemorrhage. In the other 50 patients, following PEA, mPAP and 

TPR decreased significantly. However, residual pulmonary hypertension directly after PEA (by 

definition: mPAP>25 mmHg) was observed in 17 patients, 7 of whom had mPAP>30 mmHg. 

  Follow-up dead space data, one year after PEA, were available in 47 patients of the 50 

surviving patients. Follow-up was too exhaustive for three patients who suffered from severe 

residual pulmonary hypertension. After PEA, dead space ventilation decreased and normalized 

in 29 patients (62%). As anatomic dead space ventilation showed no significant change after 

PEA, the decrease in VD/VT was mainly due to of the decrease in alveolar dead space. Changes 

(Δ) in VD/VT did not correlate with the observed changes in pulmonary hemodynamics (ΔmPAP: 

r=0.22 and ΔTPR: r=0.18). 

  Individual changes in resting Borg score were significantly correlated to changes in dead 

space ventilation and absolute dead space (VD/VT: r=0.39, p<0.05 and VD: r=0.54, p<0.005, 

respectively), as well as mPAP (r=-0.41, p<0.02). In a multivariate analysis, both ΔVD and ΔmPAP 

were independently associated with patient-reported changes in resting Borg score (Figure 3).

Table 1 Effect of PEA (n=47)

Before PEA Post PEA p-value

mPAP, mmHg 42.8 ± 14.2 24.7 ± 8.3 <0.001 

TPR, dynes.s.cm-5 769 ± 425 430 ± 175 <0.001

VD/VT 0.40 ± 0.06 0.33 ± 0.08 <0.001

VD,alv/VT 0.23 ± 0.11 0.14 ± 0.11 <0.001

VD,anat/VT 0.17 ± 0.10 0.20 ± 0.06 ns

VT 0.79 ± 0.24 0.73 ± 0.27 ns

Pa,CO2, kPa 4.50 ± 0.42 4.87 ± 0.54 <0.001

Pa,O2, kPa 9.12 ± 1.47 10.6 ± 1.44 <0.001

PET,CO2, kPa 3.54 ± 0.61 4.35 ± 0.65 <0.001

Pa-ET,CO2, kPa  1.05 ± 0.70 0.59 ± 0.43 <0.001

Alveolar slope, %CO2/l 0.96 ± 0.53 1.19 ± 0.69 ns

6-MWD, m (n=38) 401±120 506 ± 98 <0.001

Borg at rest (n=38) 1.1 ± 1.0 0.8 ± 1.0 ns

Borg after 6-MWT (n=38) 4.4 ± 1.8 2.3 ± 1.6 <0.001

All values are expressed as mean ± SD. 6-MWD, six minute walk distance; mPAP, mean pulmonary artery 
pressure; Pa,CO2, arterial PCO2; Pa,O2, arterial PO2; PET,CO2, end tidal PCO2; Pa-ET,CO2, arterial-end tidal PCO2 difference; 
TPR, total pulmonary resistance; VD/VT, dead space ventilation; VD,alv /VT, alveolar dead space ventilation; 
VD,anat/VT, anatomical dead space ventilation; VE, expired ventilation; VT, tidal volume; fR, breathing 
frequency
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Post-exercise Borg score decreased significantly, but the observed changes in post-exercise 

Borg score did not correlate with changes in either VD/VT, VD or the hemodynamic severity of 

disease. Possible relations, however, might have been obscured by the fact that distance walked 

in the 6-MWT increased significantly in these patients. 

  NYHA functional class improved in 46 of the 50 surviving patients. NYHA remained 

constant in 4 patients, 2 of whom had residual pulmonary hypertension. All other patients with 

residual pulmonary hypertension, however, did improve in NYHA functional class. The change 

in NYHA functional class (ΔNYHA) one year after PEA correlated significantly with the changes 

in dead space ventilation and absolute dead space (ΔVD/VT : r=-0.34, p<0.05 and ΔVD: r=-0.64, 

p<0.001, respectively), as well as the hemodynamic improvement (ΔmPAP: r=-0.54, p<0.001, 

and ΔTPR: r=0.33, p<0.05, respectively). By multivariate linear regression analysis both ΔVD and 

ΔmPAP were shown to be significantly associated with the reported change in NYHA functional 

class (Model: r2=0.57, p=0.001; ΔVD: β=0.51, p<0.001; ΔmPAP: β=0.42, p=0.001) (Figure 4).

Figure 3  Change in absolute dead space (Delta VD) and change in mean pulmonary arterial pressure 
(Delta mPAP) against changes in Borg score at rest (Delta Borg).
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Figure 3. Change in absolute dead space (Delta VD) and change in mean pulmonary 

arterial pressure (Delta mPAP) against changes in Borg score at rest (Delta Borg). 
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Figure 3. Change in absolute dead space (Delta VD) and change in mean pulmonary 

arterial pressure (Delta mPAP) against changes in Borg score at rest (Delta Borg). 

Figure 4  Change in absolute dead space (Delta VD) and change in mean pulmonary arterial pressure 
(Delta mPAP) against changes in NYHA functional class (Delta NYHA).
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DISCUSSION

In the present study we demonstrated increased dead space ventilation in patients with CTEPH, 

which correlated significantly with hemodynamic severity of disease and patient-reported 

sensations of dyspnea. After PEA, dead space ventilation decreased, and normalized in the 

majority of patients. Moreover, the observed change in absolute dead space after PEA was 

independently associated with the reported changes in resting Borg score and NYHA functional 

class. Hence, although the primary objective of PEA is to lower right ventricular afterload, 

normalization of dead space by surgical removal of chronic thromboembolism was shown to 

contribute to the postoperative recovery of the symptomatic dyspnea. 

  CTEPH results from incomplete resolution of the thromboembolic obstruction of the 

pulmonary vascular bed. Dead space ventilation increases as blood flow fails to perfuse 

ventilated lung. As a consequence, expired CO2 pressure will decrease since air from non-

perfused parts of the lung will mix with air from parts with a normal ventilation/perfusion ratio. 

The Bohr-Enghoff equation uses the difference between arterial and expired PCO2 to quantify 

dead space ventilation. VD/VT ≤0.30 is considered normal (21), indicating that 30% of the 

expired air comes from parts of the respiratory system that do not contribute to gas exchange. 

The higher-than-normal VD/VT found in our study is consistent with one small previous study 

that reported increased Bohr dead space ventilation in patients with CTEPH (17); however, 

in contrast with studies that used the inert gas method to quantify dead space (28-31). The 

applicability of the inert gas elimination technique in patients with CTEPH, however, can be 

questioned. Petrini and colleagues showed before that the inert gas elimination technique will 

underestimate dead space when, like in CTEPH, both serial and parallel dead space coexist, as 

re-inspiration of gas from the common dead space is not accounted for in the analysis (32). In 

a comprehensive cardio-respiratory system model, the Bohr-Enghoff equation, on the other 

hand, was shown to be a reliable tool to estimate dead space ventilation, even when alveolar 

dead space and ventilation perfusion ratio distribution vary (33).

  Although dead space ventilation was found to be increased in CTEPH, ventilation itself 

was stretched beyond the demands of the increased dead space, since patients were relatively 

hypocapnic. The combination of alveolar hyperventilation and increased (parallel) dead 

space ventilation is remarkable as it puts an extra ventilatory drive on an already increased 

effort of breathing. These findings however, are in unison with earlier reports in patients with 

IPAH (9;34;35). The alveolar hyperventilation seemed to be only in part hypoxic driven, as 

administration of 100% oxygen increased but did not normalize Pa,CO2. Increased sympathetic 

activity may play a causative role in the observed alveolar hyperventilation in our patients. 

Velez-Roa and colleagues found muscle sympathetic nerve activity (MSNA) to be elevated in 

patients with idiopathic and fenfluramine induced PAH (36). As with Pa,CO2 in our study, MSNA 

changed towards normal, but did not normalize by administration of hyperoxia. Increased 

sympathetic activation has been reported to increase ventilation (37). The presence and cause 

of increased MSNA in patients with CTEPH and the relation between increased MSNA and 
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alveolar hyperventilation might be subject of further research.

  After PEA, dead space ventilation decreased. As PEA does not affect the anatomical dead 

space, the observed decrease in dead space ventilation must be the consequence of a decrease 

in alveolar dead space. PEA relieves the thromboembolic obstruction of the pulmonary vascular 

bed, thereby re-establishing pulmonary perfusion. In line, earlier studies demonstrated 

improvements in lung perfusion, ventilation/perfusion relationships and gas exchange after 

PEA (16;17). In view of our findings, the failure of Kapitan and co-workers to show a significant 

decrease in dead space ventilation is most likely the consequence of the small number of 

patients (n=9) studied (17). Surprisingly, the observed changes in dead space ventilation in 

our current study were not related to changes in hemodynamic severity of disease. It might be 

argued that the changes in hemodynamics and dead space ventilation are likely to be inter-

dependent; after all, it’s the improved pulmonary perfusion that causes the decrease in dead 

space ventilation. However, Tanabe and co-workers showed an independent development of 

hemodynamic improvement and improvements in gas exchange over time after PEA (16). Where 

significant hemodynamic improvements were observed shortly after surgery, improvements in 

gas exchange were obtained over a longer period of 6-24 months. This might explain why both 

hemodynamic changes and changes in dead space ventilation were independently associated 

with changes in dyspnea in a multivariate analysis. 

  Preoperatively, dyspnea at rest and after sub-maximal exercise (6-MWT), as assessed by 

the patient-reported Borg score, correlated with dead space ventilation, however, not with the 

hemodynamic severity of disease. Dyspnea includes several qualitatively distinct sensations 

that can arise from different pathophysiological mechanisms (38;39). Increased dead space 

ventilation, through failure to perfuse areas of ventilated lung, may give rise to an increased 

ventilatory demand. This will contribute to an increase in respiratory motor output with a 

corresponding increase in the sense of effort, i.e. the work of breathing. Respiratory related 

sensation of dyspnea should, however, always be considered in its context. Symptoms of 

respiration related dyspnea are more likely to be reported when hyperpnoea occurs at rest, 

and as such cannot be accounted for by an increase in physical activity (39). This seems to be 

consonant with our finding that dead space ventilation is in particular related to resting dyspnea 

sensation, assessed by the resting Borg score. Although the distance walked in the 6-MWT was 

previously shown to be significantly correlated to the hemodymanic severity of disease (14), 

based upon our findings, symptomatic dyspnea after sub-maximal exercise (6-MWT) appears 

in major part determined by an increased ventilatory demand due to increased dead space 

ventilation. 

  Preoperatively, NYHA functional class, on the other hand, was independently associated 

with the hemodynamic severity of disease only. In contrast to the Borg score, NYHA functional 

class classifies dyspnea at distinct levels of exercise and takes into account impaired (maximal) 

exercise tolerance. As a functional classification, it classifies dyspnea at the level of exercise 

limitation; as such it represents the ability of patients to perform exercise. In CTEPH, exercise 
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tolerance appears largely determined by circulatory limitations (14). Exercise limitation, 

however, was not the subject of the present study. Previous studies in patients with idiopathic 

pulmonary arterial hypertension, however, appear to be in support of this hypothesis (6;40).

  Postoperatively, changes in both Borg score at rest and NYHA functional class were related 

to changes in absolute dead space, but not to changes in dead space ventilation. Interestingly, 

after PEA, we observed a decrease in ventilation (ml/min), which was shown to be primarily 

the consequence of a decrease in tidal volume rather than breathing frequency. Dead space 

ventilation represents absolute dead space expressed as percentage of tidal volume (ΔVD/VT); 

as a consequence of an absolute decrease in tidal volume, the improvement in dead space 

ventilation induced by PEA will be underestimated. As such, changes in absolute dead space 

may more closely reflect the increased blood flow through the pulmonary vascular bed after 

PEA than dead space ventilation. 

  Some methodological aspects of our study need comment. The lack of hemodynamic 

data at one year post PEA may be considered a limitation of the present study. As a result, it is 

difficult to distinguish the contribution of improved hemodynamics or cardiac function versus 

improvement in dead space ventilation to symptomatic patient improvement. However, as 

mentioned earlier, hemodynamic improvement and improvements in gas exchange develop 

independently over time after PEA. Hemodynamic improvements were observed shortly after 

surgery and improvements in gas exchange were obtained over a longer period of 6-24 months. 

The delay in measurements of hemodynamic parameters directly after PEA and the assessment 

of dyspnea and dead space ventilation one year later might therefore not have been of major 

influence.

Conclusion

Dead space ventilation was increased in CTEPH and decreased significantly after PEA. 

Preoperatively, sensations of dyspnea as assessed by the patient-reported Borg score were 

primarily associated with increases in dead space ventilation. On the other hand, NYHA 

functional class, which classifies dyspnea at different levels of exercise and takes into account 

impaired exercise tolerance, appeared mainly determined by the hemodynamic severity of 

disease. Changes in dyspnea after PEA, i.e. resting Borg score and NYHA functional class, were 

independently associated with both the decrease in absolute dead space and the hemodynamic 

improvement. Based upon our findings, we conclude that although not the primary objective of 

PEA, normalization of dead space by surgical removal of chronic thromboembolism contributes 

to the postoperative recovery of symptomatic dyspnea. 
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ABSTRACT

Background: Conflicting data have been published on the differences in cardiac response to 

exercise between patients with an atrially switched transposition of the great arteries (TGA), and 

patients with a congenitally corrected TGA (ccTGA). The purpose of our study was to evaluate 

the differences in cardiac response to exercise in these 2 patient groups with a systemic right 

ventricle (RV). 

Methods: Thirty four patients (62% male; mean 35, range 21-69 years) with a systemic RV (20 

with an atrially switched TGA and 14 with a ccTGA) were included. Exercise test with Portapres® 

measurements were performed to assess maximal exercise capacity (V’O2-peak ), cardiac 

index, stroke volume index, and heart rate augmentation. Cardiac function was assessed by 

Cardiovascular Magnetic Resonance or Computed Tomography, and serum NT-proBNP levels. 

Results: We found that both groups were able to significantly augment cardiac index during 

exercise. Cardiac index augmentation during exercise was positively related to V’O2-peak 

(r=0.37, p<0.05), and independent of resting cardiac function. Although the increase in cardiac 

index during exercise was similar in both patients with TGA and with ccTGA, mechanisms to 

achieve this increase differed between groups. ccTGA patients increased both stroke volume 

and heart rate during exercise. Atrially switched TGA patients augmented heart rate during 

exercise, but failed to increase stroke volume. 

Conclusion: Mechanisms to achieve cardiac output augmentation differ between ccTGA 

patients and TGA patients. We suggest that therapeutic approaches should be tailored to the 

specific patient group to avoid counterproductive effects.
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INTRODUCTION

Advances in treatment strategies have caused a steady increase in the prevalence of adult 

patients with a congenital heart defect (1). A substantial portion of these patients have a 

morphologic right ventricle (RV) supporting the systemic circulation, for example patients 

with a transposition of the great arteries (TGA) who have undergone an atrial switch procedure 

(Mustard or Senning operation), and patients with a congenitally corrected TGA (ccTGA). These 

patients are known to develop systemic right ventricular dysfunction, have an abnormal cardiac 

response to stress, and a reduced exercise capacity (2;3).

Maximal exercise capacity is an important prognostic factor for patients with a systemic right 

ventricle (2). Maximal exercise capacity is directly related to the ability to increase cardiac output 

during exercise, which is done by increasing stroke volume, heart rate or both. Conflicting data 

have been published on the different mechanisms used to achieve cardiac output augmentation 

between atrially switched TGA patients and patients with a ccTGA (3-7). Therefore, the aim of 

our study was to evaluate cardiac response to exercise in patients with a systemic RV, and to 

evaluate the differences in cardiac response between ccTGA and TGA patients. Moreover, we 

determined the relation between resting cardiac function and cardiac response to exercise in 

both patient groups.

MATERIALS AND METHODS

Patient characteristics

A cross-sectional study was performed in 34 consecutive patients with a systemic RV. The 

Institutional Review Board of the participating tertiary referral center approved the study 

protocol, which conformed to the ethical guidelines of the 1975 Declaration of Helsinki. Written 

informed consent was obtained from all patients prior to participation in the study.

Cardiopulmonary exercise test

For the assessment of exercise capacity we performed a symptom limited cardiopulmonary 

exercise test according to the guidelines of the American Thoracic Society (8). Patients were 

placed on a cycle ergometer in the upright position and continuous measurements were 

made of minute ventilation, oxygen consumption (V’O2), carbon dioxide production (V’CO2), 

heart rate, blood pressure and electrocardiography (Jaeger Oxycon pro, Wuerzburg, Germany). 

Work load was increased by 5 to 15 Watt in a stepwise manner, depending on the individually 

predicted maximum exercise capacity and in such a way that calculated maximal effort should 

be attained in approximately 10-15 minutes. All patients were exercised to their maximum 

exercise capability. V’O2-peak was determined as the largest value in the terminal phase of 

exercise. Measured cardiopulmonary exercise test parameters were compared with predicted 

normal values from Wasserman and co-workers, and reported as percentages of predicted (9). 

Calibration of the system was done prior to every test according to manufacturer specifications.
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Heart rate, stroke volume and cardiac output

The Portapres® model 2 device (TNO-TPD Biomedical Instrumentation, the Netherlands) 

continuously measured heart rate, and beat-to-beat arterial pressure through a cuff wrapped 

around the left middle finger (10;11). In short, a pressure waveform is constructed by clamping 

the finger volume through servo-loop-controlled photoplethysmography, from which 

systolic, diastolic and mean arterial blood pressure are calculated. Modelflow® (TNO-BMI) (12). 

Calculations provided changes in stroke volume, cardiac output and total peripheral resistance, 

and were derived using the Beatscope Software for Windows, version 1 (TNO-TPD Biomedical 

Instrumentation) (12). Thirty second averages of stroke volume, heart rate, and cardiac output 

were used for calculations. Cardiac output and stroke volume were corrected for body surface 

area; cardiac index (L/min/m2) and stroke volume index (ml/m2).

Cardiovascular Magnetic Resonance (CMR) 

Cardiovascular Magnetic Resonance Imaging was performed to assess systemic right ventricular 

function. A 1,5 Tesla scanner (Siemens Avanto, Erlangen, Germany), with retrospective 

electrocardiographic triggering was used with a standard steady-state free-precession sequence 

with the following parameters: flip angle: 50-70 degrees; repetition time: 3-4 msec; echo time: 

1-2 msec; temporal resolution: 40 msec, 1-2 X 1-2 mm / pixel in-plane spatial resolution, 8 mm 

slice thickness, and 4 mm interslice gap. For image analysis MASS Analytical Software System 

(Medis, Leiden, the Netherlands) was used. Cine loops were used to chose end-diastole and 

end-systole. Trabeculations and papillary muscles were considered part of the ventricular cavity 

(13). The slices at the base of the heart were considered to be in the ventricle if the blood was 

at least half surrounded by ventricular myocardium. End-diastolic volumes and end-systolic 

volumes were used to calculate stroke volume and ejection fraction. Stroke volume was defined 

as end-diastolic volume - end-systolic volume, and ejection fraction as [(end-diastolic volume - 

end-systolic volume) / end-diastolic volume] X 100%.

Multidetector Row Computed Tomography

 For the assessment of right ventricular function of patients unsuitable for cardiovascular 

magnetic resonance imaging, Multidetector Row Computed Tomography was used. A Philips 

Brilliance-64 Computed Tomography scanner (120 kVolt; average 500 mAs) was used to obtain 

cardiac images. Axial images of 20 cardiac phases were obtained in steps of 10% of the RR-

interval. To cover the whole heart 60-80 slices were made, each with a 2 mm thickness and no 

interslice gap. Short-axis reconstructions were made after the Multidetector Row Computed 

Tomography was performed. For Multidetector Row Computed Tomography image analysis 

MASS Analytical Software System (Medis, Leiden, the Netherlands) was used. For contour 

tracing and end-diastolic volume, end-systolic volume and ejection fraction calculations we 

used the cardiovascular magnetic resonance imaging protocols. 
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Serum NT-proBNP

Venous blood samples were drawn prior to the performance of the cardiovascular exercise test. 

NT-proBNP measurements are subsequently quoted as plasma concentrations (ng/L) (14;15).

Statistical analysis

For statistical analyses SPSS 16.0 (SPSS Inc., Chicago, Illinois) for Windows was used. P values < 

0.05 were considered statistically significant. The descriptive data are presented as mean with 

standard deviation if normally distributed or as median with range as appropriate. A logarithmic 

transformation was performed for NT-proBNP levels. Comparison of continuous variables 

between groups were made by unpaired Student’s t-tests. In case of skewed distribution, the 

Mann-Whitney U test was used. Changes within groups in heart rate, stroke volume (index), 

cardiac output and cardiac index at rest and in response to exercise were analyzed using a 

paired-samples t test. The relation between cardiac response and maximum exercise capacity 

activity was assessed by linear regression analysis, as was the predicting value of resting cardiac 

function on cardiac response to exercise. Multivariate analysis was performed to assess the 

influence of age and gender on differences found within and between groups.
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RESULTS

Patient characteristics

Thirty four consecutive patients (62% male, 34.7 ± 12.0 years old) with a systemic RV (14 with 

a ccTGA and 20 with an atrially switched TGA) were included in the study. Eleven patients had 

a permanent pacemaker at the time of inclusion. Pacing modes were DDD-R in 5 patients, VVI 

in 3 patients, and AAI in 2 patients. One patients had an Implantable Cardioverter Defibrillator. 

Patient characteristics are summarized in Table 1.

Table 1 Baseline characteristics 

Characteristics All patients*
(n=34)

TGA*
(n=20)

ccTGA*
(n=14) p Value

Age (years) 35 (21 - 69) 30 (21 - 39) 41 (23 - 69) <0.05

Male 21 (62%) 16 (80%) 5 (36%) <0.05

Systolic Blood Pressure (mmHg) 124±14 123±15 125±12 N.S.

Diastolic Blood Pressure (mmHg) 82±12 83±13 80±11 N.S.

Medication

B - blockade 6 (18%) 3 (15%) 3 (21%) N.S.

Other cardiac medication 11 (32%) 7 (35%) 4 (29%) N.S.

Pacemaker in situ 11 (32%) 6 (30%) 5 (36%) N.S.

Log NT-pro BNP (ng/L) 2,4±0,5 2,5±0,6 2,4±0,4 N.S.

Maximal exercise capacity - ml/min 1952±581 2076±572 1775±569 N.S.

- ml/kg/min 26±7 27±8 24±7 N.S.

- % predicted 79±26 73±16 87±35 N.S.

Systemic right ventricular ejection fraction 38±7 36±7 40±8 N.S.

* Data are mean value ± standard deviation, as median (range), or as number of patients (percent).
ccTGA = congenitally corrected transposition of the great arteries; TGA = transposition of the great arteries; 
% predicted = percentage of predicted.

Cardiac function

Cardiac volumes and function were assessed by means of CMR in 21 patients, and by means of 

CT-scan in 13 patients (11 patients with a permanent pacemaker, 1 patient with a Implantable 

Cardioverter Defibrillator, and 1 metal worker respectively). We found no differences in right 

ventricular ejection fraction between the CMR group and the CT-scan group.

Exercise capacity and cardiac response

Symptom limited cardiopulmonary exercise tests could be performed without complications 

in all patients. One patient’s exercise test was aborted prematurely by the attending physician 

due to the development of an atrial arrhythmia; after the initiation of anti-arrhythmic drugs the 
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exercise test was repeated successfully 2 weeks later (8).

  Mean cardiac output increased significantly during exercise in both patient groups, and 

there were no differences in cardiac output augmentation between patients with ccTGA and 

patients with an atrially switched TGA (Table 2). Mean stroke volume at rest was significantly 

lower in patients with a ccTGA, compared to patients with an atrially switched TGA. However, 

this difference was mainly due to the fact that, compared to the atrially switched TGA group, 

the ccTGA group consisted of significantly more female patients (p < 0.05); the contribution of 

the underlying congenital heart defect was statistically non-significant (p = NS) (16). Although 

patients with a ccTGA showed a statistically significant stroke volume augmentation during 

exercise, no such change was seen in the atrially switched TGA group. Both patient groups 

showed a statistically significant increase in heart rate during exercise. However, this increase 

was significantly higher in patients with a atrially switched TGA, compared to patients with a 

ccTGA. Individual cardiac response to exercise is visualized in Figure 1. None of the above 

mentioned parameters were significantly influenced by differences in age or gender between 

the 2 patient groups, except for resting stroke volume as mentioned above. Moreover, we 

found no significant differences in stroke volume, heart rate, and cardiac output augmentation 

between patients with and without permanent pacemakers (independent of the mode of 

pacing or the underlying arrhythmia), nor between patients on ß-blockers or other cardiac 

medication and those without medication. 

Table 2 Cardiac response to exercise in patients with a systemic RV 

All patients* (n=34) TGA* (n=20) ccTGA* (n=14) p Value †

Characteristics Mean±SD p Value Mean±SD p Value Mean±SD p Value

CI 
(L/min/m2)

Rest 4±1 4±1 4±1 N.S.

Exercise 9±2 9±2 8±2 N.S.

Change 5±2 < 0.001 5±2 < 0.001 4±2 < 0.001 N.S.

SVI
(ml/m2)

Rest 55±18 60±17 47±16 < 0.05 ‡

Exercise 66±18 68±17 63±20 N.S.

Change 11±20 < 0.01 8±23 N.S. 16±15 < 0.01 N.S.

HR
(bpm)

Rest 76±15 70±14 83±13 < 0.05

Exercise 137±21 140±23 133±18 N.S.

Change 62±24 < 0.001 70±25 < 0.001 50±19 < 0.001 < 0.05

* Data are mean values ± standard deviations; † p Value of difference between TGA and ccTGA patients; ‡ 
gender differences are of statistically significant influence on p value.
bpm = beats per minute; ccTGA = congenitally corrected transposition of the great arteries; CI = cardiac 
index; HR = heart rate; L/min = litres per minute; ml = millilitre; RV = right ventricle; SVI = stroke volume 
index; TGA = transposition of the great arteries
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Figure 1  Cardiac response to exercise in patients with a systemic RV.  
Caption: Individual heart rate, stroke volume index, and cardiac index response to exercise of 
patients with an atrially switched TGA and with a ccTGA. Indicates mean value in rest and during 
exercise.
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Figure 2. Relation between change in cardiac output and during exercise and 

exercise capacity in patients with a systemic right ventricle.  

Caption: Patients with a systemic right ventricle who have the ability to increase CO 

during exercise, have a better exercise capacity. 
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  Overall, cardiac output augmentation was found to correlate with V’O2-peak (ml/kg/min) 

(Figure 2).

Ventricular function and cardiac index augmentation. 

We found no relation between RV ejection fraction at rest and cardiac index augmentation, nor 

between serum NT-proBNP levels at rest and cardiac index augmentation. These findings were 

applicable to the entire group of patients with a systemic RV, as well as to the separate patient 

groups.
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DISCUSSION

The ability to increase cardiac output during exercise is positively associated with V’O2-peak 

in patients with a systemic RV, and seems independent of resting cardiac function. Although 

cardiac output augmentation during exercise is similar among patients with a systemic RV, 

the mechanisms used to achieve this increase differ between patient groups. In patients with 

a ccTGA, cardiac output augmentation was achieved by an increase in stroke volume as well 

as in heart rate. On the other hand, in patients with an atrially switched TGA cardiac output 

augmentation was primarily achieved by an increase in heart rate during exercise, as many of 

these patients failed to increase stroke volume. 

  Conflicting data have been published on the hemodynamic response to exercise in 

patients with a ccTGA. Some authors found an increase in heart rate during exercise comparable 

to healthy controls (4;6), whereas others found an inability to achieve sufficient increase in heart 

rate in these patients (5;17). Our present findings are in agreement with the former 2 authors, 

as we found an appropriate heart rate response to exercise in patients with a ccTGA. Although 

heart rate response to exercise was less in ccTGA patients, compared to atrially switched TGA 

patients, this does not necessarily indicate an inability to further increase heart rate. As stroke 

volume increases significantly during exercise in patients with a ccTGA, a further increase in 

heart rate could be unnecessary to obtain sufficient cardiac output augmentation.

  Similar equivocal results have been published on the hemodynamic response to exercise 

in patients with an atrially switched TGA. Although most articles describe a normal heart rate 

response during exercise (3;6;18;19), Ohuchi et al. found a significantly lower peak heart rate 

in atrially switched TGA patients compared to healthy controls (17). Failure to augment stroke 

volume during exercise is a more consistent finding in this patient group (3;6;18-20), and is 

known to be progressive over time (21). Several mechanisms are found to contribute to the 

decreased stroke volume augmentation in patients with an atrially switched TGA. Preload 

restrictions caused by the atrial baffle hamper adequate ventricular filling in these patients. 

Moreover, myocardial blood flow is frequently impaired, and coronary flow reserve decreased, 

which could importantly contribute to inadequate SV augmentation (22-24). Although we 

found no echocardiographic evidence of atrial baffle obstruction in any of our patients, and 

did not further investigate myocardial blood flow, our findings are consistent with the above 

mentioned results; most atrially switched TGA patients fail to increase stroke volume during 

exercise, and cardiac output augmentation is primarily caused by the increase in heart rate. 

  It is known that V’O2-peak is positively associated with prognosis and with wellbeing in 

patients with a systemic RV (25). As cardiac output augmentation during exercise is directly 

related to V’O2-peak, the importance of cardiac output augmentation preservation is evident. 

The differences in cardiac output augmentation between ccTGA and atrially switched TGA 

patients indicate that the diagnostic and therapeutic approach should be tailored to the specific 

patient group.
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Limitations

Our study is limited by low patient numbers. However, found differences between the 2 patient 

groups are of such extend that it suggests overall applicability.

CONCLUSIONS

Patients with a systemic RV have the capability to augment cardiac output during exercise. 

This cardiac output augmentation is positively related with exercise capacity, and appears 

unrelated to resting cardiac function. However, the mechanisms by which cardiac output 

augmentation is achieved differs importantly between patient groups. Therefore, diagnostic 

and therapeutic approach should be tailored to the specific patient group to avoid undesirable 

and counterproductive effects.
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ABSTRACT

Objective 

In chronic thromboembolic pulmonary hypertension (CTEPH) objective data to asses the 

functional outcome after pulmonary endarterectomy (PEA) are lacking. We studied the six-

minute walk distance (6-MWD) in relation to clinical and hemodynamic severity of disease, and 

assessed the effect of PEA on the 6-MWD.

Methods

50 consecutive patients with CTEPH were studied. Subsequently, PEA was performed in 42 

patients, in 35 of whom a 6-MWD was obtained one year after surgery.

Results

Mean±sem 6-MWD was 391±19m. The 6-MWD decreased in proportion to NYHA functional 

class, and correlated (all p<0.0001) with mean pulmonary artery pressure (mPAP, r=-0.62), 

cardiac output (CO, r=0.76), total pulmonary resistance (TPR, r=-0.75), mixed venous oxygen 

saturation (r=0.77), and brain natriuretic peptide (BNP, r=-0.65). One year after PEA, the 6-MWD 

had increased from 417±19m to 517±16m (p<0.0001). The change (Δ) from baseline in 6-MWD 

correlated with the changes after 1 year in NYHA functional class (p<0.01) and BNP (r=0.57, 

p<0.002), and with the observed hemodynamic changes directly after PEA (ΔmPAP: r=0.52; 

ΔCO: r=0.70, and ΔTPR r=0.70; all p<0.001). In patients with residual pulmonary hypertension 

after PEA, 6-MWD was significantly lower than in hemodynamically normalized patients. 

However, the absolute increase in the 6-MWD was higher in patients with residual pulmonary 

hypertension (137±26m and 82±20m, respectively; p=0.03).

Conclusions 

The 6-MWD was demonstrated to reflect the clinical and hemodynamic severity of disease in 

CTEPH patients. One year after PEA, the 6-MWD had increased significantly, and the change in 

the 6-MWD correlated with the observed clinical and hemodynamic improvement. 
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INTRODUCTION

The six-minute walk test (6-MWT) is a reproducible, safe and simple sub-maximal exercise 

test that can be used to evaluate exercise limitation in patients with cardiac and pulmonary 

diseases (1). The six-minute walk distance (6-MWD) was shown to correlate with peak oxygen 

consumption (peak V’O2) in patients with advanced heart failure (2;3), and in patients with 

idiopathic pulmonary arterial hypertension (iPAH)(4). In iPAH, the 6-MWD was also demonstrated 

to correlate with hemodynamic severity of disease, and was independently associated with 

mortality (4). Moreover, in iPAH, the 6-MWT was repeatedly used to asses changes in functional 

capacity in studies on the effectiveness of medical treatment (5-7).

  Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete 

resolution of the vascular obstruction associated with pulmonary embolism (8). CTEPH is a life 

threatening (9), but, by means of pulmonary endarterectomy (PEA), potentially correctable 

form of pulmonary hypertension (8). After surgery, most patients experience a significant 

hemodynamic improvement, which is associated with improvements in reported New York 

Heart Association (NYHA) functional class and long-term survival (10). However, as the ACCP 

evidence-based clinical practice guidelines for surgical treatments for PAH stated, objective 

data, such as the 6-MWD, to asses the postoperative functional status are still lacking in CTEPH 

patients following PEA (11). In fact, data on the correlation of the 6-MWD with parameters 

reflecting clinical and hemodynamic severity of disease in CTEPH were not studied before.

  Therefore, we studied the 6-MWD in relation to the clinical and hemodynamic severity of 

disease in patients with CTEPH. Moreover, we assessed the level of improvement of the 6-MWD 

one year after PEA, and studied its relation with the postoperative clinical and hemodynamic 

outcome.

METHODS

Study subjects

Fifty consecutive patients (29 female, mean age 53 ± 2, range 16-85 years) diagnosed with 

CTEPH, referred to the Academic Medical Centre of the University of Amsterdam between July 

2003 and July 2005, were studied. Diagnosis of CTEPH was established on the basis of previously 

reported procedures (12). Diagnosis and cardiopulmonary hemodynamics were determined 

by pulmonary angiography and right heart catheterization. Pulmonary hypertension was 

defined as mean pulmonary artery pressure (mPAP) > 25 mm Hg at rest (n=42), or > 30 mm Hg 

during a standardized exercise test on a cycle ergometer (n=8) (13). In all patients, normal left 

ventricular function was documented by echocardiography. In addition, coronary angiography 

was routinely performed in all patients above 40 years of age. Postoperative hemodynamics 

were determined on the first or second day following PEA, before removal of the Swan-Ganz 

catheter. All patients received oral anticoagulation therapy for at least three months prior to 

referral to our hospital. All investigations were approved by the local institutional review board.

 

Proefschrift Mart van der Plas.indd   53 22-10-2010   10:03:03



 54 Chapter 4

Six-minute Walk Test

The 6-MWT was routinely performed in all patients according to the guidelines of the American 

Thoracic Society (ATS) (1). At least one practice walk test was performed. All tests were 

supervised by a respiratory function technologist encouraging subjects with standard phrases 

as stated in the ATS protocol. Patients were instructed to walk at their own pace along a 40 

meter corridor and to cover as much ground as possible in 6 minutes.

For each patient, the predicted 6-MWD was estimated by use of the regression equation 

described by Enright et al (14). 

New York Heart Association

Each patient was functionally classified according to the New York Heart Association (NYHA) 

classification of the World Health Organization prior to enrolment in the study and, if applicable, 

one year after pulmonary endarterectomy (15).

Blood sampling and assay

Blood samples were analysed at baseline (n=47) and one year after PEA (n=33) for brain 

natriuretic peptide (BNP) as a marker of right ventricular function (16). Samples were obtained 

from the brachial vein for plasma (ethylenediamine-tetra-acetic acid), centrifuged at 3,000 

rpm for 10 min at 4°C, and subsequently stored at –80°C until analysis. The patients were in 

horizontal position for at least 15 minutes, before the blood samples were obtained. BNP levels 

were determined by an immunoradiometric assay (Shionoria, Osaka, Japan), as previously 

described (17).

Statistical analysis

All data are expressed as mean ± SEM. All analyses were performed using the statistical package 

SPSS 11.5 (Chicago, IL, USA). The Jonckheere-Terpstra test was used to analyse the trend 

between the 6-MWD (continuous variable) and NYHA functional class (discontinuous variable) 

(18). The differences between the groups were tested with a parametric one-way analysis 

of variance (ANOVA). In case of an overall statistical difference, the differences between two 

groups were further analysed, using Student’s t test with Bonferroni’s correction for multiple 

comparisons. Pearson’s correlation test was used to assess correlations between the 6-MWD 

and the hemodynamic parameters, and was tested for two-sided significance. Stepwise linear 

regression analysis was performed to calculate the predictive value of the individual parameters 

in relation to the 6-MWD. Wilcoxon signed-ranks test (WSR test) was used to analyse the 

effect of PEA on the 6-MWD. Spearman’s rank correlation test was used to assess correlations 

between the change upon PEA in the 6-MWD and the observed changes in the hemodynamic 

parameters, and was tested for two-sided significance. The Mann-Whitney U test (MWU test) 

was used to analyse the difference between operated patients with normalized pulmonary 

hemodynamics (mPAP ≤ 25mmHg) and patients with residual pulmonary hypertension (mPAP 

> 25 mmHg). A p-value < 0.05 was considered significant.
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RESULTS

All 50 patients underwent a full preoperative evaluation. Subsequently, 42 patients underwent 

a PEA procedure, i.e. 37 patients with pulmonary hypertension at rest and 5 patients with 

exercise-induced pulmonary hypertension. The latter patients were selected for surgery based 

upon previously described criteria (8;19). They all suffered from disabling impairment of exercise 

tolerance and had angiographic evidence for proximal chronic thromboembolic occlusion of at 

least two lobes. Five patients were considered to suffer from distal, inoperable CTEPH. In 3 out 

of the 8 patients with exercise-induced pulmonary hypertension, a PEA was postponed. 

  Characteristics of the patients are summarized in table 1. Most patients with pulmonary 

arterial hypertension at rest (n=42), suffered from moderate to severe pulmonary hypertension, 

with a median mPAP of 48 mmHg (range 26-75), and a median total pulmonary resistance (TPR) 

of 976 dynses.s.cm-5 (range 301-2064). Asymptomatic coronary artery disease was present in 

two patients, who suffered from a significant stenosis in the left anterior descending coronary 

artery and the right coronary artery, respectively. 

Table 1 Baseline characteristics 

mPAP > 25 mmHg mPAP ≤ 25 mmHg
Subjects, n 42 8
Demographics

 Age, yrs 54 ± 2 52 ± 5
 Female/ male, n 23/19 6/2
 Weight, kg 82 ± 2 82 ± 7
 Height, cm 173 ± 2 169 ± 7
 BSA, m2 2.03 ± 0.05 1.93 ± 0.07

NYHA, n
 II 1 8
 III 35
 IV 6

Resting hemodynamics
 mPAP, mmHg 48 ± 2 22 ± 1
 CO, l.min-1 4.1 ± 0.2 6.5 ± 0.5
 TPR, dynes.s.cm-5 1038 ± 71 277 ± 23
 mRAP, mmHg 11 ± 1 6 ± 1
 PCPW, mmHg 13 ± 1 (n=35) 9 ± 1 (n=7)
 SVO2, % 57 ± 2 (n=38) 72 ± 1

Neurohormones
 BNP, pg/l 51 ± 9 (n=40) 3 ± 1 (n=7)

All values are expressed as mean ± SEM. BNP: brain natriuretic peptide; BSA: body surface area; CO: cardiac 
output; NYHA: New York Heart Association functional class; mPAP: mean pulmonary artery pressure; 
mRAP: mean right atrial pressure; PCWP: pulmonary capillary wedge pressure; SVO2: mixed venous oxygen 
saturation; TPR: total pulmonary resistance.
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Correlates of 6-MWD in CTEPH patients

The mean ± SEM of the 6-MWD was 391 ±19 m. The 6-MWD decreased significantly in proportion 

to the severity of NYHA functional class (figure 1), and a statistically significant negative trend 

was demonstrated (p<0.0001; Jonckheere-Terpstra test). The 6-MWD correlated significantly 

with mPAP, cardiac output (CO), total pulmonary resistance (TPR) and mixed venous oxygen 

saturation (SVO2) (figure 2 A-D). Also, mean right atrial pressure (mRAP) (r = -0.52, p< 0.0001; 

Pearson’s test) and levels of plasma BNP (n= 47; r= -0.53, p< 0.0001; Pearson’s test) showed 

significant correlations with the 6-MWD. In contrast, pulmonary capillary wedge pressure (n=42) 

did not correlate with the 6-MWD (p=0.8). 

  Also after exclusion of the 8 patients with exercise induced PAH, significant correlations 

between the 6-MWD and the hemodynamic parameters were demonstrated (Pearson’s test); 

mPAP: r=-0.46, p<0.005; CO: r=0.65, TPR: r=-0.65, SVO2: r=0.69 (all p<0.0001); mRAP r=-0.44, 

p<0.005; BNP r=-0.46, p<0.005.

  By multivariate linear regression analysis of all individual parameters which correlated 

significantly with the 6-MWD, only SVO2 and CO were shown to be independently associated 

with the 6-MWD (Model: r2=0.63, p<0.0001; SVO2: β=0.49, p=0.001; CO: β=0.36, p<0.02). 

Figure 1  The 6-minute walk distance (6-MWD) in relation to the New York Heart Association (NYHA) 
functional class in patients with chronic thromboembolic pulmonary hypertension (Student’s t 
test with Bonferroni’s correction for multiple comparisons).
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Figure 1: The 6-minute walk distance (6-MWD) in relation to the New York Heart 

Association (NYHA) functional class in patients with chronic thromboembolic pulmonary 

hypertension (Student’s t test with Bonferroni’s correction for multiple comparisons). 
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Effect of pulmonary endarterectomy

In 35 of the 42 patients in whom a PEA was performed, a 6-MWT was obtained one year 

postoperatively. Four patients died postoperatively. In addition, three patients were excluded 

from the analysis after one year because they were already treated medically for symptomatic 

(NYHA III/IV) residual pulmonary hypertension.

  In the 35 patients, PEA was associated with significant hemodynamic improvement (WSR 

test): mPAP decreased from 44 ± 3 to 25 ± 1 mmHg (p<0.0001); CO increased from 4.6 ± 0.2 to 

5.0 ± 0.2 l.min-1 (p=0.5) and TPR decreased from 878 ± 88 to 444 ± 33 dynes.s.cm-5 (p<0.0001). 

Directly after PEA, 12 patients suffered (by definition) from residual pulmonary hypertension 

(mPAP>25 mmHg), 4 of whom had mPAP>30 mmHg.

  One year after PEA, in all but two patients NYHA functional class had improved (figure 

3), and the 6-MWD had increased from 417 ± 19 m to 517 ± 16 m (p<0.0001; WSR test). The 

change in NYHA functional class (ΔNYHA) correlated significantly with the change in the 

Figure 2  Correlations between the 6-minute walk distance (6-MWD) and the pulmonary hemodynamic 
parameters. 
(A) Mean pulmonary artery pressure (mPAP); Pearson r = -0.62; p<0.0001. 
(B) Cardiac output (CO); Pearson r = 0.76; p<0.0001. 
(C) Total pulmonary resistance (TPR); Pearson r = -0.75; p<0.0001. 
(D) Mixed venous oxygen saturation (SVO2; n=46); Pearson r = 0.77; p<0.0001.
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Figure 2: Correlations between the 6-minute walk distance (6-MWD) and the pulmonary 

hemodynamic parameters. 

(A) Mean pulmonary artery pressure (mPAP); Pearson r = -0.62; p<0.0001. 

(B) Cardiac output (CO); Pearson r = 0.76; p<0.0001. 

(C) Total pulmonary resistance (TPR); Pearson r = -0.75; p<0.0001. 

(D) Mixed venous oxygen saturation (SVO2; n=46); Pearson r = 0.77; p<0.0001. 
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Figure 2: Correlations between the 6-minute walk distance (6-MWD) and the pulmonary 

hemodynamic parameters. 

(A) Mean pulmonary artery pressure (mPAP); Pearson r = -0.62; p<0.0001. 

(B) Cardiac output (CO); Pearson r = 0.76; p<0.0001. 

(C) Total pulmonary resistance (TPR); Pearson r = -0.75; p<0.0001. 

(D) Mixed venous oxygen saturation (SVO2; n=46); Pearson r = 0.77; p<0.0001. 
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Figure 2: Correlations between the 6-minute walk distance (6-MWD) and the pulmonary 

hemodynamic parameters. 

(A) Mean pulmonary artery pressure (mPAP); Pearson r = -0.62; p<0.0001. 

(B) Cardiac output (CO); Pearson r = 0.76; p<0.0001. 

(C) Total pulmonary resistance (TPR); Pearson r = -0.75; p<0.0001. 

(D) Mixed venous oxygen saturation (SVO2; n=46); Pearson r = 0.77; p<0.0001. 
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Figure 2: Correlations between the 6-minute walk distance (6-MWD) and the pulmonary 

hemodynamic parameters. 

(A) Mean pulmonary artery pressure (mPAP); Pearson r = -0.62; p<0.0001. 

(B) Cardiac output (CO); Pearson r = 0.76; p<0.0001. 

(C) Total pulmonary resistance (TPR); Pearson r = -0.75; p<0.0001. 

(D) Mixed venous oxygen saturation (SVO2; n=46); Pearson r = 0.77; p<0.0001. 
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6-MWD (p<0.02; Jonckheere Terpstra test). In addition, the observed change (Δ) in the 6-MWD 

correlated with the change from baseline one year after PEA in plasma BNP levels (ΔBNP: 

r=0.57, p<0.002; Spearman’s rank correlation test). In addition, the change from baseline in the 

6-MWD one year after PEA correlated significantly with the change from baseline observed in 

the hemodynamic parameters directly after PEA (ΔmPAP: r=0.52; ΔCO: r=0.70, and ΔTPR r=0.70; 

all p<0.001; Spearman’s rank correlation test). 

  The 6-MWD in patients with and without residual pulmonary hypertension differed 

significantly both before and after PEA (figure 4A). In patients with residual pulmonary 

hypertension, the 6-MWD, expressed as percentage of predicted, was significantly lower than 

in hemodynamically normalized patients. The absolute increase in the 6-MWD, however, was 

significantly higher in patients with residual pulmonary hypertension (mPAP>25 mmHg: 137 ± 

26 m, and mPAP≤25 mmHg: 82± 20 m, respectively; p=0.03; MWU test).

  One year after PEA, the 6-MWD expressed as percentage of predicted had increased from 

69 ± 4% up to 87 ± 3% (p<0.0001; WSR test). In particular, in the patients with normalized 

pulmonary hemodynamics after PEA, the 6-MWD one year after PEA tended to normalize (figure 

4B).

Figure 3  New York Heart Association (NYHA) functional class in individual patients (n=35) before and one 
year after pulmonary endarterectomy (PEA; Wilcoxon signed rank test).
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Figure 3: New York Heart Association (NYHA) functional class in individual patients 

(n=35) before and one year after pulmonary endarterectomy (PEA; Wilcoxon signed 

rank test). 
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DISCUSSION

In the present study, we demonstrated that the 6-MWD correlated with parameters reflecting 

clinical and hemodynamic severity of disease in CTEPH. Pulmonary endarterectomy resulted in 

a significant increase in the 6-MWD one year after surgery. Moreover, the change in the 6-MWD 

correlated with the observed clinical and hemodynamic improvement. 

  Previously, in iPAH patients, the 6-MWD was shown to correlate significantly with 

hemodynamic severity of disease (4). Compared to the data reported in these patients, however, 

the correlations observed between the 6-MWD and pulmonary hemodynamics in the present 

study appear more robust. In fact, mean PAP did not correlate with 6-MWD in iPAH patients. This 

difference may be explained, at least in part, by the inclusion of patients with exercise-induced 

Figure 4  The 6-minute walk distance (6-MWD) before and one year after pulmonary endarterectomy 
(PEA) in 35 patients in relation to postoperative hemodynamic outcome (Mann-Whitney U 
test). Open bars represent patients with residual pulmonary hypertension (mPAP> 25 mmHg; 
n=12), solid bars represent patients with normalized pulmonary hemodynamics (n=23). 
(A) The 6-MWD expressed as the absolute distance walked (m); (B) The 6-MWD expressed as 
percentage of predicted values.
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pulmonary hypertension in the current study. By inclusion of these patients we were able to 

study the whole spectrum of disease severity. Inclusion of these patients in the correlations 

between the 6-MWD and the hemodynamic parameters at rest, however, may have affected 

the statistical significance of these correlations. Exclusion of these patients from the analyses, 

however, only modestly affected the statistical significance of the observed correlations.

In the present study, parameters reflecting (impairment of ) cardiac function, i.e. cardiac output, 

SVO2, and plasma BNP levels, strongly correlated with the distance walked in the 6-MWT, even 

without apparent loss of correlation in the most severely affected patients. By multivariate linear 

regression analysis, SVO2 and CO were demonstrated to be independently associated with the 

6-MWD. The current data in CTEPH patients are consistent with previous observations in iPAH 

patients, that is the 6-MWD is in major part related to the parameters reflecting the (right) heart 

function (4;20).

  In the operated patients who performed a 6-MWT one year after PEA, a significant 

improvement of the 6-MWD was observed. Moreover, the change in the 6-MWD correlated 

with the observed changes in the hemodynamic parameters directly after PEA. In fact, the 

6-MWD one year after PEA differed between patients with and without residual pulmonary 

hypertension. Although pulmonary hemodynamics may improve up to 2 years after PEA (21), 

evidence of residual pulmonary hypertension directly after PEA appeared to discriminate and 

was associated with a significantly lower 6-MWD one year after PEA. Preoperatively, the group 

with residual pulmonary hypertension appeared to represent the more severely impaired 

patients. The observed improvement in the 6-MWD in the patients with residual pulmonary 

hypertension, however, was even higher than in the patients with normalized pulmonary 

hemodynamics. So, in fact, although not fully normalized hemodynamically after PEA, 

functionally, these patients also truly benefited from surgical treatment.

  To estimate the extend of normalization of functional capacity after PEA, we calculated 

predicted values for the 6-MWD according to the regression equation of Enright et al (14). 

One year after a hemodynamically successful PEA, the 6-MWD expressed as percentage of the 

predicted value appeared within normal range. Normalization of functional capacity in these 

patients was consistent with the fact that the (more subjective) NYHA functional class was I/

IV in all patients. Interpretation of this observation, however, should be done with some care. 

The algorithm was validated in individuals between 40-80 years of age, whereas, in this series, 

9 patients with normalized pulmonary hemodynamics were younger than 40 years. Assuming 

that younger people can walk longer distance than predicted by the algorithm, this may lead 

to an apparent normalisation of the functional capacity expressed as percentage of predicted. 

This may have a positive effect on the observed outcome in the entire group. However, since 

one year after PEA, neither the absolute 6-MWD, nor the 6-MWD expressed as percentage of 

predicted value differed between both groups, this seems unlikely.

  Although the subgroup of CTEPH patients in whom a 6-MWT was performed one year after 
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PEA represented consecutively operated patients, some selection bias may have occurred. Four 

patients died postoperatively, and three patients were excluded from the analysis after one year 

because they were already treated medically for symptomatic (NYHA III/IV) residual pulmonary 

hypertension.

  In conclusion, the 6-MWT is a safe, easy-to-perform, non-invasive, sub-maximal exercise 

test that was demonstrated in this study to reflect the clinical and hemodynamic severity of 

disease in CTEPH patients. One year after PEA, the 6-MWD increased significantly, and the 

change correlated with the observed clinical and hemodynamic improvement. Moreover, 

in patients with normalized pulmonary hemodynamics after PEA, the 6-MWD, expressed as 

percentage of the predicted value, tended to normalize. 
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ABSTRACT

Background

In chronic thromboembolic pulmonary hypertension (CTEPH), the six-minute walk test (6-MWT) 

is a useful tool to assess functional outcome after pulmonary endarterectomy (PEA). However, 

little is known about the longitudinal dynamics in functional improvement. We performed 

a longitudinal follow-up of 6-minute walk distance (6-MWD), NYHA functional class and 

echocardiography after PEA.

Methods

We studied 71 patients with CTEPH who underwent PEA. A 6-MWT and echocardiography were 

performed prior to PEA, 3 months post-PEA and at annual follow-up. At the time of this report, 

52 patients had returned for 2 year follow-up, 32 patients for 3 year follow-up, 23 patients for 4 

year follow-up and 11 patients had returned for 5 year follow-up. 

Results

Preoperatively, 6-MWD correlated with hemodynamic severity of disease (mPAP r=-0.55 

p<0.001); TPR r=-0.59, p<0.001) After PEA, 6-MWD increased from 440±109 m to 524±83 m at 

one year (p<0.001). Further improvement was observed at two years postoperatively (523±87 m 

at 1 year vs. 536±91 m at 2 year, p<0.012). After 2 years no further improvement was observed. 

At 1 year, the change in 6-MWD from baseline correlated significantly with the change observed 

in pulmonary hemodynamics. Changes in 6-MWD and hemodynamics were more pronounced 

in patients with residual pulmonary hypertension after PEA, despite the worse absolute 

outcome

Conclusions

In CTEPH patients, 6-MWD showed a gradual improvement up to 2 year following PEA. Patients 

with residual pulmonary hypertension benefited most from treatment, despite the worse 

absolute outcome.

Proefschrift Mart van der Plas.indd   64 22-10-2010   10:03:11



 Longitudinal Follow-up of Six Minute Walk Distance after Pulmonary Endarterectomy 65

Ch
ap

te
r 5

INTRODUCTION

Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete resolution 

of the vascular obstruction associated with pulmonary embolism (1;2). CTEPH is a life 

threatening (3), but, by means of pulmonary endarterectomy (PEA), potentially correctable 

form of pulmonary hypertension (1;4). After surgery, most patients experience a significant 

hemodynamic improvement, which is associated with improvements in reported New York 

Heart Association (NYHA) functional class and long-term survival (5). 

  The 6-minute walk test (6-MWT) is a reproducible, safe, and simple sub-maximal exercise 

test that can be used to evaluate exercise limitation in patients with cardiac and pulmonary 

diseases (6). Although its applicability in mildly impaired pulmonary hypertension patients was 

recently questioned (7), the 6-MWT has been shown a useful tool to assess functional status 

of CTEPH patients (8;9). The 6-minute walk distance (6-MWD) was shown to correlate with 

parameters reflecting clinical and hemodynamic severity of disease in CTEPH (8). Moreover, 

changes in 6-MWD one year after PEA correlated with the changes observed in hemodynamic 

parameters directly after PEA (8). 

  Based on the few studies reporting on long term physiological outcome after PEA, it can be 

established that improvements of pulmonary hemodynamics are observed as early as 1 month 

after surgery, whereas, for instance, improvements in gas exchange are obtained over a much 

longer period of 6-24 months (10-14). Little is known, however, about the long-term dynamics 

of functional outcome after PEA. As improvement in New York Heart Association (NYHA) 

functional class, 1 year after PEA, has recently been shown to depend on both improvement in 

pulmonary hemodynamics and gas exchange (15), it can be hypothesized that the restoration 

of functional capacity will exceed a 1 year follow-up period.

  The aim of this prospective study was to assess the long-term functional recovery after 

PEA. Therefore, we performed annual follow-up of 6-MWD, and studied its relation with 

postoperative hemodynamic outcome.

PATIENTS AND METHODS

The research protocol for this study was approved by the local Institutional Review Board and 

the study was conducted in accordance with the principles of the Declaration of Helsinki.

Patients

Patients with operable CTEPH, referred to the Academic Medical Centre of the University of 

Amsterdam, were considered eligible for this study. Diagnosis of CTEPH was established on the 

basis of previously reported procedures (16). Diagnosis and cardiopulmonary hemodynamics 

were determined by pulmonary angiography and right heart catheterization. Pulmonary 

hypertension was defined as mean pulmonary artery pressure (mPAP) exceeding 25 mmHg 

at rest, or exceeding 30 mmHg during a standardized exercise test on a cycle ergometer (17). 
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All patients received oral anticoagulation therapy for at least 3 months before referral to our 

hospital. 

Study design

The design of this follow-up study included assessments performed before and after pulmonary 

endarterectomy. Routine preoperative work-up included a 6-MWT, echocardiography and 

the assessment of NYHA functional class. Postoperatively, pulmonary hemodynamics were 

determined on the first or second day after PEA, before removal of the Swan-Ganz catheter. 

After PEA, 6-MWD, echocardiography and NYHA functional class were reassessed routinely at 

three months and 1 year, with subsequent annual follow-up up to 5 years.

Six-minute walk test

The 6-MWT was performed according to the guidelines of the American Thoracic Society (ATS). 

At least one practice walk test was performed. Patients were instructed to walk, at their own 

pace, along a 40 meter corridor and to cover as much ground as possible in 6 minutes. During 

the test they were encouraging with standard phrases as stated in the ATS protocol (6). Heart 

rate, transcutaneous oxygen saturation and Borg dyspnea score were measured before, as 

well as, directly after 6-MWT. The Borg dyspnea score is a patient reported quantitative scaling 

method of the symptomatic dyspnea (18). Patients rate their own dyspnea on a scale from 0 

(no dyspnea) to 10 (absolutely breathlessness). The Borg score is a momentarily measurement, 

that can change rapidly over time and with activities, allowing the assessment of the effect of 

exercise on the dyspnea. 

Transthoracic echocardiography

Transthoracic echocardiography was performed as described before (19), using conventional 

clinical echocardiographic equipment with 2.5 or 3.5 mHz transducers. Systolic pulmonary 

artery pressure (sPAP) was calculated from the tricuspid regurgitation jet flow velocity (TRV) 

and right arterial pressure (RAP), using the equation: sPAP = TRV2 x 4 + RAP (20;21). Patients 

with trace or no tricuspid regurgitation were considered to have normal sPAP (22).

New York Heart Association

New York Heart Association (NYHA) functional class is a doctor-reported dyspnea scoring system 

that quantifies a patient’s level of exercise intolerance, expressing the patients (dis)ability to 

perform everyday activities (23). Each patient was functionally classified by an independent 

physician according to the NYHA classification of the World Health Organization prior to 

enrolment in the study and annually during follow-up.
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Surgical procedures

PEA was performed according to the protocol of the University of California San Diego (4;24). 

PEA is performed via median sternotomy. After initiation of cardiopulmonary bypass, during 

deep hypothermia (20°C), the right pulmonary artery is incised where it passes the aorta to the 

division of the lower lobe arteries. On the left, the incision extends from the main pulmonary 

artery to the origin of the left upper lobe branch. The organized thromboembolic material is 

fibrotic and adherent to the vessel wall. An endarterectomy plane is established between the 

intima and the fibrotic thromboembolic material. Subsequently, the obstructing material is 

grasped with a forceps, and distal, circumferential dissection is performed with an aspirating 

dissector. Circulatory arrest is mandatory to ensure optimal visibility in the presence of usually 

copious retrograde blood flow from a hypertrophied bronchial circulation. The circulatory arrest 

period is limited to 20 minutes, with restoration of flow between each arrest. All PEA procedures 

were performed by the same surgeon.

Statistical analysis

Results are expressed as mean ± SD. Analyses were performed with the SPSS statistical package 

(SPSS 17.0; Chicago, IL). Borg dyspnea score was considered as numerical outcome value in all 

statistical analysis. A mixed model regression analysis, with a post hoc paired sample t-test was 

used to evaluate within group differences over time. An independent sample t-test was used 

to evaluate the between group differences. The Jonckheere–Terpstra test was used to analyze 

the trend between 6-MWD (continuous variable) and NYHA functional class (discontinuous 

variable) (25). The differences between groups were tested with a parametric 1-way analysis 

of variance. In case of an overall statistical difference, the differences between 2 groups were 

further analyzed with the Student t test with Bonferroni’s correction for multiple comparisons. A 

p-value <0.05 was considered statistically significant. 

RESULTS

Patient Characteristics 

Between January 2003 and January 2009, 96 patients with CTEPH underwent PEA in our 

hospital. Most of the 85 patients with pulmonary arterial hypertension at rest had moderate to 

severe pulmonary hypertension, with a median mPAP of 46 mmHg (range 26–75 mmHg) and a 

median total pulmonary resistance (TPR) of 901 dynes·s·cm-5 (range 296 to 2210 dynes·s·cm-5). 

Eleven additional patients with exercise induced pulmonary hypertension presented with 

disabling impairment of exercise tolerance and had angiographic evidence for proximal chronic 

thromboembolic occlusion of at least two lobes.

  Ten patients died during or shortly after surgery (10.4%); 4 because of progressive right 

heart failure caused by persistent pulmonary hypertension, 5 due to postoperative massive 
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alveolar hemorrhage, and 1 due to postoperative septicemia. In the remaining 86 patients, 

mPAP (pre-PEA: 41.4±13.2 mmHg versus post-PEA: 24.6±7.2 mmHg; p<0.001) and TPR (pre-PEA: 

768±432 dynes·s·cm-5 versus post-PEA: 422±146 dynes·s·cm-5; p<0.001) decreased significantly. 

However, residual pulmonary hypertension directly after PEA (by definition mPAP >25 mm Hg) 

was observed in 30 patients, 12 of whom had mPAP >30 mm Hg (mean postoperative mPAP: 

28.1±3.4 mmHg; TPR: 469±131 dynes·s·cm-5). No significant differences were found in baseline 

characteristics between patients with residual pulmonary hypertension after PEA and those 

patients that normalized pulmonary hemodynamics, although patients with residual pulmonary 

hypertension did show a higher pre-operative hemodynamic severity of disease, with higher 

BNP levels (Table 1). Interestingly, however, patients with residual pulmonary hypertension 

had a significantly larger direct postoperatively decrease (delta; Δ) in both mPAP and TPR 

compared to the patients with normalized pulmonary hemodynamics; ΔmPAP: -23±10 mmHg 

versus -15±11 mmHg (p=0.008), and ΔTPR: -528±339 dynes·s·cm-5 versus -254±373 dynes·s·cm-5 

(p=0.006), respectively. 

  Follow-up data, 1 year after PEA, were available in 71 of the 86 survivors. Five patients 

were excluded because of persistent pulmonary hypertension for which medical treatment was 

initiated in the first year after PEA; another 8 patients were excluded because they were not able 

to perform a proper 6-MWT for various reasons (leg prosthesis, claudicatio intermittens, recent 

foot fracture, underlying neuromuscular disease (n=3) and leg pain due to a post-thrombotic 

syndrome (n=2)). Another two patients subsequently did not show up for their annual follow-

up appointments and were considered lost to follow-up. At the time of this report, 52 out of 71 

patients had returned for 2 year follow up, while 32 patients had returned for 3 year follow up, 

23 patients for 4 year follow up and 11 patients for 5 year follow up, respectively. As a 6-MWT at 

3 months after PEA was introduced at a later stage, it was performed by the last 49 consecutive 

patients. Patient characteristics from all included patients with at least 1 year of follow-up are 

summarized in Table 1. 

Six-minute walk test

Preoperatively, the 6-MWD correlated significantly with hemodynamic severity of disease (mPAP 

r=-0.55 p<0.001; TPR r=-0.59, p<0.001). After PEA, mean 6-MWD increased from 440±109 m to 

524±83 m at one year (n=71; p<0.001). A further significant improvement was observed at two 

years after PEA (523±87 m at 1 year and 536±91 m at 2 year, respectively; n=52; p=0.012). After 

2 years no further functional improvement was observed (Figure 1). Changes from baseline 

in 6-MWD, 1 year after PEA, correlated significantly with direct postoperatively observed 

changes in both mPAP (r=-0.48, p<0.001) and TPR (r=0.47, p<0.001). Moreover, in line with the 

observation on improvement in pulmonary hemodynamics, in patients with residual pulmonary 

hypertension, the increase in 6-MWD at 1 year was significantly greater than in the patients with 

normalized pulmonary hemodynamics (Δ6-MWD: 121±92 vs. 69±85 respectively; p=0.025); 

however, the absolute 6-MWD at 1 year was still significantly lower in patients with residual 
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pulmonary hypertension (497±68 m and 537±88 m, respectively; p=0.035). At two years after 

PEA, the difference in 6-MWD between patients with residual pulmonary hypertension directly 

after PEA and patients with normalized hemodynamics was still significant (505±76 m and 

555±95 m; p=0.043); Thereafter, the difference seemed to level out (Figure 2); however, these 

results are based on a low number of patients per group at 4 years postoperatively (n=6 and 

n=17, respectively) and 5 years postoperatively (n=3 and n=8, respectively).

Although the distance walked in the 6-MWT increased, heart rate before, and more in particular 

after the 6-MWT did not change over time. The transcutaneous oxygen saturation at rest, 

before starting the 6-MWT, increased from 95.1±2.6 % preoperatively to 96.6±1.8 % at 1 year 

after PEA (p<0.005). Additionally, the transcutaneous oxygen saturation directly after the 

6-MWT increased from 89.5±4.6 % preoperatively to 91.3±3.9 % 1 year after PEA (p=0.003). 

Preoperatively, the mean Borg dyspnea score at rest was 1.1±1.2, ranging from no dyspnea 

(Borg score 0) to moderate dyspnea (Borg score 4). After the 6-MWT, the reported Borg dyspnea 

score increased significantly (mean 4.8±2.0, range 0-10; p<0.001). Compared to preoperative 

values, 1 year after PEA, Borg dyspnea scores at rest and directly after 6-MWT had decreased 

significantly; at rest, from 1.1±1.2 to 0.5±0.8, and directly after 6-MWT, from 4.8±2.0 to 2.0±1.4 

(both p<0.001). No further improvements in both Borg scores were observed during longer-

term follow-up.

 

Table 1  Baseline clinical and hemodynamic characteristics in all patients, and comparison between 
patients with and without residual pulmonary hypertension 

Demographics All patients Normalized Residual PH 
n 71 47 24
Age, yrs 54±14 54±14 55±14
Sex, male/female 29/42 20/27 9/15
Weight, kg 83.5±17.5 83.3±16.4 83.9±20.0
Height, cm 171±10 171±11 170±9
BSA, m2 1.97±0.24 1.97±0.23 1.96±0.22

NYHA, n
II 14 14 0
III 55 32 23
IV 2 1 1

Resting hemodynamics
mPAP, mmHg 41±13 35±11 51±10#

CO, l*min-1 5.0±1.3 5.4±1.3 4.3±1.2#

TPR, dynes·s·cm-5 731±403 577±300 1046±409#

Sv,O2, % 63±9 66±7 56±6#

Neurohormones
BNP, pg*l-1 33±45 11±17 70±53#

BSA = body surface area; NYHA = New York Heart Association functional class; mPAP = mean pulmonary 
artery pressure; CO = cardiac output; TPR = total pulmonary resistance; Sv,O2 = mixed venous oxygen 
saturation; BNP = brain natriuretic peptide; # = significant difference between patients wit residual 
pulmonary hypertension directly after PEA and patients who hemodynamically normalized; all p<0.001.
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Echocardiography

Pre-operatively, sPAP correlated significantly with the 6-MWD (r=-0.35, p=0.004). At three 

months after PEA, the sPAP had decreased significantly from 70.4±23.7 mmHg to 35.9±8.4 

mmHg (p<0.001). During follow-up, no further improvement in sPAP was observed (Figure 3). At 

1 year, the change from baseline in sPAP correlated significantly with the change from baseline 

observed in the 6-MWD (r=0.38, p=0.002). 

Figure 2  Six-minute walk distance (6-MWD) over time in patients with normalized hemodynamics and 
patients with residual pulmonary hypertension after pulmonary endarterectomy. # : p=0.001; *: 
p<0.05. 
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Figure 2. Six-minute walk distance (6-MWD) over time in patients with normalized 

hemodynamics and patients with residual pulmonary hypertension after pulmonary 

endarterectomy. # : p=0.001; *: p<0.05.  

 

Figure 1a-b  Six-minute walk distance (6-MWD) 
and change in 6-MWD over time.
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Postoperatively, NYHA functional class improved within the first 3 months after PEA; no further 

improvement was observed during follow-up. Preoperatively, most patients were in NYHA 

functional class III (NYHA II n=14; NYHA III n=55; NYHA IV n=2); whereas 1 year after PEA, most 

patients (n=61) were classified as NYHA functional class I. The other 10 patients improved to, or 

remained in NYHA functional class II. At 1 year, the changes from baseline in NYHA functional 

class correlated significantly with the changes observed in 6-MWD (p=0.032; Figure 4). 

COMMENTS

In this study we assessed the longitudinal postoperative functional recovery of patients 

with CTEPH, up to 5 years after PEA. While NYHA functional class and sPAP improved within 

the first 3 months after PEA and remained constant thereafter, the 6-MWD showed a gradual 

improvement over a 2 year follow-up period. Interestingly, patients with residual pulmonary 

hypertension after PEA showed more improvement in both 6-MWD and hemodynamics, despite 

Figure 3  Systolic pulmonary arterial pressure (sPAP) over time.
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Figure 4 Change in six-minute walk distance (6-MWD) against changes in NYHA functional class.
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their worse absolute outcome. 

  As hypothesized, restoration of functional capacity in CTEPH patients was indeed found to 

exceed a one year follow-up period after PEA. As such, our study is the first to show a gradual 

recovery of 6-MWD up to 2 years postoperatively. These results are in apparent contrast with 

an earlier study by Matsuda and co-workers (26), who reported maximal functional recovery 

already at 1 year postoperatively, with the major increase in 6-MWD in the first month following 

PEA. This study, however, appears to be limited by the small number of patients at 2 year 

follow-up (n=17) and incomplete follow-up (26). Corsico and co-workers also studied long-term 

outcome after PEA, and did show prolonged improvement, up to 2 years postoperatively, in 

distance walked during a treadmill test (10). Although in line with the present study, the use of 

this test has not been validated in pulmonary hypertension patients and was never used before 

to study functional outcome in CTEPH patients, making its interpretation difficult.

  The general usefulness of the 6-MWT is based on the fact that the walking speed (e.g. 

power output) is directly related to oxygen consumption (27). According to the Fick-principle, 

oxygen consumption is the product of the circulating blood volume (cardiac output) and 

oxygen extraction (28;29). In pulmonary hypertension, exercise (e.g. 6-MWT) is limited by the 

inability of the right ventricle to sufficiently increase pulmonary blood flow and thereby cardiac 

output (30;31). It is therefore most likely that the observed improvement in 6-MWD results, in 

major part, from improved blood flow, i.e. increased cardiac output. As cardiac output is the 

product of stroke volume and heart rate, it is of particular interest that the improvement in 

6-MWD after PEA is achieved without a concomitant increase in heart rate. This implicates that 

PEA improves cardiac output by improving right ventricular stroke volume capacity, and thereby 

decreasing the need for a chronotropic response. Previously we showed that, in patients with a 

systemic right ventricle, the right ventricle can adapt to exercise with either a solely heart rate 

response or a combined heart rate and stroke volume response (32). 

  In CTEPH, maximal improvement in right ventricular ejection fraction is achieved within 

the first 3-6 months after PEA, while maximal hemodynamic improvement is reported within 

3-12 months after surgery (10-14); In the present study the maximal decrease in sPAP was 

observed already after 3 months. This early hemodynamic improvement may account for the 

early improvement in 6-MWD. Both in the present study as well as in a previous report on a 

smaller number of patients, we observed close correlations between the improvement in 

6-MWD 1 year after PEA and the hemodynamic changes directly after PEA. Since pulmonary 

hemodynamics do not appear to improve any further after the first year post PEA, it is unlikely 

that changes in hemodynamics will account for the prolonged improvement observed in 

6-MWD up to 2 years. As improvements in gas exchange were shown to be obtained over a 

longer period of 6-24 months, improvement in ventilation-perfusion relationships might, at 

least in part, explain the further prolonged improvement observed in 6-MWD. We recently 

showed NYHA functional class, 1 year after PEA, to depend on both improvement in pulmonary 

hemodynamics and gas exchange (15). Future research, however, is warranted to clarify the 
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contribution of hemodynamics and gas exchange in the prolonged functional improvement 

observed after PEA, as well as other factors, such as restoration of cardiac remodeling and 

function (33), increased general fitness and/or weight loss. 

  The results of our study might have consequences for the inclusion of CTEPH patients 

with residual pulmonary hypertension after PEA within clinical trials. A previous report on 

the long-term effect of the dual endothelin-1 receptor antagonist bosentan, in both patients 

with inoperable CTEPH as well as patients with residual pulmonary hypertension after PEA, 

showed markedly different dynamics in response (34). In both groups improvement in the 

6-MWD was observed after 4 months of bosentan therapy; however, after 4 months, 6-MWD in 

the inoperable CTEPH patients showed no further improvement, whereas in the patients with 

residual pulmonary hypertension further improvement was observed up to 1 year of bosentan 

use. Based upon our observations, the arguments given by the authors that the difference in 

response in both groups was unlikely the result of delayed recovery or reconditioning following 

surgery can be questioned. In fact, in the present study, the change from baseline in 6-MWD 

at 1 year was even larger in patients with residual pulmonary hypertension compared to those 

with normalized pulmonary hemodynamics, despite the lower absolute 6-MWD at 1 year. The 

same response was observed in pulmonary hemodynamics; the decrease from baseline in both 

mPAP and TPR being larger in the group of patients with residual PH. In other words, clinically 

worse patient improved more but had a worse absolute postoperative outcome. Based upon 

this observation, we suggest that the decision to operate must be based above all on the 

surgical accessibility of the chronic thrombi and not on the severity of disease, as the most 

severely affected patients potentially may benefit most from surgery. 

Limitations

  A few methodological aspects of our study need comment. The relatively large dropout 

rate of 26% might be considered a major limitation of this study. The mortality rate is, however, 

in line with other reports on this high risk surgery, with rates ranging between 4.4% and 16%, 

even in highly experienced centers (35-38). At current, after over 120 PEA procedures in our 

center overall mortality is 9.2%. Other patients were excluded because of persistent pulmonary 

hypertension for which medical treatment was initiated in the first year after PEA or because 

they weren’t able to walk properly. The decision to exclude patients with persistent pulmonary 

hypertension on medical treatment was based on our aim to assess the effect of PEA on long-

term functional recovery. Including patients on medical treatment for persistent pulmonary 

hypertension after PEA would have obscured the effect of PEA. On the other hand, patients 

with residual pulmonary hypertension after PEA were shown to benefit the most from PEA, 

despite their worse absolute outcome. We believe, therefore, that excluding patients on medical 

treatment for persistent pulmonary hypertension after PEA has not influenced the findings of 

our study.
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Conclusion

The 6-MWT is a useful test to study functional recovery after PEA in CTEPH patients. While 

NYHA functional class and sPAP improved shortly after PEA and remained constant thereafter, 

the 6-MWD showed a gradual improvement over a 2 year follow-up period. Moreover, both 

hemodynamically as well as functionally, patients with residual pulmonary hypertension 

benefited most from pulmonary endarterectomy despite their worse absolute outcome.
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INTRODUCTION

In pulmonary hypertension (PH), the six-minute walk test (6-MWT) is frequently used as 

primary endpoint of clinical trials. The six-minute walk distance (6-MWD) is considered to reflect 

decreased maximal aerobic capacity due to the inability of the heart to sufficiently increase 

pulmonary blood flow, by increased pulmonary arterial pressure (1;2). This assumption holds 

for severely impaired PH patients (NYHA III and IV) where changes in 6-MWD are directly 

related to changes in hemodynamic severity of disease. In mildly impaired patients, however, 

obvious improvements in hemodynamics were reported to be accompanied by either no, or 

less markedly improvements in 6-MWD (3;4). This discrepancy has been attributed to the 

so called ceiling effect, i.e. the point at which performance is so good that further significant 

improvement becomes hard to detect. For mildly impaired PH patients this may mean that the 

6-MWT is just not demanding enough to evoke maximal aerobic capacity and corresponding 

maximal cardiac output. We hypothesized that the 6-MWT does not reflect maximal aerobic 

capacity in mildly impaired PH patients. Therefore, we studied aerobic capacity during both the 

6-MWT and an incremental cardio pulmonary exercise test (CPET) on a bicycle ergometer, in 

severely and mildly impaired PH patients, as well as healthy control subjects. The results of this 

study might have implication for the usefulness of the 6-MWT in clinical trials. 

METHODES

Subjects

This study included 21 adult patients with PH (NYHA II (n=8) and NYHA III (n=13)), associated 

with either congenital heart disease (CHD) (n=8) or associated with chronic thromboembolism 

(n=13), as well as 8 age and sex matched healthy controls. The diagnosis chronic thromboembolic 

pulmonary hypertension (CTEPH) was based on pulmonary angiography, ventilation perfusion 

scanning and by means of right heart catheterization (mean pulmonary arterial pressure > 

25 mmHg) (5). PAH due to congenital heart disease was established by echocardiography by 

means of the tricuspid regurgitation jet velocity (systolic pulmonary arterial pressure > 40 

mmHg). Patients with Down syndrome were excluded in this study. The research protocol was 

approved by the local institutional review board, and the study was carried out in accordance 

with the principles of the declaration of Helsinki.

Study design

This was a prospective, 3-group cross-sectional study. 6-MWT and CPET were performed within 

1 week. In case both tests were done at the same day, it was reasoned that the CPET had to be 

performed at least 60 minutes after the 6-MWT so ventilation and hemodynamics could return 

to baseline.
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Six-minute walk test

The 6-MWT was performed according to the guidelines of the American Thoracic Society (ATS) 

(6). At least one practice walk test was performed. Patients were instructed to walk at their 

own pace, along a 40 meter corridor and to cover as much ground as possible in 6 minutes. 

During the test patients were encouraged with standard phrases every minute, as stated in 

the ATS protocol. Patients were allowed to stop during the test, but were instructed to resume 

walking as soon as they felt possible. Dyspnea was evaluated with the Borg dyspnea scale at 

the beginning and end of the test.

During the 6-MWT oxygen uptake (V’O2), carbon dioxide production (V’CO2), minute ventilation 

(V’E) and heart rate (HR) were measured using a portable telemetric system (Cosmed K4b2; 

Cosmed, Rome, Italy). Oxygen pulse (O2-pulse), as a derivative of stroke volume, was calculated 

as the result of V’O2/HR. The ventilatory equivalent for CO2 (EqCO2) was calculated as V’E/V’CO2. 

Oxygen saturation (SpO2) was measured using a telemetric transcutaneous pulse oximeter 

(Nonin 8500 M, Nonin Medical, Minneapolis USA). 

 

Cardiopulmonary exercise testing

The symptom limited CPET was performed according to the guidelines of the American Thoracic 

Society (7). Briefly, patients were placed on a cycle ergometer in the upright position and 

continuous breath-by-breath measurements were made of V’E, V’O2, V’CO2, HR, O2-pulse, blood 

pressure and electrocardiography. Work load was increased by 5 to 15 Watt, depending on the 

predicted maximum exercise capacity and in such a way that maximal effort was attained within 

10-15 minutes. Peak oxygen consumption (V’O2-peak) was defined as the highest attained value 

averaged over 8 breaths.

Statistical analysis

All results are expressed as mean±SD. Analyses were performed with the SPSS statistical 

package (SPSS 13.0; Chicago, IL). The Jonckheere–Terpstra test was used to analyze the trend 

between the aerobic capacity (continuous variable) and NYHA functional class (discontinuous 

variable) (8). The differences between the groups were tested with a parametric 1-way analysis 

of variance. In case of an overall statistical difference, the differences between 2 groups were 

further analyzed with the Student t test. Moreover, a paired Student t-test was used to analyse 

the differences in cardio/ventilatory responses to both 6-MWT and CPET. A value of p<0.05 was 

considered statistically significant.
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RESULTS

Baseline characteristics for the patients with PH, both mild ( NYHA II) and more severe (NYHA 

III), as well as for the control subjects are summarized in Table 1. Systolic pulmonary arterial 

pressure (sPAP), measured with trans-thoracic echocardiography, was significantly higher in 

the more severely impaired patients compared with the mildly impaired patients. Although 

it was not measured, sPAP was considered normal in the healthy control subjects. There was 

no significant difference in age, height or weight and other resting parameters between the 

mildly and more severely impaired PH patients, although there was a significant predominance 

of females in the NYHA III group (11 vs. 2 in the NYHA II group; Pearson Chi-Square p<0.01). The 

total PH group did not differ from the group with healthy controls, except for resting oxygen 

saturation (90±6% vs. 97±1%; p<0.01). 

Table 1 baseline characteristics

 Controls NYHA II NYHA III
Subjects, n 8 8 13
CTEPH/CHD, n 6/2 7/6
Demographics
Age, yrs 41±13 54±12 45±10
Female/male, n 4/4 2/6 11/2#

Weight, kg 71±11 72±13 73±19
Height, cm 176±9 169±11 167±8
Resting parameters
sPAP, mmHg 71±15 88±14
HR, beats.min-1 77±15 71±16 76±12
V’O2, ml.min-1 342±85 285±95 309±102
SpO2, % 97±1 93±4* 90±6*

Definition of abbreviations: CTEPH = chronic thromboembolic pulmonary hypertension; CHD = congenital 
heart disease; sPAP = systolic pulmonary arterial pressure; HR = heart rate; V’O2 = oxygen consumption; 
SpO2 = transcutaneous oxygen saturation. # significant difference between NYHA II and NYHA III; * significant 
difference between PH patients and healthy controls

Physiological responses to the 6-MWT

In the total group with PH patients, there was no significant difference in 6-MWD with portable 

telemetric measurements (476±102) and the a priori performed 6-MWT without (487±90). We 

found, however, significant higher 6-MWD and cardio/ventilatory responses to 6-MWT with 

decreased disease severity (table 2). For both EqCO2 and O2-pulse the Jonckheere–Terpstra test 

was significant (both p <0.01), indicating a significant increase in EqCO2 and decrease in O2-

pulse with increased disease severity. The additional Student t test, however, only showed a 

significantly difference between the healthy control subjects and PH patients, but not among 

the PH patients. V’E and HR did not significantly differ among the groups.
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Physiological responses to CPET

Physiological responses to CPET for both the patients with PH and the control subjects are also 

summarized in Table 2. Maximal power output was significantly higher with decreased severity 

of disease, as was the corresponding V’O2, V’E, HR and O2-pulse. EqCO2 was significantly higher in 

the group of PH patients, compared to the healthy control subjects, but did not differ between 

the NYHA II and NYHA III PH patients. 

Comparison CPET and 6-MWT

The differences in physiological responses to CPET and 6-MWT of all three groups are presented 

in table 2. In both the group of healthy control subjects as the group of mild PH patients, the 

V’O2, V’E, HR and RER were significantly higher during CPET than during 6-MWT. In the more 

severe PH group, no significant difference was found in V’O2 and HR between CPET and 6-MWT, 

although V’E and RER were significant higher and the O2-pulse was significant lower during 

CPET. 

  The difference in V’O2 and V’E increased with decreasing severity of disease (figure 1). 

Although the Jonckheere–Terpstra test showed a significant trend for the difference in HR, 

EqCO2 and O2-pulse no significant differences between the successive groups were found with 

the additional Student t test. 

Chapter 6 
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Figure 1. Difference in peak oxygen consumption (V’O2-peak) between cardio 

pulmonary exercise testing (CPET) and the six-minute walking test (6-MWT) 

against severity of disease. 

Figure 1  Difference in peak oxygen consumption (V’O2-peak) between cardio pulmonary 

exercise testing (CPET) and the six-minute walking test (6-MWT) against severity of 

disease. 
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Table 2 Physiologic responses exercise 

Controls NYHA II NYHA III

6-MWT

Distance, m  739±73 563±68 a 423±82 b

V’O2, ml.min-1  2115±266 1376±397 a 1007±336 b

V’E, l.min-1 62.4±13.9 59.2±19.7 48.8±15.2

HR, min-1  149±21 134±24 126±24

EqCO2 30.8±4.4 49.3±11.2 a 56.3±11.6

O2-pulse, ml 15.0±2.6 10.6±2.9 a 8.4±2.6

RER 0.92±0.09 0.84±0.11 0.80±0.06

CPET

Load, Watt  236±65 128±42 a 63±18 b

V’O2, ml.min-1  2853±713 1632±456 a 993±343 b

V’E, l.min-1 115.2±26.3 85.7±25.5 a 55.2±18.6 b

HR, min-1  174±14 154±10 a 132±27 b

EqCO2  26.7±4.1 45.4±7.5 a 46.7±11.0

O2-pulse, ml 16.5±4.3 10.7±3.2 a 7.7±2.5 b

RER 1.14±0.07 0.98±0.04 a 0.95±0.07

Difference (CPET-6MWT)

V’O2, ml.min-1 737±618 + 257±231 a+ -14±148 b

V’E, l.min-1 52.8±26.4 + 26.4±17.2 a+ 6.4±10.4 b+

HR, min-1  25±12 + 20±18 + 6±16

EqCO2  4.0±4.7 + 3.2±7.2 0.3±8.6

O2-pulse, ml 1.5±2.9 0.1±1.7 -0.7±0.8 +

RER 0.22±0.13 + 0.15±0.09 + 0.15±0.10 +

Definition of abbreviations: V’O2 = oxygen consumption; V’E = minute ventilation; HR = heart rate; EqCO2 = 
breathing equivalent for CO2 (V’E/V’CO2); O2-pulse = oxygen pulse (V’O2/HR); RER = respiratory exchange 
ratio (V’O2/V’CO2)
a significant difference between healthy control group and group with NYHA II PH patients. b significant 
difference between group with NYHA II PH patients and group with NYHA III PH patients. + significant 
difference between CPET and 6-MWT
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DISCUSSION

In this study we assessed aerobic capacity during the 6-MWT in severely and mildly impaired PH 

patients, as well as healthy control subjects. In line with our hypothesis, we reported increasing 

difference between maximal aerobic capacity and the aerobic capacity attained during 6-MWT, 

with decreasing severity of disease. In mildly impaired PH patients, the 6-MWT did not reflect 

maximal aerobic capacity. The 6-MWD might therefore not be the most appropriate parameter 

of outcome in this group. 

  Although designed to assess the sub maximal level of functional capacity (6), the 6-MWT 

is considered to reflect decreased maximal aerobic capacity in patients with PH (9;10). In the 

current study, 6-MWT indeed required maximal attainable aerobic capacity, however, only 

in the more severely impaired PH patients. This observation is partly in concurrence with 

an earlier report by Deboeck and co-workers (9). They reported patients with pulmonary 

arterial hypertension to exercise at higher aerobic capacity but lower metabolic stress during 

the 6-MWT than during a CPET (9). Surprisingly, the majority of their patients were in NYHA 

functional class I or II, with only a smaller part in NYHA functional class III. However, in their 

total analysis, no further division was made between the different functional class groups. 

 

  The mildly impaired patients (NYHA II) in our study, as well as our healthy control subjects, 

showed an increased difference between aerobic capacity measured during 6-MWT and CPET, 

as V’O2-peak increases. This indicates that the NYHA II functional class PH patients are limited 

in their 6-MWT for other reasons than their oxygen delivery capacity. It might, therefore, 

be questionable whether the 6-MWD is the most appropriate parameter of outcome in this 

group, as has already been discussed by Frost and co-workers (11). They reported the existence 

of the so called “ceiling effect” when 6-MWD was used as the endpoint in pulmonary arterial 

hypertension clinical trials. A ceiling effect is that point at which the performance is so good 

that further significant improvement becomes hard to detect. As the result of this ceiling effect, 

treatment effect was found to be lower when less severe (NYHA II) patients were enrolled in 

their study (11). 
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With the use of the 6-MWD as primary endpoint in clinical trials, the cause of the ceiling effect 

lies in increasing discrepancy between maximal aerobic capacity and aerobic capacity needed 

during 6-MWT, with decreasing severity of disease. Since aerobic capacity and cardiac output 

are directly related, the inability of the heart to sufficiently increase pulmonary blood flow will 

result in decreased maximal aerobic capacity. When 6-MWD is not limited by maximal aerobic 

capacity, further improvement of maximal aerobic capacity will not increase 6-MWD. This may 

explain the findings of earlier studies where obvious improvements in hemodynamics were 

reported to be accompanied by either no, or less markedly improvements in 6-MWD (3;4). At 

the same time, the absence of improvement in 6-MWD may not exclude an improvement in 

maximal aerobe capacity. Other parameters may be needed to evaluated changes in maximal 

aerobic capacity in mildly impaired PH patients.

  Although the presented results might have implication for the usefulness of the 6-MWT 

in clinical trials, there are some considerations that have to been taken into account. Firstly the 

relatively small number of patients. The distinctness of the results, however, may indicate that 

the results will only be confirmed by larger numbers. Secondly, the homogeneity of the studied 

group needs to be taken into consideration. However, although only PH patients associated 

with either congenital heart disease or chronic thromboembolism were studied, there are no 

reasons to believe that the found mechanisms may differ in other groups of PH patients.

Conclusion

In mildly impaired PH patients, the 6-MWT is not demanding enough to evoke maximal aerobic 

capacity. These observations indicate that the 6-MWD may not be an appropriate parameter 

of outcome in mildly impaired PH patients. The absence of improvement in 6-MWD does not 

exclude an improvement in maximal aerobe capacity in these mildly symptomatic PH patients.
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INTRODUCTION 

Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete resolution 

of the vascular obstruction associated with pulmonary embolism (1;2). If left untreated, 

prognosis in CTEPH is poor and proportional to the degree of pulmonary hypertension (3). 

Advanced CTEPH leads to cardiac remodeling, involving right ventricular (RV) dilation and 

hypertrophy, tricuspid regurgitation and leftward ventricular septal bowing, with consequent 

impact on cardiac function (4-6). 

  A reduction in exercise capacity is one of the main symptoms of pulmonary hypertension 

(PH); and exercise capacity, reflected by peak oxygen consumption (V’O2-peak) in a symptom 

limited cardiopulmonary exercise test (CPET) was shown to be an important predictor of survival 

(7;8). In PH, exercise is limited by the inability of the heart to sufficiently increase pulmonary 

blood flow due to a decreased RV stroke volume response (9;10). An exercise associated 

increase in pulmonary arterial pressure results in further impairment of RV function, as well as 

left ventricular underfilling, both leading to a failing stroke volume response to exercise (9).

  Pulmonary endarterectomy (PEA) represents the therapy of choice for CTEPH patients with 

surgically accessible thrombi (1;11). PEA has been found to improve and in many cases normalize 

pulmonary hemodynamics, resulting in improvement in reported New York Heart Association 

(NYHA) functional class, exercise capacity and long-term survival (12-15). Furthermore, 

hemodynamic improvement after PEA was found to induce restoration of cardiac remodeling, 

which was associated with an increase in RV ejection fraction and stroke volume at rest (6). As 

exercise in CTEPH is limited by an impaired RV stroke volume response, we hypothesized that 

the improvement in exercise capacity observed after hemodynamically successful PEA is the 

result of an improved RV stroke volume response. Therefore, the aim of the present follow-up 

study was to determine the PEA-induced restoration of the RV stroke volume response upon 

sub-maximal exercise, by use of cardiac magnetic resonance imaging (cMRI). 

METHODS 

Patients

Patients with operable CTEPH, referred to the Academic Medical Centre of the University of 

Amsterdam, were considered eligible for this study. Diagnosis of CTEPH was established on the 

basis of previously reported procedures (16). Diagnosis and cardiopulmonary hemodynamics 

were determined by pulmonary angiography and right heart catheterization. Pulmonary 

hypertension was defined as mean pulmonary artery pressure (mPAP) exceeding 25 mmHg at 

rest. All patients received oral anticoagulation therapy for at least 3 months before referral to 

our hospital. 
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Study design

This prospective study had a follow-up design with assessments performed before and one year 

after pulmonary endarterectomy. Preoperatively, routine work-up included echocardiagraphy 

at rest, a 6-minute walk test (6-MWT), and a symptom limited CPET, as described before (15-

17). Cardiac MRI measurements, both at rest and during sub-maximal exercise, were made 

within one week of a pre-assessed symptom limited CPET. Postoperative hemodynamics were 

determined on the first or second day following PEA, before removal of the Swan-Ganz catheter. 

Both CPET and cMRI measurements were re-assessed one year after PEA.

  An additional group of healthy control subjects was recruited. The subjects in the healthy 

control group performed cMRI measurements at rest and during exercise. 

  All patients and controls gave written informed consent to the study protocol, which was 

approved by the local Medical Ethics Committee. The study was conducted in accordance with 

the principles of the Declaration of Helsinki.

Cardiopulmonary exercise testing 

Symptom limited CPET was performed and assessed according to the guidelines of the 

American Thoracic Society (18). Briefly, patients were placed on a cycle ergometer in a semi-

upright position and continuous measurements were made of minute ventilation (V’E), oxygen 

consumption (V’O2), carbon dioxide production (V’CO2), heart rate (HR), blood pressure and 

electrocardiography. Work load was increased by 5 to 15 Watt, depending on the predicted 

maximum exercise capacity and in such a way that maximal effort was attained within 10-15 

minutes. Peak oxygen consumption (V’O2-peak) was defined as the highest attained value 

averaged over 8 breaths. Oxygen pulse (O2-pulse) was calculated as V’O2 divided by HR. 

Anaerobic threshold was determined using the V-slope method (19). 

Cardiac MRI measurements 

The cMRI measurements were performed at rest and during sub-maximal exercise at 40% of 

the pre-assessed individual maximum workload. At one year after pneumonectomy, cMRI 

was repeated at the same workload as before PEA and at 40% of the individual postoperative 

maximal workload.

  Cardiac MRI, both at rest and during exercise, was performed on a 1.5-T whole body system 

(‘Sonata’, Siemens Medical Solutions, Erlangen, Germany), equipped with a four element body 

phased-array coil. The ECG was recorded with MRI compatible leads, to enable prospective 

ECG-R wave triggering. MRI breath-hold cine imaging was electrocardiographically triggered, 

and performed in the cardiac short-axis view in a stack of parallel imaging planes covering the 

RV and left ventricle (LV) from base till apex. Pixel size was 1.3 x 1.3 mm, slice thickness 6 mm 

and slice distance 4 mm, and temporal resolution was approximately 20-30 ms. Analysis was 

performed with the MR Analytical Software System (Medis, Leiden, The Netherlands). From the 

short-axis cine images, the RV and LV volumes were calculated for each temporal frame in the 
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cardiac cycle as described previously (6). The RV and LV end-diastolic volume (EDV) and end-

systolic volume (ESV) were assessed from the stack of parallel short-axis images, and RV and 

LV ejection fraction (EF) were subsequently calculated. RV and LV myocardial masses were 

assessed from the stack of parallel short-axes images, by manual detection of endocardial and 

epicardial borders on each slice; the papillary muscles were included in analysis of masses of 

LV (20). Cardiac volume and mass were corrected for body surface area. RV isovolumic time 

(IVT), the time interval between pulmonary valve closing and tricuspid valve opening (21), was 

normalized for the R-R interval to adjust for differences in heart rate. All MRI data analyses were 

performed according to a previously described protocol (6). 

  The cMRI exercise protocol consisted of a three-minute period of cycling in supine position 

on a recumbent bicycle (Lode, Groningen, The Netherlands). For the patients, work rate was 

increased within the first minute to 40% of maximal workload. For the healthy controls, the 

exercise level was set at 40% of the, for gender, age, weight and length predicted maximal 

workload. Stroke volume was determined by assessment of the flow in the aorta at rest and 

at sub-maximal workload using Matlab software (Matlab, Amsterdam, The Netherlands) and 

indexed for body surface area (SVI), as described before (6). Cardiac output was calculated by 

multiplying stroke volume and heart rate. Cardiac index (CI) was calculated by indexing cardiac 

output for body surface area. 

Statistical analysis

Results are expressed as mean ± SD. Analyses were performed with the SPSS statistical package 

(SPSS 17.0; Chicago, IL). A paired student t-test was used to analyze the effect of PEA within the 

group of CTEPH patients. To evaluate the between group differences between CTEPH patients 

and healthy controls, an independent samples t-test was used. Pearson’s correlation test was 

used to assess correlations between MRI parameters and parameters expressing exercise 

capacity, and was tested for two-sided significance. A p-value <0.05 was considered statistically 

significant.

RESULTS 

Patient Characteristics 

Eightteen CTEPH patients (7 female; age 58±9 years) and 7 healthy control subjects (4 female; 

age 47±12 years) participated in this study. Baseline demographic characteristics did not 

significantly differ between both groups (Table 1). All CTEPH patients suffered from moderate to 

severe pulmonary hypertension with a mean mPAP of 40±11 mmHg (range 26-59 mmHg) and a 

mean total pulmonary resistance (TPR) of 671±303 dynes·s·cm-5 (range 356-1276 dynes·s·cm-5). 

  Postoperatively, one CTEPH patient died because of massive alveolar hemorrhage. In the 

remaining 17 patients, PEA resulted in a significant hemodynamic and functional improvement. 

In all but one patient, directly after PEA, near normalization of mPAP was observed (mPAP ≤ 
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30mmHg, n=16; mPAP ≤ 25mmHg, n=13). Mean mPAP decreased from 39±11 mmHg to 

23±5 mmHg, and TPR from 639±278 dynes.s.cm-5 to 397±146 dynes.s.cm-5, respectively (both 

p<0.0001). Functionally, the distance walked in the 6-MWT (6-MWD) improved significantly 

from 467±106 m at baseline to 554±94 m one year after PEA (p<0.0001).

Table 1 Baseline characteristics for CTEPH patients and healthy control subjects. 

CTEPH patients (N = 18) Healthy controls (N=7)

Demographics

 Age, yrs 58±9 47±12

 BSA, m2 1.9±0.2 1.9±0.2

 Sex, female/male 7/11 4/3

Hemodynamics

 mPAP, mmHg 40±11

 mRAP, mmHg 7±4

 TPR, dynes.s.cm-5 671±303

 HbvO2, % 63±7

 HbaO2, % 91±3.4 

Functional parameter

 6-MWD, m 467±106

Data are expressed as mean±SD. BSA = body surface area; mPAP = mean pulmonary artery pressure; mRAP 
= mean right atrial pressure; TPR = total pulmonary resistance; HbvO2 = mixed venous hemoglobin oxygen 
saturation; HbaO2 = arterial hemoglobin oxygen saturation; 6-MWD = six minute walk distance

Exercise capacity

CPET data are reported in table 2. Preoperatively, thirteen of the 17 patients studied (77%) had 

by definition a reduced exercise capacity with a decreased peak oxygen uptake (V’O2-peak), i.e. 
below 84% of the predicted value. On average, V’O2-peak, peak workload and peak O2-pulse 

were decreased. V’E/V’CO2 at the anaerobic threshold, reported to be deviant in various forms 

of PH (22-24), was increased (>34.0) in all but 1 patient. Preoperatively, V’O2-peak showed a 

significant inverse correlation with resting mPAP and TPR (r=-0.625, p=0.007 and r=-0.676, 

p=0.003 respectively).

  Due to logistics, postoperative CPET data were available in 13 patients only. After PEA, 

exercise capacity increased, and normalized in 11 out of the 13 patients. V’O2-peak, peak 

workload and peak O2-pulse increased significantly while peak HR and peak V’E remained 

unchanged. V’E/V’CO2 showed a significant decrease, but normalized in 8 out of 13 patients only. 

Changes in V’O2-peak from baseline to 1 year post PEA, correlated significant with the directly 

after PEA observed changes in mPAP (r=-0.656, p=0.015).
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Table 2  Exercise and cardiac function parameters for healthy controls and CTEPH patients before and 
after PEA. 

 Controls Pre PEA Post PEA

Exercise parameters

V’O2-peak, %-predicted 72.5±13.0 99±13‡

peak workload, %-predicted 71±23 97±30‡

O2-pulse, %-predicted 75±13 95±14‡

V’E/V’CO2: 49.8±11.2 32.7±4.0‡

peak HR, %-predicted 91±8 94±10

peak V’E, %-predicted 98±19 92±14

Remodelling parameters

 RV EDVI, ml.m-2 68.2±12.9 70.8±31.9 53.3±15.7‡#

 RV ESVI, ml.m-2 25.0±9.4 45.9±25.5# 23.3±9.7‡

 RV mass index, g.m-2 24.9±11.0 37.9±13.2# 24.4±6.1‡

 LV EDVI, ml.m-2 70.2±13.8 57.0±7.6# 60.9±7.3‡

 LV ESVI, ml.m-2 23.7±6.9 21.7±4.3 19.8±6.8 

 LV mass index, g.m-2 73.5±22.3 60.0±14.0 56.6±20.7

Systolic function parameters

 RV EF, % 82.1±6.6 36.2±11.7# 56.4±12.9‡#

 LV EF, % 66.9±4.9 61.9±6.9 64.6±9.5

Data are expressed as mean±SD. V’O2 = oxygen uptake; O2-pulse = oxygen pulse; V’E/V’CO2 = ventilator 
equivalent for carbon dioxide; HR = heart rate; V’E = minute ventilation; RV = right ventricle; LV is left 
ventricle; EDVI = end diastolic volume index; ESVI = end systolic volume index; EF = ejection fraction; 
‡ p<0.05 post PEA compared to pre PEA; # p<0.05 compared with healthy controls.

Cardiac MRI

In the group of CTEPH patients, preoperative mean workload during the cMRI exercise protocol 

(40% of pre-assessed individual maximal workload) was 40±15 Watt. Postoperatively, cMRI 

exercise measurements were performed both at the preoperative work load (40±15 Watt), 

and in the 13 patients in whom postoperatively also CPET was performed also at 40% of the 

postoperative individual maximal workload (58±14 Watt). The group of healthy control subject 

performed their cMRI exercise at 40% of their individual maximal workload (102±40 Watt).

  Preoperatively, in the CTEPH patients, SVI decreased upon exercise from 35.9±7.4 ml.m-

2 at rest to 33.0±9.0 ml.m-2 after 3 minutes of exercise (p=0.023); HR increased from 69±12 

beats.min-1 to 93±13 beats.min-1 (p<0.001) and CI from 2.4±0.4 l.min-1.m-2 to 3.0±0.8 l.min-1.m-2 

(p=0.003). SVI during exercise, measured at 40% of maximal workload, correlated with V’O2-

peak (expressed as %-predicted: r=0.688; p=0.002) and O2-pulse (expressed as %-predicted: 

r=0.759; p<0.001); and exercise SVI correlated inversely with mPAP (r=-0.719, p=0.001) and TPR 

(r=-0.656, p=0.001). In contrast to the CTEPH patients, the healthy controls showed an increase 

in SVI upon exercise (46.6±7.6 ml.m-2 vs. 57.9±11.8 ml.m-2 after 3 minutes of exercise; p=0.001); 
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exercise also induced an increase in HR (65±10 beats.min-1 vs 94±8 beats.min-1; p<0.001) and an 

increase in CI (3.0±0.3 ml.min-1.m-2 vs. 5.4±1.1 ml.min-1.m-2; p=0.001). SVI response and cardiac 

output response significantly differed between healthy controls and CTEPH patients (both 

p<0.001; Figure 1). 

  In CTEPH patients, by re-evaluation of cMRI one year after PEA, no significant changes 

were found in resting SVI, HR and CI, compared to preoperative values. SVI response (ΔSVI) 

upon exercise at the preoperative work load (n=17), however, improved significantly compared 

to preoperative values (ΔSVI-pre: -2.8±4.6 ml.m2 vs. ΔSVI-post: 4.0±4.6 ml.m2; p<0.001; Figure 1). 

Since the HR response to exercise remained unchanged, the CI response improved significantly 

(Table 3). Postoperatively, exercise SVI at 40% of preoperative maximal workload correlated 

significantly with mPAP, but not with TPR or parameters reflecting exercise capacity. Mean 

HR response upon exercise remained unchanged. However, individual changes in SVI during 

exercise, from preoperatively to postoperatively, were reversely related to individual changes in 

exercise HR at 40% preoperative workload. (r=-0.690, p=0.003; Figure 2). 

  In the 13 patients who repeated the 3 minutes of exercise in the MRI also at 40% of their 

postoperative CPET determined maximal individual work load, no further increase in SVI was 

observed (40.0±5.9 ml.m-2 vs. 41.6±6.9 ml.m-2, n=13; p=0.195) while HR (92±9 beats.min-1 vs. 

96±11 beats.min-1, n=13; p=0.022) and CI (7.7±1.4 ml.min-1.m-2 vs. 8.2±1.3 ml.min-1.m-2, n=13; 

p=0.025) increased significantly. 

  Postoperatively, although they all showed postoperative improvement, 4 patients retained 

a negative SVI response upon exercise. These 4 patients differed significantly from the patients 

who did show a positive SV response after PEA with respect to preoperatively RVEF (21.4±9.3 

% vs. 40.7±9.2 %, p<0.001), preoperatively arterial oxygen saturation (Hba,O2 88±3 % vs. 

93±2 %, p=0.003)) and preoperatively 6-MWD (369±73 m vs. 497±98 m, p=0.03). In contrast, 

postoperative hemodynamic and functional outcome did not differ in these patients.. 

  Despite significant postoperative improvement, SVI and CI remained significantly lower 

in CTEPH patients compared to healthy controls, even when the 4 patients with postoperative 

negative SVI response were excluded from the analyses.

Table 3  Stroke volume index (SVI), heart rate (HR) and cardiac index (CI) values at rest and during sub-
maximal exercise for healthy controls and CTEPH patients before and after PEA. 

Controls Pre PEA Post PEA

Rest Exercise Rest Exercise Rest Exercise

SVI, ml.m-2 46.6±7.6 57.9±11.8 35.9±7.4 # 33.0±9.0 *# 35.9±5.2 # 39.9±5.4 *‡ #

HR, min-1 65±10 94±8 69±12 93±13 * 73±11 97±9.0 *

CI, l. min-1.m-2 3.0±0.3 5.4±1.1 2.4±0.4 # 3.0±0.8 *# 2.6±0.5 3.8±0.5 *‡ #

Data are expressed as mean±SD. * p<0.05 compared to resting conditions, ‡ p<0.05 post PEA compared to 
pre PEA, # p<0.05 compared with healthy controls.
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Figure 1: Changes in hemodynamic parameters upon exercise before and 

after PEA. * p<0.05 Pre PEA vs. post PEA; § p<0.05 Pre PEA vs. control;  # 

p<0.05 Post PEA vs. control. HR= heart rate; CO= cardiac output; SV= stroke 

volume. Solid black bars are preoperative values (Pre PEA); dotted bars are 

postoperative values (Post PEA); solid white bars are the healthy controls.  
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Figure 2: Changes in exercise stroke volume index (SVI) vs. changes in 

exercise heart rate (HR) 

Figure 2 Changes in exercise stroke volume index (SVI) vs. changes in exercise heart rate (HR)

Cardiac function

Improvement in SVI response was accompanied by changes in cardiac remodeling (Table 

2). Preoperatively, RVESVI was significantly increased in the CTEPH patients as compared to 

the healthy controls. In addition, compared to the healthy controls, the RV mass index was 

increased, LVEDVI was decreased, while LV mass index did not differ. Systolic cardiac function 

was affected before PEA, with a decreased RV-EF, whereas LV-EF did not differ between patients 

and healthy controls. 

  Postoperatively, RV dimensions (RVEDVI and RVESVI), as well as RV mass index decreased 

significantly towards normal values. In addition, LVEDVI and RV-EF increased significantly 

one year after PEA; however, postoperative RV-EF was still significantly lower compared to 

the control subjects, whereas LVEDVI normalized. LVESVI, LV mass index and LF-EF remained 

unchanged.

  Postoperatively observed changes in SVI during exercise correlated significantly with the 

changes at rest observed in RVEDVI (r=-0.720; p=0.001), RVESVI (r=-0.707; p=0.001) and RV mass 

index (r=-0.576; p=0.015). 
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DISCUSSION

In CTEPH, exercise was shown to be limited by inadequate SV response. As hypothesized, we 

demonstrated a PEA-induced restoration of SV response upon sub-maximal exercise. This 

restoration of SV response was accompanied by an increase in exercise tolerance, and by 

changes in cardiac remodeling. The improvement in SV response after PEA, however, was not 

evident in all patients. Four, preoperatively more severely affected patients retained a negative 

SV response during exercise, despite (near) normalization in pulmonary hemodynamics. 

  This is the first study, in which restoration of SV response upon exercise after PEA in CTEPH 

patients was demonstrated. Preoperatively, we found a negative SV response, i.e. a decrease 

in SV upon exercise, in patients with CTEPH; opposite from the response observed in healthy 

subjects. The preoperative SVI during exercise in CTEPH patients correlated significantly with 

exercise capacity as expressed by V’O2-peak and the hemodynamic severity of disease at rest. 

This finding is in accordance with earlier reports in IPAH, showing that exercise limitation in PH 

is caused by the inability of the heart to sufficiently increase pulmonary blood flow due to an 

increased pulmonary vascular resistance (9;10). During exercise, increase in pulmonary arterial 

pressure results in impairment of RV function and LV underfilling, both leading to a failing 

SV response to exercise, i.e. a decrease in SV upon exercise (9). Stroke volume is determined 

by contractility and the EDV. Holverda and co-workers showed that the failure to increase SV 

upon exercise in IPAH patients was accompanied by a small increase in RVEDV and a decrease 

in LVEDV due to increased septal bowing and RV forward failure hampering an adequate 

filling of the LV. Although we did not measure cardiac function parameters during exercise, 

postoperatively observed changes in parameters reflecting RV remodeling at rest were closely 

related to the changes observed in SVI during exercise 

  Postoperatively, SVI during exercise and SV response improved significantly, although 

complete normalization was not attained. Restoration of postoperative SV during exercise was 

not related to any exercise or hemodynamic parameter. Where preoperatively, exercise is limited 

by the inability to increase SV, postoperatively restoration of pulmonary vascular resistance will 

allow a sufficient increase of pulmonary blood flow upon exercise. During an incremental CPET, 

SV will increase within the first 30-40% of maximal exercise capacity and than reach a plateau. 

After that, further increase in exercise capacity is obtained by an increase in cardiac output due 

to an increase in heart rate. 

  Cardiac output is closely related to oxygen uptake, which by itself is closely related to 

the level of exercise (25;26). Consequently, cardiac output and the level of exercise have to 

be highly correlated. In CTEPH patients, however, we observed an increase in postoperative 

cardiac output, despite a similar work load. As pre- and postoperatively work load were the 

same, the energy demand and thereby oxygen uptake are likely to be the same, as a change in 

mechanical efficiency is highly unlikely. From the Fick equation it can be derived that oxygen 

uptake is the product of cardiac output times oxygen extraction (i.e. the difference between 

arterial and mixed venous oxygen content). As postoperatively, cardiac output increases with 
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a assumed equal oxygen uptake, this can only be explained by a decreased oxygen extraction. 

We have previously shown that even in CTEPH patients with exercise-induced PH mixed venous 

oxygen tension can decrease dramatically during exercise (unpublished data). As cardiac output 

is the result of stroke volume times heart rate, the increase in cardiac output upon exercise 

postoperatively is mainly the result of improved SV response. In other words, PEA restores SV 

response. Although compared to preoperative values, mean HR during exercise did not change 

after surgery, individual data showed a significant correlation between the increase in SV upon 

exercise and the decrease in HR response. 

  Postoperatively, in the 13 patients who performed an additional cMRI measurement at 40% 

of their postoperatively by CPET assessed maximal work load, SVI did not further increase. This 

could indicate that the plateau in SV response in these patients was already attained. Therefore, 

we might conclude that the SV response did not completely normalized in the group of CTEPH 

patients as values are postoperatively still lower compared with healthy controls, even when the 

4 patients with postoperative negative SV response were excluded. Whether the SV response 

upon exercise will show further improvement during longer term follow-up, as was observed 

for functional capacity (27), might be an subject for further research. 

  The improvement in SV response after PEA was not evident in all patients. The only 

parameters that discriminated between the patients with negative and a positive postoperative 

SV response, were preoperative RV-EF, PaO2 and 6-MWD, pointing to more severe cardiac and 

functional impairment. Interestingly however, with respect to postopeartive hemodynamic and 

functional outcome no changes were observed. Moreover, 3 out of the 4 patients with negative 

postoperative SV response upon surgery postoperatively pulmonary hemodynamics at rest 

(near) normalized. It was recently suggested that after PEA, even patients with normalized 

hemodynamics at rest may suffer from functional limitations due to exercise induced pulmonary 

hypertension by decreased compliance of the vascular bed (28). At the same time, structural 

changes in the RV itself may also contribute to the postoperatively negative SV response. Long-

standing pulmonary hypertension was reported to lead to the development of (mild) RV fibrosis 

in a minority of CTEPH patients (29). 

  A few methodological aspects of our study need comment. Firstly, the relatively small 

number of patients needs to be taken into account. Although the study was sufficiently 

powered for our primary objective, the sub-analysis between patients who did recover and 

those who did not, was hampered by the small number of patients per group. The question 

of what will predict the ultimate level of recovery remains an objective for future research. 

Secondly, the group of healthy controls should be addressed. As the group of healthy controls 

was slightly younger (p=0.06), and exercised during cMRI at 40% of their individual maximal 

workload, absolute workload during cMRI was significantly higher, making direct comparison 

between CTEPH patients and healthy controls difficult. We are aware therefore, that any report 

about normalization should be done with some care. As our primary objective was to study the 

PEA-induced restoration of the RV stroke volume response upon sub-maximal exercise within 

patients, we do not believe this has affected our results. 
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Conclusion

Preoperatively, SV decreases during exercise in patients with CTEPH; and SV during exercise 

was related to exercise capacity and hemodynamic severity of disease. Postoperatively, we 

demonstrated a PEA-induced restoration of the SV response. This restoration was accompanied 

by an increase in exercise tolerance, and by changes in cardiac remodeling. Postoperative, 

however, four more severely effected patients retained a negative SV response during exercise, 

despite (near) normalization in pulmonary hemodynamics. 
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ABSTRACT 

Background: Pulmonary hypertension (PH) is observed in 30% of adult sickle cell disease 

(SCD) patients and is associated with poor prognosis. Reduced exercise capacity is one of many 

manifestations of PH. In SCD, however, several disease specific factors may contribute to a 

reduced exercise capacity. We assessed to what extent PH contributes to exercise intolerance in 

SCD patients. 

Methods: 41 unselected consecutive adult SCD patients, routinely screened for PH by 

echocardiography, underwent pulmonary function testing and a cardiopulmonary exercise 

test. 

Results: Ten patients (24%) had evidence of mild PH at rest with tricuspid regurgitation jet 

flow velocity (TRV) ranging from 2.5 to 2.8 m·sec-1. Exercise capacity was decreased in 34(83%) 

patients. After correction for haemoglobin concentration, peak oxygen uptake (V’O2-peak) 

and physiological responses to exercise did not differ between patients with and without PH. 

Multivariate linear regression analysis showed haemoglobin concentration and vital capacity to 

be independently associated with V’O2-peak. No relation was found between TRV and exercise 

performance. According to criteria for exercise limitation, in only one patient the exercise 

limitation could be related to pulmonary vascular exercise limitation. 

Conclusion: We demonstrate that reduced exercise capacity is prevalent in unselected patients 

with SCD and related to anemia and pulmonary function impairment. In contrast to primary 

pulmonary hypertension, reduced exercise capacity in SCD is not explained by pulmonary 

vascular exercise limitation. 
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INTRODUCTION

Sickle cell disease (SCD) is an inherited disorder in which a single DNA point mutation results 

in the production of abnormal hemoglobin. Signs and symptoms are found in homozygous 

(HbSS) patients, as well as in heterozygous patients if the mutation is accompanied by another 

heterozygous hemoglobin disorder, such as haemoglobin C (HbSC) or β-thalassemia (HbSβ0 

or HbSβ+). SCD is characterized by chronic haemolytic anaemia and (micro)vascular occlusion, 

resulting in accumulating organ damage, reduced exercise capacity, a decreased quality of life 

and reduced life expectancy. In the course of the disease, changes in the pulmonary vascular 

bed may lead to the occurrence of secondary pulmonary hypertension (PH) (1). PH is reported 

to be present in approximately 30% of adult sickle cell anaemia patients; and even mild PH has 

been identified as an independent risk factor for early death (2;3). 

  A reduction in exercise capacity is one of the main symptoms of PH; and exercise capacity, 

reflected by peak oxygen consumption (V’O2-peak) in a symptom limited cardiopulmonary 

exercise test (CPET) was shown to be an important predictor of survival (4;5). In PH, exercise 

is limited by the inability of the heart to sufficiently increase pulmonary blood flow, due to 

increased pulmonary vascular resistance (6;7). 

  In SCD, however, anaemia, restrictive and obstructive pulmonary disease (8;9), 

cardiomyopathy and skeletal damage due to chronic anaemia may all contribute to a reduced 

exercise capacity (10). The contribution of (mild) PH to reduced exercise capacity in SCD has not 

been systematically studied. Upon analysis with CPET, pulmonary vascular limitation is reflected 

by a typical pattern of physiological changes. This pattern is well described and validated 

and has prognostic significance in patients with primary pulmonary hypertension (4;11-14). 

Recognition of this typical pattern can discriminate exercise intolerance due to pulmonary 

vascular limitation from that due to other, above mentioned, factors.

  The aim of this study was to assess the prevalence and underlying pathophysiology of a 

reduced exercise tolerance in a non-selected group of clinically stable outpatients with SCD and 

to relate this to the presence of PH diagnosed by echocardiography. 

METHODS

Patients

Adult SCD patients (HbSS, HbSC, HbSβ+-thalassemia or HbSβ0-thalassemia, confirmed by high 

performance liquid chromatography), who visited the outpatient SCD clinic of the Department 

of Haematology of the Academic Medical Centre for routine scheduled evaluation were 

considered eligible for this study. Inclusion criteria were: age 18 years or older and the physical 

capacity for CPET. Exclusion criteria were: pregnancy, a recent vaso-occlusive crisis (<2 weeks 

before) or acute chest syndrome (<4 weeks before). 
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Study design

The cross-sectional study design included two visits. Trans-thoracic echocardiography, 

laboratory testing (complete blood count, Hb-electrophoresis, creatinine, urea, LDH, bilirubin, 

NT-pro BNP) and pulmonary function testing was routinely performed during scheduled 

evaluation. During a second visit, within 2 weeks after the first, a symptom limited CPET was 

performed. 

  The research protocol for this study was approved by the local Institutional Review Board 

and the study was conducted in accordance with the principles of the Declaration of Helsinki. 

All patients gave written informed consent before enrolment in the study.

Trans-thoracic echocardiography

Transthoracic echocardiography was performed as described before (15;16). According to the 

generally used SCD-specific criteria, PH was defined as a peak tricuspid regurgitation jet flow 

velocity (TRV) of at least 2.5 m·sec-1, corresponding to an estimated systolic pulmonary artery 

pressure (sPAP) of 30 mmHg. TRV has been reported to correlate with sPAP in the absence of 

right ventricular outflow obstruction and pulmonary stenosis (17) and this has been validated 

in patients with SCD (2). The sPAP can be calculated from TRV, with 5 mmHg assigned for right 

arterial pressure, using the equation: sPAP=TRV2x4+5 mmHg. Patients with trace or no tricuspid 

regurgitant were considered to have normal sPAP with the TRV assigned a value of 1.3 m·sec-1 

(17).

Pulmonary function testing

Spirometry was performed by pneumotachography (Jaeger MS diffusion, Wuerzburg, 

Germany) and included forced vital capacity (FVC), forced expiratory volume in one second 

(FEV1) and inspiratory slow vital capacity (IVC). Total lung capacity (TLC) was determined 

by plethysmography (Jaeger MS Body, Wuerzburg, Germany). Transfer factor for carbon 

monoxide (TL,CO), was determined using the single breath technique (18). TL,CO was corrected for 

haemoglobin concentration according to ATS/ERS criteria (19). Spirometry, plethysmography 

and TL,CO were measured according to ATS/ERS guidelines (19-21).

Cardiopulmonary exercise testing 

Symptom limited CPET was performed and assessed according to the guidelines of the 

American Thoracic Society (22). Briefly, patients were placed on a cycle ergometer in the 

upright position and continuous measurements were made of minute ventilation (V’E), oxygen 

consumption (V’O2), carbon dioxide production (V’CO2), heart rate (HR), blood pressure and 

electrocardiography. Work load was increased by 5-15 Watt, depending on the predicted 

maximum exercise capacity and in such a way that maximal effort was attained within 10-15 

minutes. Peak oxygen consumption (V’O2-peak) was defined as the highest attained value 

averaged over 8 breaths. Oxygen pulse (O2-pulse) was calculated as V’O2 divided by HR. 
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Anaerobic threshold was determined using the V-slope method (14). 

  The PH specific pattern of physiological changes during CPET is characterized by reduced 

peak V’O2 (<84% of the predicted value), low V’O2 at the anaerobic threshold (V’O2@AT; <40% 

of the predicted value), normal to high ventilatory reserve (pre-assessed maximal ventilation 

minus actual peak-ventilation; >11 L or >15% of maximal ventilation), a high ventilatory 

equivalent for CO2 (V’E/V’CO2) at the anaerobic threshold (>34); and a decreased oxygen-pulse 

(O2-pulse (V’O2/HR)) which reflects an impaired stroke volume response (6;11-14).

Statistical analysis

Results are expressed as mean±SD. All analyses were performed with the SPSS 17.0 statistical 

software (SPSS; Chicago, IL). Pearson’s correlation coefficient was calculated for correlation 

studies, and was tested for two-sided significance. Multivariate linear regression analysis of 

all individual parameters that correlated significantly with either TRV or exercise capacity was 

performed to calculate their predictive value in relation to TRV or exercise capacity. An unpaired 

t-test was used to analyze differences between the patient groups with and without evidence of 

PH. In case of differences in baseline characteristics, a subgroup analysis was planned between 

patients with PH and matched controls. A Chi-squared test was used to compare increased TRV 

prevalence between the genotypes associated with more severe disease (HbSS and HbSβ0-

thalassemia) and the relatively milder disease genotypes (HbSC and HbSβ+-thalassemia). A 

value of p<0.05 was considered statistically significant.

RESULTS

Forty-one consecutive adult SCD patients (35 females; mean age 31 yrs (range 17-68)) from 

the outpatient haematology clinic of the AMC participated in this study. Patients were either 

homozygous (HbSS, n=30) or heterozygous combined with haemoglobin C (HbSC, n=12) or 

β-thalassemia (HbSβ0, n=4 or HbSβ+, n=5). Overall, haemoglobin concentration was 6.0±1.1 

mmol/l. In our cohort of 41 unselected patients, ten patients (24%) had evidence for mild PH 

at rest with TRV ranging from 2.5 to 2.8 m·sec-1. Of the 31 patients without evidence for PH, 8 

had an undetectable TRV. Except for haemoglobin concentration (5.3±1.1 vs. 6.2±1.1 mmol/l; 

p<0.05), there was no difference in baseline characteristics or laboratory parameters between 

patients with or without PH (Table 1). The prevalence of PH did not differ between the relatively 

milder (HbSC/HbSβ+) and more severe (HbSS/HbSβ0) genotype group (3 out of 15 HbSC/HbSβ+ 

patients versus 7 out of 26 HbSS/HbSβ0 patients; p=0.62). 
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Table 1  Patient characteristics and laboratory parameters for patients with (TRV ≥2.5 m·sec-1) and without 
(TRV < 2.5 m·sec-1) pulmonary hypertension. 

TRV < 2.5
(n= 31)

TRV ≥2.5
(n= 10) p-value

Age, yrs 29 ± 11 32 ± 12 ns

Gender, M/F 8/23 5/5

HbSS 15 7

HbSC 10 2

HbSβ+ 2 1

HbSβ0 4 0

Hemoglobin, mmol/l 6.2 ± 1.0 5.3 ± 1.1 <0.05

Fetal Hb, % 8.3 ± 8.6 8.7 ± 6.6 ns

Kreatinin, umol/l 54.1 ± 14.3 130.1 ± 220.7 ns

Direct Bilirubin, umol/l 11.8 ± 26.7 9.8 ± 11.0 ns

Total Bilirubin, umol/l 55.9 ± 53.5 56.8 ± 44.3 ns

Urea, mmol/l 2.88 ± 0.79 4.81 ± 4.88 ns

LDH, u/l 346.8 ± 147.2 355.0 ± 204.0 ns

NT-Pro BNP, ng/l 82.3 ± 111.3 135.8 ± 131.8 ns

A p-value <0.05 was considered statistically significant. ns stands for not significant

Table 2 Pulmonary function and CPET variables

Variables % predicted

FVC, l 3.35 ± 0.81 83.3 ± 14.7

FEV1, l 2.76 ± 0.68 81.8 ± 15.6

FEV1/VC 0.82 ± 0.08 99.6 ± 8.4

TL,CO 7.2 ± 1.7 74.5 ± 13.1

TL,CO/VA 1.8 ± 0.38 100.8 ± 20.2

Peak work rate, Watt 109.7 ± 41.9 69.7 ± 15.7

V’O2-peak, ml/min/kg 24.3 ± 6.9 71.0 ± 16.4

Peak HR, beats/min 163.0 ± 21.8 85.4 ± 9.1

O2-pulse, ml 9.5 ± 2.8 82.2 ± 17.7

Peak V’E, l/min 62.5 ± 22.1 62.7 ± 18.3

V’E/V’CO2 @AT 28.3 ± 3.8

RER at peak 1.13 ± 0.11

FVC = force vital capacity; FEV1 = forced expiratory volume in one second; TL,CO = transfer factor for carbon 
monoxide TL,CO/VA = transfer factor for carbon monoxide corrected for alveolar volume; V’O2-peak = peak 

oxygen consumption; HR = heart rate (HR); O2-pulse = oxygen pulse; V’E = minute ventilation; V’E/V’CO2 = 

ventilatory equivalent for CO2; RER = respiratory exchange ratio.

Proefschrift Mart van der Plas.indd   106 22-10-2010   10:03:28



 Exercise Tolerance in Sickle Cell Patients with and without Pulmonary Hypertension 107

Ch
ap

te
r 8

Pulmonary function

Results of pulmonary function testing are shown in Table 2. On average, FVC, FEV1 and TLC 

appeared slightly reduced. A restrictive ventilatory defect, i.e. a TLC below the 5th percentile of 

the predicted value, was present in 22 patients, while in 3 patients a mild obstructive ventilatory 

defect was observed. Average TL,CO was decreased, but normal if TL,CO was corrected for the 

concomitant level of restriction. Patients with PH had significantly lower FVC, FEV1 and TLC as 

compared to patients without (Figure 1). In addition, FVC and FEV1 were significantly correlated 

with the haemoglobin concentration (FVC r=0.41; FEV1 r=0.48; both p<0.05). Matched for the 

haemoglobin concentration, no significant difference in pulmonary function parameters was 

found between the patients with and without PH. 

Cardiopulmonary exercise testing 

The CPET variables are presented in Table 2. Thirty-four of the 41 studied patients (83%) had 

by definition a reduced exercise capacity with a decreased V’O2-peak, i.e. below 84% of the 

predicted value. On average, V’O2-peak, W-max, HR-max and V’E-max were decreased; while RER 

at top was 1.13±0.11, indicating maximal effort. Reduced exercise capacity met the accepted 

criteria for exercise limitation by pulmonary vascular limitation in one patient only (HbSS with 
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Figure 1. a) Forced expiratory volume in one second (FEV1); b) Total lung capacity 

(TLC); c) ventilatory equivalent for CO2 at anaerobic threshold (V’E/V’CO2@AT) and 

d) Oxygen pulse (O2-pulse) for SCD patients with (TRV ≥ 2.5 m⋅sec-1) and without 

(TRV < 2.5 m⋅sec-1) evidence for pulmonary hypertension.  
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Figure 1. a) Forced expiratory volume in one second (FEV1); b) Total lung capacity 

(TLC); c) ventilatory equivalent for CO2 at anaerobic threshold (V’E/V’CO2@AT) and 

d) Oxygen pulse (O2-pulse) for SCD patients with (TRV ≥ 2.5 m⋅sec-1) and without 

(TRV < 2.5 m⋅sec-1) evidence for pulmonary hypertension.  

Figure 1  a) Forced expiratory volume in one second (FEV1); b) Total lung capacity (TLC); c) ventilatory 
equivalent for CO2 at anaerobic threshold (V’E/V’CO2@AT) and d) Oxygen pulse (O2-pulse) for 
SCD patients with (TRV ≥ 2.5 m·sec-1) and without (TRV < 2.5 m·sec-1) evidence for pulmonary 
hypertension. 
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increased TRV). Based on CPET criteria (14), the other patients were limited in exercise capacity 

due to anaemia (n=17), cardiovascular dysfunction (n=2), impaired musculoskeletal function 

(n=10), pulmonary function abnormalities (n=1), and poor effort (n=3). 

  No significant correlation was found between TRV and V’O2-peak (Figure 2), or any of the 

other exercise parameters. Although mean V’O2-peak and mean oxygen uptake at the anaerobic 

threshold (V’O2@AT) were lower in the group of patients with PH, these differences did not 

reach statistical significance (p=0.097). Moreover, as there was a significant correlation between 

V’O2-peak and haemoglobin concentration (r=0.46, p<0.005), matching for haemoglobin 

concentration fully levelled out these small differences. In addition, O2-pulse as well as V’E/V’CO2 

at the anaerobic threshold, both reported to be deviant in various forms of PH (11-13;23) did 

not differ between SCD patients with or without echocardiographic evidence of PH (Figure 1). 

Multivariate linear regression analysis demonstrated V’O2-peak to be independently associated 

with both the haemoglobin concentration and the FVC (Model: r2=0.45, p<0.001; standardized 

β=0.48, p<0.001 and 0.31, p<0.05 respectively). When included in the model, genotype did not 

predict V’O2-peak. 

DISCUSSION

In this study, we assessed the prevalence and underlying pathophysiology of reduced exercise 

capacity in non-selected adult sickle cell patients; and studied to what extent pulmonary 

hypertension (as suspected by echocardiography) contributed to the observed decreased 

exercise capacity. Exercise capacity was reduced in 83% of the studied SCD patients. Multivariate 

linear regression analysis showed anaemia and pulmonary function impairment to be the most 

predominant factors contributing to the reduction in exercise capacity in these patients. We 

found, however, no significant association between any CPET parameter and the TRV. 

Figure 2  Relation between peak oxygen uptake (V’O2-peak) and peak tricuspid regurgitation jet flow 
velocity (TRV)
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Figure 2.  Relation between peak oxygen uptake (V’O2-peak) and peak tricuspid 

regurgitation jet flow velocity (TRV) 
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  According to the generally accepted criteria for interpretation of clinical exercise testing, 

pulmonary vascular limitation is likely when V’O2-peak and V’O2 at the anaerobic threshold 

are reduced, breathing reserve is normal or high, V’E/V’CO2 at anaerobic threshold is increased 

and O2-pulse is decreased (6;11-14). Individual interpretation of all exercise tests in our study 

showed a pulmonary vascular limitation in one SCD patient only. This finding is in contrast with 

a previous study by Callahan and co-workers, showing a pulmonary vascular limitation in 11 

out of 19 selected female SCD patients. Anaemia, the most common cause of exercise limitation 

in our patients, was the sole cause of exercise limitation in only 3 out of 19 patients (24). Since 

Callahan and co-workers reported neither the prevalence nor the severity of PH, it remains 

unclear whether the pulmonary vascular limitations were PH-related. 

  As anaemia was the most common cause of exercise limitation in our patients, it is not 

surprising that V’O2-peak was significantly related to haemoglobin concentration. TRV and 

CPET parameters, on the other hand, were found to be poorly correlated. Even more, when 

divided into groups with and without echocardiographic evidence for PH, bases on the TRV 

cut-off value of 2.5 m·sec-1, no differences between groups were found in exercise capacity 

or any other exercise parameter. Anthi and co-workers recently reported a significantly lower 

exercise capacity in SCD patients with PH as opposed to patients without PH matched for 

haemoglobin concentration (25). In our view, this apparent discrepancy with our findings may 

be explained, at least in part, by the fact that a highly selected and older patient population 

was studied, characterized by moderate-to-severe PH, whereas patients in our study were 

almost exclusively characterized by evidence for mild PH at the most. Interestingly, Anthi et 

al. also reported that 50% of their PH patients appeared to have an elevated TRV secondary to 

pulmonary venous hypertension (25). In SCD, left ventricular hypertrophy is inversely related 

to the degree of anaemia, and an increased left ventricular mass was demonstrated to be 

positively correlated with right ventricular pressures (26). Taken together, it might be suggested 

that, at least in some of the SCD patients, PH is secondary to anaemia-induced left ventricular 

hypertrophy caused by high cardiac output. In the line with this observation, recently a large 

prospective multicenter study was performed, in which 403 patients with SCD were analysed 

for PH by echocardiography. Although 96 patients appeared to have an elevated TRV (≥2,5 

m/s) in only 24 patients pulmonary arterial hypertension was confirmed by angiography. In all 

other patients the elevated TRV was explained by post capillary PH or hyperdynamic circulation 

(27). As both heart and lung are trapped in the narrow space of the thorax, an increase in heart 

size by anaemia-induced left ventricular hypertrophy may lead to a decrease in lung volume. 

This mechanism might explain the relation between the pulmonary function parameters and 

exercise capacity, as well as the decreased lung volumes in patients with increased TRV in the 

present study. 

  As in our study, PH in SCD is usually mild and closely related to the severity of anemia (3). 

At the same time, the increased mortality observed in SCD patients with PH does not seem to 

be related to the severity of PH (3). As death of SCD patients with mild PH often occurs as the 
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result of other SCD-related complications rather than right heart failure or sudden death, it 

might be hypothesized that mild PH merely reflects the severity of the systemic vasculopathy 

and as such predicts an increased risk of death, rather than being causatively linked (3;28). As 

such, a restrictive pulmonary function defect, reduced exercise capacity, evidence for PH and 

anaemia may all represent related markers of severity of disease in SCD patients. 

  A few methodological aspects of our study need comment. Firstly, the relatively small 

number of patients needs to be taken into account and therefore our findings need to be 

confirmed in a larger cohort. Secondly, right heart catheterization remains the gold standard 

diagnostic test for PH and is indeed recommended in SCD patients with moderate-to-severe 

PH. The criteria used in this study to define the presence of PH are generally used and validated 

in SCD patients. However, in view of the relatively low specificity of the used cut-off level (29-

31), by doing so we may have included patients without pulmonary hypertension. Since we 

wished to study whether exercise limitation during CPET in SCD patients could be attributed to 

a pulmonary vascular limitation related to the presence of pulmonary hypertension, we do not 

feel that the lack of right heart catheterization would significantly affect our results.

  In conclusion, in the present study we demonstrate that anemia and pulmonary function 

impairment, rather than pulmonary hypertension are responsible for the reduced exercise 

tolerance observed in unselected SCD patients. There was no relation found between an 

increased TRV and any CPET parameter. As such, CPET was unable to discriminate between 

SCD patient with and without PH, which questions the usefulness of CPET as a tool for early 

detection of PH in SCD. Our findings underline that reduced exercise capacity is prevalent in 

patients with SCD and is related to anemia and pulmonary function. In contrast to primary 

pulmonary hypertension, reduced exercise capacity in SCD is not explained by pulmonary 

vascular exercise limitation. 
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ABSTRACT 

Purpose: Pulmonary hypertension (PH) is frequently observed in advanced idiopathic 

pulmonary fibrosis (IPF), and is associated with poor prognosis. Non-invasive and early markers 

of pulmonary vascular impairment are needed for accurate prognostic assessment. We studied 

whether non-invasive exercise parameters are predictive for PH in IPF; and determined the 

predictive value of these parameters for survival.

Methods: From our interstitial lung disease protocol database, we reviewed the records of 

consecutive patients with IPF in whom symptom limited cardiopulmonary exercise testing and 

echocardiography were performed within two weeks.

Results: The data of 38 patients diagnosed with IPF were included in the present study. Eleven 

patients (29%) had evidence of PH at rest, defined as sPAP ≥40mmHg. From all non-invasive 

CPET parameters only the ventilatory equivalent for CO2 (V’E/V’CO2) at anaerobic threshold 

differed significantly between patients with and without PH. ROC curve analysis for V’E/V’CO2 

resulted in AUC of 0.77 (95% CI: 0.569 – 0.970; p=0.026), with an optimal cut-off value for 

predicting PH of >45.0. Patients with a V’E/V’CO2 >45.0 had a significantly worse survival 

compared to patients with a V’E/V’CO2 ≤45.0 (p=0.001). In contrast, sPAP did not predict survival 

in this group of patients.

Conclusion: Based upon our data, we suggest that V’E/V’CO2 at anaerobic threshold is a 

potentially useful non-invasive marker for early detection of pulmonar vascular impairment, 

and therefore may be of use for a more accurate prognostic assessment of IPF patients.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a uniformly fatal disease of unknown etiology. (1-4). 

Clinically, IPF is characterized by gradually progressive dyspnea, impaired exercise capacity, a 

decreased quality of life and reduced life expectancy. In IPF, pulmonary hypertension (PH) is 

frequently observed in advanced disease; reported prevalence ranging from 8% to 84% (5-7). 

Importantly, in patients with IPF, the presence of PH at rest has a significant adverse impact on 

survival (5;6;8). In advanced fibrosis, pulmonary vascular resistance as measured by right heart 

catheterization was demonstrated to be associated with early mortality (9). Accurate prognostic 

assessment is important, particularly with regard to transplant assessment and prioritization. 

However, invasive assessment with right heart catheterization is not always practicable. 

Noninvasive and early markers of pulmonary vascular impairment are therefore needed for 

accurate prognostic assessment. 

  In PH, reduction in exercise capacity is one of the key symptoms; and exercise capacity, 

reflected by peak oxygen consumption (V’O2-peak) in a symptom limited cardiopulmonary 

exercise test (CPET) was shown to be an important predictor of survival in PH patients (10;11). 

Upon analysis with CPET, pulmonary vascular limitation is reflected by a typical pattern of 

physiological responses. This pattern is well described and validated, and has prognostic 

significance in patients with primary pulmonary hypertension (10;12-15). Recognition of this 

pattern can identify exercise intolerance due to pulmonary vascular limitation and might 

therefore serve as a early marker of PH in IPF patients, i.e. even in patients with manifest PH at 

exertion only. 

  The aim of this study was therefore to assess whether non-invasive CPET parameters are 

predictive for the presence of PH in IPF; and to determine the predictive value of these CPET 

parameters for survival. 

METHODS

Patients

Between November 1993 and December 2009 patients with IPF were included in the interstitial 

lung disease (ILD) protocol of the Department of Respiratory Medicine of the Academic Medical 

Centre, a university-affiliated referral centre for ILD in Amsterdam, the Netherlands. This protocol 

is a local protocol for examination and treatment of patients with ILD.

 Diagnosis was made according to the ATS/ERS guidelines (4). If at the time of referral 

the diagnosis had been histologically confirmed, the biopsy material was reviewed in the 

Department of Pathology of our hospital. Otherwise, if indicated, surgical lung biopsy 

was performed if the patient was able to undergo a surgical procedure. If applicable, final 

confirmation was provided by histological investigation of lung resection material at the time 

of lung transplantation or at the time of autopsy. Pathology specimens were judged according 

to the criteria described by Katzenstein and Myers (16). In all patients an occupational or 
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environmental cause for the pulmonary fibrosis was excluded; none of the studied patients 

developed a connective tissue disease during follow-up in the protocol.

Study Design

The records of consecutive patients with IPF in whom symptom limited CPET and 

echocardiography were performed within two weeks were reviewed. All examinations were 

performed as part of routine clinical practice and results were recorded in medical records. For 

study purpose the clinical data of the patients were extracted from these medical records and 

prospectively collected into the ILD protocol database. The research protocol for this study was 

conducted in accordance with the principles of the Declaration of Helsinki. The study protocol 

was approved by the local Medical Ethics Committee, and at inclusion all patients were asked 

for consent to collect their data. However, as the analyses in the present study comprised an 

analysis of anonymised data, registered for research purposes, the need for informed consent 

was waived. 

Echocardiography

Transthoracic echocardiography (TTE) was performed as described before (17;18), using 

conventional clinical echocardiographic equipment with 2.5 or 3.5 mHz transducers. Trans-

thoracic M-Mode, Doppler and two-dimensional images were obtained from para-sternal long- 

and short-axis, apical four- and two chamber, and sub-costal four-chamber views. Tricuspid 

regurgitant jet flow velocity (TRV) was identified by colour flow Doppler techniques. The systolic 

pulmonary artery pressure (sPAP) was estimated by use of the maximum tricuspid regurgitation 

jet velocity (TRV). The velocity was used to obtain sPAP from the calculated right ventricle-to-

right atrium systolic pressure gradient (Bernouilli equation) (19;20); to obtain sPAP, right atrial 

pressure (RAP) values were added to the calculated gradient, with RAP estimated by using 

the collapsibility index of the inferior caval vein in each patient (21). Patients with trace or no 

tricuspid regurgitant were considered to have normal sPAP. PH was defined as a sPAP equal to 

or greater than 40 mmHg, based on the criteria of the World Health Organization Symposium 

on primary pulmonary hypertension, which defines mild PH as a sPAP of 40-50 mmHg (22-24).

Cardiopulmonary exercise testing 

Symptom limited CPET was performed and assessed according to the guidelines of the 

American Thoracic Society (25). Briefly, following placement of a radial artery catheter for 

arterial blood sampling, patients were placed on a cycle ergometer in the upright position and 

continuous measurements were made of minute ventilation (V’E), oxygen consumption (V’O2), 

carbon dioxide production (V’CO2), heart rate (HR), blood pressure and electrocardiography. 

Work load was increased by 5 to 15 Watt, depending on the predicted maximum exercise 

capacity and in such a way that maximal effort was attained within 10-15 minutes. Every two 

minutes arterial blood gas analysis was performed. Peak oxygen consumption (V’O2-peak) was 
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defined as the highest attained value averaged over 8 breaths. Oxygen pulse (O2-pulse) was 

calculated as V’O2 divided by HR. Anaerobic threshold (AT) was determined using the V-slope 

method (15). Maximal voluntary ventilation (MVV) was measured prior to CPET, during 15 

seconds of maximal hyperventilation. MVV was used to calculate the ventilatory reserve (pre-

assessed MVV minus peak V’E)

  The PH specific pattern of physiological changes during CPET is characterized by reduced 

peak V’O2 (<84% of the predicted value), low V’O2 at the anaerobic threshold (V’O2@AT; <40% 

of the predicted value), normal to high ventilatory reserve (pre-assessed maximal ventilation 

minus actual peak-ventilation; >11 L or >15% of maximal ventilation), a high ventilatory 

equivalent for CO2 (V’E/V’CO2) at the anaerobic threshold (>34), and a decreased oxygen-pulse 

(O2-pulse (V’O2/HR)) reflecting an impaired stroke volume response (12-15;26).

Statistical analysis

Results are expressed as mean ± standard deviations (SD). SPSS (version 18.0) and Graphpad 

Prism (version 5.01) statistical software were used for data analysis. Pearson’s correlation 

coefficients were calculated for correlations between sPAP and non-invasive exercise parameters, 

and were tested for two-sided significance. An unpaired t-test was used to analyze differences 

between the patients with and without PH. For the exercise variables that were significantly 

different between IPF patients with and without PH, receiver-operator characteristic (ROC) 

curve analysis was performed to further determine the prognostic value of these variables for 

the presence of PH. Optimal cut-off points for predicting the presence of PH were identified 

by determining the highest sum of sensitivity and specificity values. Areas under the curve 

(AUC) are presented with a 95% confidence interval (CI). For parameters with a significant AUC, 

univariate Kaplan-Meier survival curves were constructed. Hazard ratios and their 95% CI were 

calculated by univariate Cox proportional risk analysis. For all analyses, a value of p <0.05 was 

considered statistically significant.

 

RESULTS

The data of 38 patients diagnosed with IPF (8 females; age 60±9 yrs (range 39-75)), who fulfilled 

the predefined citeria, i.e. echocardiography and CPET within 2 weeks, were included in the 

present study. In our cohort of 38 IPF patients, 11 patients (29%) had evidence of PH at rest 

with sPAP ranging from 40 to 68 mmHg. Of the 27 patients without evidence for PH, 13 had an 

undetectable TRV and were considered to have normal sPAP. Baseline characteristics between 

patients with or without evidence of PH were similar (Table1). 
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Table 1  Differences between IPF patients with (sPAP≥40 mmHg) and without (sPAP<40 mmHg) evidence 
of pulmonary hypertension. 

sPAP < 40 mmHg
(n= 27)

sPAP ≥40 mmHg
(n= 11) p-value

Age, yrs 58 ± 10 62 ± 8 ns

Gender, M/F 22/5 8/3 ns

VC, % predicted 73±16 67±14 ns

FEV1, % predicted 75±16 72±14 ns

TLC, % predicted 68±16 57±11 ns

TL,CO, % predicted 46±15 36±18 ns

TL,CO/VA, % predicted 75±17 68±27 ns

Peak Workload, % predicted 76±27 59±38 ns

V’O2-peak, % predicted 73±24 63±24 ns

V’E-peak, % predicted 103±45 96±38 ns

HR-peak, % predicted 86±11 86±13 ns

V’E/V’CO2@AT 37.9±7.5 54.0±21.9 0.021

O2-pulse, % predicted 86±27 75±38 ns

Data are expressed as mean ± SD; a p-value <0.05 was considered statistically significant; ns: not significant

Exercise capacity

Twenty-nine of the 38 studied patients (76%) had a diminished exercise capacity with a 

decreased peak oxygen uptake (V’O2-peak), i.e. below 84% of the predicted value. On average, 

V’O2-peak (16.5±5.5 ml.min-1.kg-1; 66.6% predicted), and maximal work rate (97.8±48.1 Watt; 

63.2% predicted) were decreased. In accordance with maximal effort, RER at top was 1.17±0.24. 

Mean ventilatory reserve was decreased (5.4±22.4 L or 2.2±26.9% of MVV), indicating a 

ventilatory limitation to exercise. Reduced exercise capacity met the accepted criteria for 

exercise limitation by a pulmonary vascular limitation in 9 patients, 6 of whom had an sPAP 

≥40 mmHg (mean sPAP 53±9 mmHg); the other 3 patients had an undetectable TRV. From the 

patients without CPET characteristics indicative for a pulmonary vascular limitation to exercise, 

9 had a normal exercise tolerance, while the others (n=20) were in major part limited by their 

ventilatory capacity. 

  Despite a significant correlation with sPAP (r=-0.50, p=0.012; Figure 1), V’O2-peak did not 

differ between patients with and without PH (Table 1). From all non-invasive CPET parameters 

only the ventilatory equivalent for CO2 (V’E/V’CO2) at anaerobic threshold differed significantly 

between patients with and without PH. ROC curve analysis for V’E/V’CO2 resulted in an AUC of 

0.77 (95% CI: 0.569 – 0.970; p=0.026; Figure 2). The optimal cut-off point for predicting PH was 

determined by the highest sum of sensitivity and specificity (Table 2), leading to a cut-off for 

V’E/V’CO2 at anaerobic threshold of >45.0. 
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Table 2  Sensitivity, specificity and likelihood ratio determining the diagnostic value of the ventilatory 
equivalent for CO2 (V’E/V’CO2) at anaerobic threshold at different cut-of values.

Cut-off 
V’E/V’CO2

Sensitivity % (95% CI) Specificity% 
(95% CI) Likelihood ratio

> 26.10 100.0 (71.5- 100.0) 7.7 (0.2- 36.0) 1,08

> 36.10 90.9 (58.7- 99.8) 38.5 (13.9- 68.4) 1,48

> 36.80 81.8 (48.2- 97.7) 53.8 (25.1- 80.8) 1,77

> 39.85 72.7 (39.0- 94.0) 69.2 (38.6- 90.9) 2,36

> 45.00 63.6 (30.8- 89.1) 84.6 (54.6- 98.1) 4,14

> 46.35 54.5 (23.4- 83.2) 92.3 (64.0- 99.8) 7,09

> 57.25 36.4 (10.9- 69.2) 100.0 (75.3- 100.0)

Survival

The mean follow-up time in this study was 42.3±42.2 months. The estimated median survival of 

the entire group of patients was 44.0 months, with a 5-year survival rate of 32.4%. Twenty-four 

patients died during the follow-up period (mean follow-up time in non-survivors: 32.9±25.8 

months). A total of 14 patients were still alive at the time of analysis including 3 patients who 

received lung transplantation (follow-up time 58.5±58.8 months, p=0.142, compared with non-

survivors). Baseline characteristics, i.e. age, gender and lung function parameters did not differ 

between patients who died and the survivors (data not shown). 

Figure 1  Relation between peak oxygen uptake (V’O2-
peak) and estimated systolic pulmonary 
arterial pressure (sPAP). Solid squares indicate 
patients with sPAP <40mmHg, open rounds 
indicate patients with sPAP ≥ 40mmHg.
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Figure 1. Relation between peak oxygen uptake (V’O2-peak) and estimated systolic 
pulmonary arterial pressure (sPAP). Solid squares indicate patients with sPAP 
<40mmHg, open rounds indicate patients with sPAP ≥ 40mmHg.  
 

 

 

 
Figure 2  Receiver-operator characteristic (ROC) curve 

of the ventilatory equivalent for CO2 (V’E/
V’CO2) at anaerobic threshold to predict PH in 
IPF patients. Area under the curve (AUC): 0.77 
(95% CI: 0.569 – 0.970; p=0.026). 
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Figure 2. Receiver-operator characteristic (ROC) curve of the ventilatory equivalent 
for CO2 (V’E/V’CO2) at anaerobic threshold to predict PH in IPF patients. Area under 
the curve (AUC): 0.77 (95% CI: 0.569 – 0.970; p=0.026).  
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Figure 3. shows the Kaplan-Meier cumulative survival curve stratified for a V’E/V’CO2 cut-off 

value of >45.0 and sPAP ≥40 mmHg as assessed by echocardiography, respectively. IPF patients 

with a V’E/V’CO2 ≤45.0 (n=24, mean survival time 81.3±14.1months) had a significantly better 

prognosis (p=0.001) compared to patient with a V’E/V’CO2 >45.0 (n=14, mean survival 21.0±4.9 

months). In contrast, sPAP did not predict survival in this group of patients (p=0.235). 

Figure 3  Kaplan-Meier cumulative survival curve stratified for a) IPF patients with (V’E/V’CO2 >45.0, n=14) 
and without (V’E/V’CO2 ≤45.0, n=24) ventilatory equivalent of CO2 at anaerobic threshold above 
45.0 (p=0.001) b) IPF patients with (sPAP≥40 mmHg, n=11) and without (sPAP<40 mmHg, n=27) 
evidence of pulmonary hypertension (p=0.235).

DISCUSSION

In the present study we demonstrated that in patients with IPF, the ventilatory equivalent of 

CO2 (V’E/V’CO2) at anaerobic threshold can be used as a non-invasive marker for the presence 

of pulmonary hypertension, defined as an echocardiographical determined sPAP ≥40 mmHg. 

Moreover, V’E/V’CO2, was shown to be a good predictor of survival in IPF patients. Our data point 

to a possible role for cardio-pulmonary exercise testing as a tool for early prognostic assessment 

in IPF patients.

  As far as we know, this is the first study in which V’E/V’CO2 was shown to be a predictor 

of survival in patients with IPF. Previous studies have reported on other exercise related 

parameters, like arterial oxygen pressure (Pa,O2) at maximal exercise, V’O2-peak <8.3 ml.min-1.

kg-1, six minute walk distance (6-MWD) and/or oxygen desaturation (SaO2<88%) during six 

minute walk test (6-MWT) as predictors of survival in IPF (27-31) In addition, various studies 

reported on the prognostic significance of baseline clinical and physiological markers at rest 

(29;32-34). Recently, baseline TL,CO adjusted for alveolar volume (KCO) and change over time 

in KCO, considered to reflect the level of vascular impairment, were shown to be predictors of 

survival in patients with IPF and fibrotic nonspecific interstitial pneumonia (NSIP); in addition, 

in this study, baseline KCO correlated with sPAP determined by echocardiography at rest (35). 

However, it is highly likely that in IPF, during the course of disease, PH at exertion will precede 

PH at rest. Detection of exercise-induced PH may identify patients prone to develop PH at rest, 

and thereby serve as an early, more accurate tool for the prognostic assessment of IPF patients. 
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Figure 3. Kaplan-Meier cumulative survival curve stratified for a) IPF patients 

with (V’E/V’CO2 >45.0, n=14) and without (V’E/V’CO2 ≤45.0, n=24) ventilatory 

equivalent of CO2 at anaerobic threshold above 45.0 (p=0.001) b) IPF patients with 

(sPAP≥40 mmHg, n=11) and without (sPAP<40 mmHg, n=27) evidence of pulmonary 

hypertension (p=0.235).
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  In pulmonary arterial hypertension, V’E/V’CO2 at anaerobic threshold has been more 

extensively studied. Several studies showed that an increased V’E/V’CO2 at anaerobic threshold 

was associated with hemodynamic severity of disease and survival (10;14;36;37). V’E/V’CO2 at 

anaerobic threshold reflects the ventilatory efficiency. In PH, ventilation is excessively increased 

in relation to the metabolic rate. This excessive ventilation in PH is believed to be caused by 

increased dead space ventilation, exercise induced hypoxemia, sympathetic overstimulation 

and/or stimulation of pressure receptors in the pulmonary vascular bed (10;14;38-40). As blood 

flow fails to perfuse the ventilated lung, dead space ventilation increases. To compensate for 

this increase in dead space ventilation the patient’s ventilatory requirement must increase 

(14;15;41). At the same time, the PH-associated inability to increase cardiac output impairs 

appropriate oxygen transport in response to exercise (26;36), causing a low work rate “lactic 

acidosis” and exercise-induced hypoxemia, thereby further stimulating the ventilatory drive.

  According to the generally accepted criteria for interpretation of clinical exercise testing, 

pulmonary vascular limitation is likely when V’O2-peak and V’O2 at the anaerobic threshold 

are reduced, breathing reserve is normal or high, V’E/V’CO2 at anaerobic threshold is increased 

and O2-pulse is decreased (12-15;26). Individual interpretation of all exercise tests in our study 

showed a pulmonary vascular limitation in 9 patients. In view of the fact that 9 patients had a 

normal exercise tolerance and 20 patients a ventilatory limitation to exercise, it is not surprising 

that overall exercise capacity in this group of patients was determined by ventilatory parameters 

rather than sPAP. The relatively mild severity of disease of patients included in the present study 

must be taken into account here. The relatively high median survival compared to previous 

studies (5;8;9;27;30;42), and the normal exercise tolerance in 9 out of 38 patients suggests that 

we have included patients with less advanced disease. Even more, a V’O2-peak <8.3 ml.min-1.

kg-1 that was previously reported as a good prognostic marker of survival (27), was in our study 

found in 1 patient only.

  Given the mild severity of disease of the patients in this study, our data strengthen the 

usability of V’E/V’CO2 as an early prognostic marker in IPF, especially in the absence of any 

prognostic value of sPAP at rest in this group. Although V’E/V’CO2 was found to differ between 

IPF patients with and without PH and by ROC curve analysis shown to be a good predictor of 

PH, only V’E/V’CO2 and not sPAP ≥40mmHg, was found to predict survival in IPF. This absence 

of any prognostic value of sPAP is in apparent contrast with other studies (5;42). The used cut-

off value of sPAP <40 mmHg may have been of influence. Nadrous and colleagues reported a 

sPAP ≥50mmHg to be associated with worse survival in IPF patients (5). An sPAP ≥50mmHg, 

however, was detected in 4 out of our patients only; again pointing to the relatively mild 

severity of disease in our patients. Moreover, although generally used and validated to screen 

for the presence of PH (22-24), previously reported data on echocardiography in interstitial lung 

diseases showed rather low positive (40-60%) and negative (45-75%) predictive values for the 

presence of PH as determined by right heart catheterization (43;44), which is especially true 

when using a lower cut-off value. This might also explain our CPET findings in 3 patients with 
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a pulmonary vascular limitation despite a non-detectable TRV. More extensive studies using 

right heart catheterization may further clarify the precise relation between V’E/V’CO2 and the 

presence of PH at rest in IPF, although we do not think this will influence its prognostic value.

  The absence of right heart catherization might be considered a major limitation of this 

study. Since by definition a new prognostic variable can never exhibit better sensitivity and 

specificity than the variable to which it is compared; by using echocardiography at rest we may 

have underestimated the prognostic value of V’E/V’CO2 at anaerobic threshold in predicting 

PH. Nevertheless, this does not change its prognostic value for survival, in which V’E/V’CO2 is 

believed to be a marker of an early pulmonary vascular impairment. Ultimately, the relation 

between V’E/V’CO2 and the development of a pulmonary vascular impairment in IPF, as well 

as the prognostic value of V’E/V’CO2 needs to be confirmed in a larger, prospectively studied 

cohort of IPF patients

  In conclusion, in the present study we found V’E/V’CO2 at anaerobic threshold as a marker 

of the presence of PH in ILD. Moreover, V’E/V’CO2 at anaerobic threshold was significantly 

associated with survival. Based upon our data, and given the inclusion of a relatively mildly 

affected group of patients, we suggest that V’E/V’CO2 at anaerobic threshold is a potentially 

useful noninvasive parameter for early detection of clinically significant vascular impairment, 

and therefore may be of use for a more accurate prognostic assessment in IPF patients. 
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In the studies described in this thesis we have focused on mechanisms underlying exercise 

limitation in various forms pulmonary hypertension (PH); on the use of exercise testing 

as parameter of outcome after pulmonary endarterectomy (PEA) in patients with chronic 

thromboembolic pulmonary hypertension (CTEPH); and on the role of exercise testing in 

predicting survival in idiopathic pulmonary fibrosis. In this chapter we will try to bring the 

previous studies together and elaborate on part of the reported findings. In addition, we will 

discuss distinct methodological issues and aims that need to be considered in future studies. 

Six minute walk test and its limitations in clinical practice

Over the years, exercise testing has become increasingly important in pulmonary hypertension 

clinical practice and pulmonary hypertension research. A growing number of studies, including 

our own, have shown that exercise testing provides diagnostic and prognostic information in PH 

patients (1-5). In particular, the six-minute walk test (6-MWT) has been used as (primary) clinical 

endpoint in almost all clinical trials published thus far in PH patients. In chapter 4 we showed 

the 6-MWT to be a highly useful objective tool to assess functional outcome in CTEPH patients; 

the six minute walk distance (6-MWD) was shown to be closely related to the hemodynamic 

severity of disease. However, a few methodological aspects should be kept in mind when using 

the 6-MWT as a outcome measure in PH patients. As we showed in chapter 6, the 6-MWT does 

not appear suited to asses outcome in mildly impaired PH patients. As we showed, in mildly 

impaired PH patients, in contrast to more severely impaired patients, the 6-MWD does not 

reflect maximum aerobic capacity. This indicates that mildly impaired PH patients are limited 

in their 6-MWT for other reasons than merely their oxygen delivery capacity. As a consequence, 

in these patients, an improvement of maximal aerobic capacity after intervention may not be 

associated with an increase in 6-MWD. The design of the test (a patient is not allowed to run) 

places an ultimate limitation by itself. 

  A second issue that needs to be considered when using the 6-MWT, is the lack of 

specificity. Although the 6-MWT evaluates the global and integrated responses of all systems 

involved during exercise, it does neither provide specific information on the function of each 

of the different organ systems involved during exercise nor on the mechanisms underlying the 

exercise limitation observed. In general, in PH, the 6-MWD is likely to reflect the hemodynamic 

severity of disease. However, exercise limitation might be multifactorial, in particular in patients 

in whom PH is secondary to an underlying or associated disease, as in sickle cell disease (SCD) 

and idiopathic pulmonary fibrosis (IPF), both addressed in this thesis. In SCD, for instance, we 

found, using CPET, anemia and pulmonary function impairment, rather than the presence of 

PH, to be the most predominant factors contributing to the observed reduction in exercise 

capacity. In IPF, on the other hand, the ventilatory equivalent for CO2 (V’E/V’CO2) at anaerobic 

threshold, again determined by use of CPET, was found a better predictor of survival than sPAP 

at rest or exercise capacity expressed as peak oxygen uptake (V’O2-peak). 

  In conclusion; the 6-MWT has been shown a very useful tool to assess function status 
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and outcome in PH patients. Due to its close relation with hemodynamic severity of disease, it 

provides diagnostic and prognostic information. However, in mildly impaired PH patients and in 

‘secondary’ forms of pulmonary hypertension with a more complex exercise pathophysiology, 

alternative exercise parameters should be considered. 

Cardiopulmonary exercise testing 

Cardiopulmonary exercise testing (CPET) is considered the gold standard for the evaluation 

of exercise intolerance in patients with pulmonary and cardiac disease, which is based on the 

principle that system failure typically occurs while the system is under physical stress (6). As 

opposed to the 6-MWT, CPET not only evaluates the global and integrated responses of all 

organ systems involved during exercise, but it also provides specific information on the function 

of each of the different components determining the exercise capacity. Nevertheless, CPET is 

not frequently used in clinical trials in PH patients. Previous studies did not show superiority of 

CPET over the 6-MWT in medical trials in pulmonary arterial hypertension (7;8). In fact, in two 

studies that used both tests, the improvements observed in the 6-MWD were not paralleled 

by similar changes in cardiopulmonary exercise testing. The reasons for this remained unclear 

and might be explained at least in part by the complexities of CPET for both patients and 

technicians, and the need to validate the expertise on this procedure at all sites involved when 

used in multicentre trials (7;8). 

Iso-workload treadmill testing

In chapter 7 we showed very clearly that exercise in CTEPH is limited by an impaired, even 

negative stroke volume response. In this study we assessed SV response upon exercise by the 

use of cardiac MRI. However, cardiac MRI in particular is dependent on expensive equipment 

and highly trained professionals. Even more, the knowledge and resources to perform MRI 

during standardized exercise is available in only a few centres worldwide. The results from 

our studies , however, appear to point to a far more easy and less expensive alternative. 

Postoperatively, the maximal SV studied during exercise at equal (iso) power output increased 

compared to preoperative values. The observed changes in maximal SV during exercise were 

inversely related to the changes observed in maximal HR during exercise. As workload is kept 

unchanged within one subject (or patient) energy demand and oxygen uptake will also be the 

same, as a change in mechanical efficiency is highly unlikely. Cardiac output is closely related to 

oxygen uptake. So, given an unchanged power output and oxygen uptake, also cardiac output 

will remain unchanged. Cardiac output is the result of stroke volume times heart rate (HR). An 

increase in SV will therefore result in a concomitant decrease in HR. At a constant workload, 

this should be associated with a decreased HR response. In a pilot study, we assessed whether 

in CTEPH a functional improvement upon medical or surgical intervention is reflected by a 

decreased HR response during a constant (iso-)workload treadmill test.

   In 17 patients with CTEPH we performed a 6-MWT and a simulated 6-MWT on a treadmill 
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(6-minute treadmill test (6-MTT)) at the same average speed as during the 6-MWT. After 

intervention, i.e. 3 months after PEA (n=10), or 16 weeks treatment with the dual endothelin-1 

antagonist bosentan (n=7), the 6-MTT was repeated at similar speed. HR, V’O2, V’CO2 and V’E 

were measured by a portable gas analysis system (Cosmed K4b2, Rome, Italy).

After intervention, the 6-MWD increased (Table 1). At the same time, HR response to 6-MTT 

was significant decreased (Figure 1), accompanied by a high level of agreement for V’O2 (ICC 

0.96; p<0.001), pointing to an increased stroke volume response (Table 1). We concluded that 

functional improvement upon medical and surgical interventions in CTEPH was associated with 

decreased heart rate response during a iso-workload treadmill test. Based upon these findings, 

we suggest that future studies should focus on a possible role for the 6-MTT as a new functional 

endpoint in clinical studies in PH patients. In particular, since in contrast to the 6-MWT, this test 

appears also useful in mildly affected patients. 

Table 1 Pre and post intervention values (mean ± SD)

 Pre Post p-value

6MWD (m) 503 ± 84 526 ± 80 0.011

HR-peak (min-1)  136 ± 16 126 ± 16 0.003

V’O2-peak (ml/min) 1465 ± 391 1446 ± 382 0.281

V’O2/HR (ml) 11.0 ± 3.4 11.6 ± 3.3 0.031

Figure 1  Pre and post HR-peak during 6MTT and 6MWD with line of identity; for patients after bosentan 
treatment (▲) or PEA (□)
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(9-12). The underlying mechanisms responsible for muscle weakness in PH patients are not yet 

known. In COPD and chronic (left) heart failure multiple mechanisms have been suggested 

to be involved in reduced muscle strength; changes in muscle fibre type ratio, abnormal 

intracellular Ca2+ profile, impaired muscle perfusion, decreased number of mitochondria, 

decreased oxidative enzymes, electrolyte disturbance, steroid therapy, malnutrition, wasting 

and cardiac cachexia. Most of these mechanisms do not seem to apply in PH (12). However, our 

observation of increased body mass index (BMI) one year after PEA in patients with CTEPH (in 

48 consecutive CTEPH patients BMI increased from 29.7±5.6 preoperatively to 30.8±5.7 at 1 year 

post PEA; p=0.001), might point to some form of preoperative malnutrition or wasting despite 

normal BMI in CTEPH patients. In COPD and heart failure, weight loss and loss of fat-free mass 

were shown to be associated with systemic inflammation (13-15). Langer and colleagues found 

that heart failure due to CTEPH also appears to generate a pronounced systemic inflammatory 

response with the release of pro-inflammatory and anti-inflammatory cytokines; moreover, PEA 

resulted in the normalization of preoperatively elevated TNF-α levels (16). Future research should 

clarify the possible relationship between exercise intolerance, muscle weakness and systemic 

inflammation induced wasting in PH patients. CTEPH patients might serve as an excellent 

model for these studies, in which the effect of PEA on muscle strength, body composition and 

systemic inflammation and the relationships in its changes can be studied. 

Final conclusions

In the studies described in this thesis we focused on the mechanisms underlying exercise 

limitations in various forms of PH; on the use of exercise testing as parameter of outcome after 

PEA surgery in CTEPH; as well as the role of exercise testing as prognostic outcome measure in 

predicting survival. 

We clearly showed that exercise capacity in CTEPH is limited by the inability of the heart •	

to adequately increase pulmonary blood flow. Nevertheless, the sensation of symptomatic 

dyspnea, that accompanies exercise, was shown to be more dependent on dead space 

ventilation than on the hemodynamic severity of disease; 

The PEA-induced restoration of exercise capacity results from a restoration of a preoperatively •	

impaired SV response during exercise; 

The 6-MWT was found to be a highly useful tool to assess the functional recovery of CTEPH •	

patients after PEA, and 6-MWD was found to improve significantly up to 2 years after PEA; 

Our finding of prolonged recovery after PEA might have consequences for the inclusion of •	

CTEPH patients with residual PH after PEA within clinical trials. Despite the fact that these 

patients might benefit from further treatment, the effect of this treatment on functional 

recovery might be obscured by delayed recovery or reconditioning following surgery;

In CTEPH patients with residual PH after PEA the degree of functional improvement after •	

PEA was found to be larger than in patients who hemodynamically normalized. In other 

words, the clinically most severely affected CTEPH patients benefited most from PEA, despite 
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their worse absolute postoperative hemodynamic outcome. Our observations are in support 

of the notion that that the decision to operate must be based, above all, on the surgical 

accessibility of the chronic thrombi and not on the severity of disease, as the most severely 

affected patients potentially may benefit most from surgery;

Despite a good correlation between 6-MWD and hemodynamic severity of disease, the •	

6MWT was shown to be an inappropriate parameter of outcome in mildly impaired PH 

patients; 

In sickle cell patients the reduced exercise capacity observed was related to anaemia and •	

pulmonary function impairment, and could not be explained by pulmonary vascular 

limitation; 

In IPF patients, CPET data showed V’•	 E/V’CO2 at anaerobic threshold as a marker for the 

presence of PH. Moreover, in contrast to sPAP at rest, V’E/V’CO2 at anaerobic threshold was 

significantly associated with survival, and may therefore be of use for prognostic assessment 

in IPF patients.
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Pulmonary hypertension (PH) is a progressive and life-threatening disorder that is characterized 

by a gradually progressive increase in the pulmonary vascular resistance resulting in an increase 

in pulmonary artery pressure. Most PH patients present with gradually progressive exercise 

intolerance, typically portrayed as exertional dyspnea, fatigue, palpitations and/or a non-

productive cough. In PH, exercise is considered to be limited primarily by the inability of the right 

ventricle to sufficiently increase pulmonary blood flow, due to the increased pulmonary vascular 

resistance. A growing number of studies have shown that exercise testing provides diagnostic 

and prognostic information in PH patients. The most commonly used exercise tests in PH patients, 

are the cardio pulmonary exercise test (CPET) and the six minute walk test (6-MWT).

In the studies described in this thesis we have focused on the mechanisms underlying 

exercise limitations in PH and on the use of exercise testing as parameter of outcome. Hereby, we 

mainly focussed on chronic thromboembolic pulmonary hypertension (CTEPH) and pulmonary 

hypertension associated with congenital heart disease. Additionally, we assessed the contribution 

of PH in exercise limitations observed in sickle cell disease and patients idiopathic pulmonary  

fibrosis (IPF).  

In chronic thromboembolic pulmonary hypertension (CTEPH), dyspnea is considered to be related 

to increased dead space ventilation caused by vascular obstruction. Pulmonary endarterectomy 

(PEA) releases the thromboembolic obstruction, thereby improving regional pulmonary blood 

flow. In chapter 2 we assessed the effect of PEA on dead space ventilation and its contribution 

to dyspnea symptoms. Preoperatively, dead space ventilation was increased and correlated 

with the hemodynamic severity of disease and dyspnea symptoms. Postoperatively, dead space 

ventilation and dyspnea symptoms decreased significantly. Changes in dyspnea symptoms 

were independently associated with changes in pulmonary hemodynamics and absolute dead 

space. We concluded that the induced change in dead space upon surgical removal of chronic 

thromboembolism contributes to the postoperative recovery of symptomatic dyspnea.

Pulmonary hypertension is a disease mainly affecting the right ventricle. A substantial portion 

of patients with a congenital heart defect have a morphologic right ventricle (RV) supporting 

the systemic circulation; i.e. a systemic right ventricle. Conflicting data have been published 

on the differences in cardiac response to exercise between patients with an atrially switched 

transposition of the great arteries (TGA), and patients with a congenitally corrected TGA (ccTGA). 

Therefore, the purpose of the study described in chapter 3 was to evaluate the differences in 

cardiac response to exercise in these distinct groups of patients with a systemic right ventricle. 

Exercise test with Portapres® measurements were performed to assess maximal exercise capacity 

(V’O2peak), cardiac index, stroke volume index, and heart rate augmentation. Both groups were 

found to significantly augment cardiac index during exercise. Cardiac index augmentation 

during exercise was positively related to V’O2-peak, but independent of resting cardiac function. 

Although the increase in cardiac index during exercise was similar in both patients with TGA 
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and with ccTGA, mechanisms to achieve this increase differed between groups. ccTGA patients 

increased both stroke volume and heart rate during exercise. Atrially switched TGA patients 

augmented heart rate during exercise, but failed to increase stroke volume. As mechanisms 

to achieve cardiac output augmentation differ between ccTGA patients and TGA patients, we 

suggest that therapeutic approaches should be tailored to the specific patient group to avoid 

counterproductive effects. 

In chronic thromboembolic pulmonary hypertension (CTEPH) objective data on the functional 

outcome after pulmonary endarterectomy (PEA) were lacking. In chapter 4 we studied the 

six-minute walk distance (6-MWD) in relation to clinical and hemodynamic severity of disease. 

Moreover, we assessed the level of improvement of the 6-MWD one year after PEA, and studied 

its relation with the postoperative clinical and hemodynamic outcome. Preoperatively, the 

6-MWD decreased in proportion to NYHA functional class, and correlated with clinical and 

hemodynamic severity of disease. One year after PEA, the 6-MWD had increased significantly, and 

the change in the 6-MWD correlated with the observed clinical and hemodynamic improvement. 

In patients with residual pulmonary hypertension after PEA, 6-MWD was significantly lower 

than in hemodynamically normalized patients. However, the absolute increase in the 6-MWD 

was significantly higher in patients with residual pulmonary hypertension, than in normalized 

patients?

In chapter 5 we extended the follow-up period (up to 5 years), assessing the functional recovery 

of CTEPH patients after PEA. The 6-MWD showed a gradual improvement up to 2 years following 

PEA. After 2 years no further improvement was observed. Patients with residual pulmonary 

hypertension were shown to benefit most from surgical treatment, despite their worse absolute 

hemodynamic outcome.

In pulmonary hypertension, a decreased 6-min walk distance is assumed to result from reduced 

maximum aerobic capacity owing to the inability of the heart to increase pulmonary blood flow 

adequately. This assumption holds for severe pulmonary hypertension (WHO/ New York Heart 

Association [NYHA] stage III and IV) where changes in 6-MWD were shown to correlate with 

changes in hemodynamic severity of disease. In mildly impaired patients, however, significant 

improvements in pulmonary hemodynamics were reported to be accompanied by non-significant 

or no improvement in 6-min walk distance. In chapter 6, we studied aerobic capacity during 

maximum cardiopulmonary exercise testing (CPET) and 6-MWT in patients with mild (WHO/

NYHA II; n=8) and severe (WHO/NYHA III; n=13) pulmonary hypertension due to congenital heart 

disease or CTEPH, and in healthy controls (n=8). In the severely impaired patients, 6-MWD was 

indeed shown to reflect maximum aerobic capacity. By contrast, in the mildly impaired patients, 

we demonstrated a significant difference in aerobic capacity between CPET and the 6-MWT. So, 

we concluded that the 6-MWD does not reflect maximum aerobic capacity in mildly impaired PH 

patients and is therefore not an accurate test in this group. 
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In CTEPH, as in other forms of PH, exercise is limited by the inability of the heart to sufficiently 

increase pulmonary blood flow due to a decreased right ventricular (RV) stroke volume (SV) 

response. It might be hypothesized that improvement in exercise capacity observed after 

hemodynamically successful PEA is the result of an improved RV stroke volume response. 

Therefore, the aim of the study described in chapter 7 was to determine the PEA-induced 

restoration of the RV stroke volume response upon sub-maximal exercise, by use of cardiac 

magnetic resonance imaging (cMRI). Preoperatively, SV decreased during exercise in patients 

with CTEPH; and SV during exercise was related to exercise capacity and hemodynamic severity 

of disease. Postoperatively, we demonstrated a PEA-induced restoration of SV response in all 

patients, although 4 patients retained a negative SV response. The postoperatively restoration 

of SV response was accompanied by an increase in exercise tolerance, and by changes in cardiac 

remodeling, although postoperatively SV during exercise and SV response were no longer related 

to any exercise or hemodynamic parameter. The only parameters that discriminated between 

the patients with negative and positive SV response postoperatively were: preoperative right 

ventricular ejection fraction, PaO2 and 6-MWD, pointing to pre-existing, more severe cardiac and 

functional impairment.

In chapter 8 we studied to what extend pulmonary hypertension contributes to decreased 

exercise tolerance in sickle cell disease (SCD). Pulmonary hypertension, defined by a 

echocardiographical determined tricuspid regurgitation jet flow velocity (TRV) >2.5 m·sec-1, is 

observed in 30% of adult SCD patients and is associated with poor prognosis. Reduced exercise 

capacity is one of many manifestations of pulmonary hypertension. In SCD, however, several 

disease specific factors may contribute to a reduced exercise capacity. We hypothesized that PH 

contributes to reduced exercise capacity in SCD and that this could be shown non-invasively by 

a correlation between CPET variables and echocardiography. Peak oxygen uptake (V’O2-peak) 

and physiological responses to exercise did, however, not differ between SCD patients with 

and without echocardiographic evidence for PH. Multivariate linear regression analysis showed 

haemoglobin concentration and vital capacity to be independently associated with V’O2-

peak. No correlation was found between TRV and exercise performance. We demonstrate that 

reduced exercise capacity is prevalent in unselected patients with SCD and related to anemia 

and pulmonary function impairment; the reduced exercise capacity in this group of SCD patients 

could not be explained by a pulmonary vascular exercise limitation.

As in SCD, pulmonary hypertension is a common complication in idiopathic pulmonary fibrosis 

(IPF) and also associated with poor prognosis. In IPF, noninvasive and early markers of pulmonary 

vascular impairment are needed for accurate prognostic assessment. In chapter 9 we studied 

whether non-invasive exercise parameters are predictive for PH in IPF; and determined the 

predictive value of these exercise parameters for survival. PH was defined as an echocardiographical 

determined sPAP ≥40mmHg. From all non-invasive CPET only the ventilatory equivalent for CO2 
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(V’E/V’CO2) at anaerobic threshold showed a significant difference between IPF patients with and 

without PH. ROC curve analysis for V’E/V’CO2 resulted in an optimal cut-off point for predicting 

PH of >45.0. IPF patients with a V’E/V’CO2 >45.0 had a significantly worse survival than patients 

with a V’E/V’CO2 ≤45.0. In contrast, sPAP at rest did not predict survival in this group of patients. 

Based on these findings, we suggest that V’E/V’CO2 at anaerobic threshold is a potentially useful 

non-invasive marker for early detection of vascular impairment, and therefore may be used for a 

more accurate prognostic assessment in IPF patients.
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Pulmonale hypertensie (PH) is een progressieve en levensbedreigende aandoening die wordt 

gekenmerkt door een geleidelijk toename van de weerstand in de longvaten, resulterend in een 

toename van de pulmonale arteriële druk. De meeste PH patiënten vertonen een verminderd 

inspanningsvermogen, gekenmerkt door kortademigheid, vermoeidheid, een niet-productieve 

hoest en/of hartkloppingen. De beperking van het inspanningsvermogen van PH patiënten wordt 

voornamelijk veroorzaakt door het onvermogen van de rechter hartkamer om de doorbloeding 

van de longen voldoende te laten toenemen. Dit is het gevolg van de verhoogde pulmonale 

vaatweerstand. Een toenemend aantal studies heeft aangetoond dat inspanningstesten 

van diagnostisch en prognostisch belang kunnen zijn in PH patiënten. De meest gebruikte 

inspanningstesten bij PH patiënten zijn de cardio-pulmonale inspanningstest (CPET) en de zes 

minuten looptest (6-MWT).

In de studies beschreven in dit proefschrift hebben we ons gericht op de fysiologische 

mechanismen die ten grondslag liggen aan inspanningsbeperkingen bij verschillende vormen 

van PH; op het gebruik van de inspanningstesten als parameter van herstel na het operatief 

verwijderen van de stolsels (pulmonale endarteriectomie, PEA) bij patiënten met chronische 

trombo-embolische pulmonale hypertensie (CTEPH); en op de rol van inspanningstesten in het 

voorspellen van overleving bij patiënten met PH op basis van idiopathische longfibrose.  

In hoofdstuk 2 wordt de bijdrage van dode ruimte ventilatie beschreven aan het optreden van 

gevoelens van kortademigheid die door alle CTEPH patiënten in meer of mindere mate worden 

ervaren. We spreken van dode ruimte ventilatie als in een specifiek longdeel wel ventilatie 

plaatsvindt, terwijl dit longdeel is afgesloten van de normale longcirculatie. Bij CTEPH, waar grote 

delen van de longcirculatie zijn afgesloten door chronische stolsels, mag worden verondersteld 

dat de dode ruimte ventilatie is toegenomen. Pulmonale endarteriëctomie (PEA) heft de trombo-

embolische obstructie op, waardoor de doorbloeding van de longen verbetert. Wij onderzochten 

het effect van deze ingreep op de dode ruimte ventilatie en de bijdrage van dode ruimte 

ventilatie aan kortademigheid. Zoals verondersteld vonden we een toegenomen dode ruimte 

ventilatie preoperatief. Een jaar na PEA bleek de dode ruimte ventilatie significant gedaald. De 

door de patiënten aangegeven mate van kortademigheid was daarbij belangrijk verbeterd. 

De veranderingen in de kortademigheidsklachten waren onafhankelijk geassocieerd met 

veranderingen in de pulmonale hemodynamiek en met absolute dode ruimte. We concludeerden 

dat de verandering in de dode ruimte ten gevolge van chirurgische verwijdering van chronische 

trombo-embolie bijdraagt aan het postoperatief herstel van kortademigheidklachten.

Pulmonale hypertensie is een aandoening van de rechter hartkamer. In een substantieel 

deel van de patiënten met een aangeboren hartafwijking wordt de systemische circulatie 

van bloed voorzien door de rechter ventrikel (RV). Dit noemen we ook wel een systemische 

rechter hartkamer. In de literatuur zijn tegenstrijdige gegevens gepubliceerd over de cardiale 

respons op inspanning bij patiënten met een verwisseling (transpositie) van de grote vaten 
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(TGA), en patiënten met een aangeboren, maar operatief gecorrigeerd TGA (ccTGA). Het doel 

van de studie beschreven in hoofdstuk 3 was daarom om de verschillen in cardiale respons op 

inspanning tussen deze beide groepen van patiënten met een systemische rechter hartkamer 

te evalueren. Hiervoor hebben we inspanningstesten met Portapres ®-metingen uitgevoerd om 

de maximale inspanningscapaciteit (V’O2-peak), hartminuutvolume (het volume dat het hart 

in 1 minuut rondpompt), slagvolume, en de hartslag toename te beoordelen. Beide groepen 

hadden een significante toename van hun hartminuutvolume tijdens inspanning. De toename 

van het hartminuutvolume tijdens inspanning had een direct verband met maximale zuurstof 

opname (V’O2-peak), maar was onafhankelijk van de hartfunctie in rust. De toename van het 

hartminuutvolume tijdens inspanning was vergelijkbaar tussen patiënten met TGA en met 

ccTGA. Echter, de mechanismen om de toename in het hartminuutvolume te bereiken verschilde 

tussen beide groepen. In ccTGA patiënten steeg zowel het slagvolume als ook de hartfrequentie 

tijdens inspanning. In TGA patiënten nam alleen de hartfrequentie toe tijdens inspanning, 

zonder een toename van het slagvolume. Aangezien de mechanismen om een toename in 

hartminuutvolume te bereiken verschillen tussen ccTGA patiënten en TGA patiënten, raden 

we aan om therapeutische benaderingen toe te snijden op de specifieke groep patiënten om 

daarmee contraproductieve effecten te voorkomen.

Objectieve gegevens over het functionele herstel na pulmonale endarteriëctomie (PEA) bij 

chronische trombo-embolische pulmonale hypertensie (CTEPH) ontbraken. In hoofdstuk 4 

bestudeerden we de zes-minuten loopafstand (afstand die in 6 minuten lopen wordt afgelegd; 

6-MWD) in relatie tot klinische en hemodynamische ernst van de ziekte. Bovendien onderzochten 

we het niveau van de verbetering van de 6-MWD een jaar na PEA, en bestudeerden de relatie met 

de postoperatieve klinische en hemodynamische resultaat. Preoperatief daalde de 6-MWD in 

verhouding tot de NYHA functionele klasse (classificatie van ernst van PH), en hield verband met 

de klinische en hemodynamische ernst van de ziekte. Een jaar na PEA, was de 6-MWD aanzienlijk 

toegenomen, en de verandering in de 6-MWD was gecorreleerd aan de waargenomen klinische 

en hemodynamische verbetering. Bij patiënten met een blijvende pulmonale hypertensie na 

PEA was de 6-MWD beduidend lager dan in hemodynamisch genormaliseerde patiënten. Echter, 

de absolute verbetering in de 6-MWD was significant hoger bij deze patiënten.

In hoofdstuk 5 hebben we de follow-up periode waarin we het functionele herstel van CTEPH 

patiënten na PEA hebben beoordeeld uitgebreid tot maximaal 5 jaar. De 6-MWD liet een 

geleidelijke verbetering zien tot 2 jaar na de operatie. Na 2 jaar werd geen verdere verbetering 

waargenomen. Patiënten met een resterende pulmonale hypertensie hadden aantoonbaar meer 

profijt van de operatie, ondanks de slechtere absolute hemodynamische uitkomst.

In pulmonale hypertensie wordt inspanning en dus ook de 6-MWD beperkt doordat het 

hart niet in staat is voldoende bloed rond te pompen. Dit wordt veroorzaakt door de hoge druk 
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waartegen het rechter hart moet inpompen. Hierdoor is het maximale hartminuutvolume en 

daarmee de maximale aerobe capaciteit verminderd. Hoewel de 6-MWT eigenlijk een sub-

maximale inspanningstest is, wordt het geacht een afspiegeling te zijn van de maximale aerobe 

capaciteit in patiënten met pulmonale hypertensie. Dit lijkt redelijk te kloppen bij patiënten 

met een ernstige mate van pulmonale hypertensie (NYHA functionele klasse III en IV), waar 

veranderingen in de 6-MWD bleken te correleren met veranderingen in de hemodynamische ernst 

van de ziekte. Bij patiënten met een milde mate van PH lijkt echter geen relatie te bestaan tussen 

hemodynamische verbetering en veranderingen in de 6-MWD. In hoofdstuk 6 bestudeerden 

we daarom de aerobe capaciteit tijdens een maximale cardiopulmonale inspanningstest (CPET) 

en 6-MWT bij patiënten met mild (NYHA II, n = 8) en ernstige (NYHA III; n = 13) PH als gevolg 

van aangeboren hartziekte of CTEPH. Tevens werden er ter controle 8 gezonde proefpersonen 

gemeten. Bij de ernstige PH patiënten was de zuurstof opnamen (V’O2) tijdens de 6-MWT even 

hoog als de maximale V’O2 tijdens CPET. Bij patiënten met een milde vorm van pulmonale 

hypertensie en bij gezonde proefpersonen was er echter een verschil in V’O2 tussen de 6-MWT 

en een maximale CPET, waarbij de V’O2 tijdens de CPET hoger was. Wij concludeerden daarom 

dat de 6-MWT een goede afspiegeling is van maximale aerobe capaciteit in ernstige pulmonale 

hypertensie, maar niet in milde pulmonale hypertensie. De 6-MWT is daarom geen goed eindpunt 

van klinische trials bij patiënten met milde pulmonale hypertensie. 

In CTEPH wordt, net als in andere vormen van PH, het inspanningsvermogen beperkt door 

het onvermogen van het hart om voldoende bloed rond te pompen. Door de hoge druk 

waartegen het rechter hart moet inpompen zal het slagvolume minder kunnen stijgen. Het 

wordt verondersteld dat de verbetering van het inspanningsvermogen bij CTEPH patiënten na 

een succesvolle PEA, het resultaat is van een verbetering van rechter ventrikel (RV) slagvolume 

respons. Het doel van de studie beschreven in hoofdstuk 7 was om de PEA-geïnduceerde 

verbetering van de RV slagvolume respons bij een sub-maximale inspanningstest te bepalen. 

Hiervoor maakten we gebruik van cardiale magnetic resonance imaging (cMRI). Preoperatief 

daalde het slagvolume tijdens inspanning bij patiënten met CTEPH. De slagvolume respons tijdens 

inspanning was gerelateerd aan het maximale inspanningsvermogen en de hemodynamische 

ernst van ziekte. Postoperatief vond een PEA-geïnduceerde verbetering van SV respons plaats 

bij alle patiënten, hoewel 4 patiënten een verbeterde, maar nog altijd negatieve SV respons 

behielden. De verbetering van SV respons na operatie ging gepaard met een toename van 

de inspanningstolerantie, en met veranderingen in de structuur en opbouw van het hart 

(cardiac remodeling). Na operatie vonden we geen verband meer tussen SV tijdens inspanning 

of SV respons, en inspanningvermogen of hemodynamische parameters. De patiënten die 

postoperatief nog steeds een negatieve SV response hielden verschilden met de patiënten die 

normaliseerden op het gebied van rechter ventrikel ejectiefractie, PaO2 en 6-MWD, gemeten 

voor operatie. Dit wijst er op dat deze patiënten al voor operatie meer functionele en cardiale 

beperkingen hadden.
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In hoofdstuk 8 hebben we bestudeerd in welke mate pulmonale hypertensie bijdraagt aan 

verminderde inspanningstolerantie bij patiënten met sikkelcelanemie (SCD). Pulmonale 

hypertensie, gedefinieerd door een met echocardiografie gemeten tricuspidalisinsufficiëntie jet 

stroomsnelheid (TRV)> 2,5 m·sec-1, komt voor bij 30% van de volwassen patiënten met SCD en is 

geassocieerd met een slechte prognose. Verminderde inspanningscapaciteit is een van de vele 

uitingen van pulmonale hypertensie. In SCD kan echter ook een aantal ziekte-specifieke factoren 

bijdragen aan een verminderd inspanningsvermogen. Onze hypothese was dat PH bijdraagt 

aan het verminderde inspanningsvermogen bij SCD en dat dit kan worden aangetoond door 

een correlatie tussen CPET parameters en echocardiografie. Maximale zuurstofopname (V’O2-

peak) en fysiologische inspanningsparameters verschilden echter niet tussen SCD patiënten 

met en zonder echocardiografisch bewijs voor PH. Multivariate lineaire regressie analyse toonde 

aan dat alleen de hemoglobine concentratie en vitale capaciteit voorspellend waren voor V’O2-

peak. We vonden geen correlatie tussen TRV en het inspanningsvermogen. We hebben hiermee 

laten zien dat de verminderde inspanningscapaciteit bij patiënten met SCD het gevolg is van 

bloedarmoede en een verminderde longfunctie. Het verminderde inspanningsvermogen bij 

deze groep patiënten met SCD kon niet worden verklaard door een pulmonaire vasculaire 

inspanningsbeperking.

Net als in SCD, is pulmonale hypertensie een veelvoorkomende complicatie bij idiopathische 

longfibrose (IPF). Ook in IPF wordt PH in verband gebracht met een slechte prognose. Het ontbreekt 

in deze populatie echter aan niet-invasieve en vroege markers voor het ontstaan van PH, die 

nodig zijn voor een nauwkeurige prognostische beoordeling. Daarom hebben we in hoofdstuk 

9 onderzocht of niet-invasieve inspanningsparameters voorspellend zijn voor PH in IPF. Tevens 

hebben we onderzocht wat de voorspellende waarde van deze inspanningsparameters is op de 

overleving. PH werd gedefinieerd als een echocardiografisch bepaald systolic pulmonary arterial 

pressure (sPAP) ≥40mmHg. Van alle niet-invasieve CPET parameters bleek alleen de ventilatoire 

equivalent voor CO2 (V’E/V’CO2) bij de anaerobe drempel significant verschillend tussen de IPF 

patiënten met en zonder PH. De analyse van de ROC-curve voor V’E /V’CO2 resulteerde in een 

optimaal cut-off point voor het voorspellen van PH van >45.0. IPF patiënten met een V’E/V’CO2 

>45.0 hadden een significant slechtere overleving dan patiënten met een V’E/V’CO2 ≤ 45.0. In 

tegenstelling hiermee bleek de sPAP in rust geen voorspellende waarde te hebben op de kans 

op overleving in deze groep patiënten. Op basis van deze bevindingen, stellen wij dat V’E/V’CO2 

bij de anaerobe drempel een potentieel nuttige niet-invasieve marker voor de vroege opsporing 

van vasculaire complicaties is, en dus gebruikt kan worden voor een meer accurate prognostische 

beoordeling in IPF patiënten.
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Dankwoord
De weg naar waar ik nu sta in het leven lijkt bezaaid te zijn met toevalligheden. Echter beseffende 

hoe goed ik hier op mijn plaats ben kan ik me afvragen of toeval wel bestaat. 

 

Het is misschien een cliché maar het dankwoord is altijd het meest belangrijke hoofdstuk van 

een proefschrift. Dit is niet alleen omdat dit vaak het meest gelezen, en niet zelden zelfs het 

enige gelezen hoofdstuk is. Maar bovenal is dit de plek waar eindelijk recht gedaan kan worden 

al diegenen die bijgedragen hebben aan dit proefschrift. Onderzoek doen is teamwork en zonder 

dit team was mijn proefschrift nooit tot stand gekomen. Het is echter een illusie te denken dat je 

hierin compleet kan zijn. Dus ook één ieder wiens bijdrage hier onvermeld blijft; Dank!

En als ik moet beginnen met bedanken dan zijn dat als eerste natuurlijk alle patiënten en 

proefpersonen die vaak letterlijk met bloed, zweet en tranen zich hebben ingezet. Dank!

Dr P. Bresser, beste Paul. Grote initiator en vooral inspirator van dit proefschrift. Als toeval niet 

bestaat heb jij daar vast iets mee te maken. Dank voor alle kansen die je me geboden hebt. Ik 

waardeer je niet alleen als wetenschapper, clinicus en dagelijks begeleider, maar vooral als mens 

en vriend. Samenwerken was een feest, niet in de laatste plaats omdat je oog had voor het leven 

buiten het werk. Gelukkig eindigt onze samenwerking hier niet. Ik heb het idee dat we nog maar 

net begonnen zijn. 

Prof. dr. Henk Jansen, ik heb begrepen dat het veiligstellen van mijn aanstelling als promovendus 

één van uw laatste daden was als hoofd van de vakgroep longgeneeskunde van het AMC. Ik 

begon toen u ermee ophield. Ik ben blij dat ik nog bij u kan promoveren. Zo eindigt het waar het 

ook allemaal begon. Dank voor de mogelijkheden, de positieve inbreng in de stukken en vooral 

de bemoedigende woorden. U was een belangrijke locomotief in het treintje dat deze Cavandish 

naar de streep heeft geholpen.

Geachte leden van de promotiecommissie, Prof. Dr. P.J. Sterk, Prof. Dr. A. Vonk- Noordegraaf, Prof. 

Dr. R. Naeije, Prof. Dr. Dr. Mr. B.A.J.M. de Mol, Prof. Dr. A.P. Hollander, Dr. J.G van den Aardweg. 

Dank dat jullie bereid waren dit proefschrift op zijn wetenschappelijke waarden te beoordelen. 

Prof. Dr. P.J. Sterk, beste Peter, je komst naar de vakgroep longgeneeskunde van het AMC gaf een 

enorme wetenschappelijke impuls aan de afdeling. Je enthousiasme en vriendelijkheid zijn een 

inspiratie. Dank ook dat je Niki meenam uit Leiden. Prof. Dr. A. Vonk-Noordegraaf, beste Anton, ik 

quote graag Herre Reesink “jullie (jij en Anco Boonstra) expertise op het gebied van pulmonale 

hypertensie … is fenomenaal”. Dank voor de samenwerking met jou en je geweldige team, en je 

bijdrage aan enkele stukken. Ik voelde me vaak klein ten opzichte van jullie, zonder dat jij mij dat 

gevoel gaf. Prof. Dr. R. Naeije, beste Robert, we delen de passie voor research en hoogte en het 
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liefst de combinatie hiervan. We zijn het wetenschappelijk niet altijd eens, maar dat maakt onze 

discussie levendig. Peru was een geweldige ervaring. Ook hier hoop ik dat dit het begin is van 

veel meer moois. Prof. Dr. A.P. Hollander, beste Peter, ik ben blij en trots dat je na mijn afstuderen 

ook bij deze volgende mijlpaal aanwezig bent. 

Het grootste deel van mij artikelen is gevuld met CTEPH patiënten. Dit was alleen mogelijk 

dankzij het PEA team. Natuurlijk dr. Jaap Kloek, begenadigd chirurg. Mijn eigenschap gestrekt 

te gaan bij het zien van enig bloed heeft voorkomen dat ik bij de PEA operaties aanwezig was. Ik 

had het echter graag meegemaakt, helemaal daar het resultaat voor de patiënt vaak verbluffend 

was. Gelukkig waren er andere, voor mij veilige momenten waarin ik van je kennis heb mogen 

genieten. De cardio-anesthesisten, dr. Eddie de Beaumont en dr. Jules Biervliet, vooral ook dank 

voor jullie hulp bij de inspanningstesten met katheter. Dit geld uiteraard ook voor dr. Robert 

Tepaske, intensivist. De heren en dames van de radiologie die altijd geduldig waren als wij tijdens 

een pulmonalisangio weer een Fick en dode ruimte meting moesten doen. Dr. Otto van Delden, 

prof. dr. J.A. Reekers, dr. Krijn van Lienden, Marc en Hanneke en natuurlijk Michiel Lagerweij van 

de angiokamer. Dank voor de fijne samenwerking.

Beste Judith, spin in het web van de CTEPH en ILD organisatie, databasebeheer, eerste 

aanspreekpunt voor patiënten en niet zelden voor mij. Pas toen jij op vakantie ging, en ik slechts 

een aantal taken moest overnemen, kreeg ik door wat voor enorme hoeveelheid werk jij verzet. 

Ik ben heel blij dat ook jij meegegaan bent naar het OLVG, niet alleen omdat jij zo hard werkt, 

maar vooral ook omdat je zo’n prettig mens bent. We gaan nog veel leuke dingen samen doen. 

De andere specialisten waarmee ik nauw samengewerkt heb en die een belangrijke bijdrage 

hebben gehad in dit proefschrift verdienen het ook genoemd te worden. Vanuit de cardiologie 

natuurlijk prof. dr. Barbara Mulder en haar promovendi Mariëlle Duffels, Jeroen Vis en Michiel 

Winter. Dank voor de fijne samenwerking waar mooie artikelen uit zijn voort gekomen. Michiel, het 

is leuk te zien hoe makkelijk dingen bij jou (lijken te) gaan. Ook Rianne de geniale echolabarante, 

dr. Hanno Tan en diens promovendus Max Hardziyenka wiens beschouwingen mij niet zelden 

boven de pet gingen, dank voor de samenwerking. Vanuit de interne geneeskunde, hematologie 

dr. Bart Biemond en dr. Ward van Beers. Mijn promotie begon met ons gezamenlijk project. En 

het gaat echt nog wel een keer lukken om dat gepubliceerd te krijgen. Dank zover. 

Vanuit het lab kregen we geweldige ondersteuning van dr. René Lutter, en zijn altijd behulpzame 

analisten Tamara Dekker en Barbara Smids. Ook jullie veel dank.

Harm Jan Bogaard, jij haalde me samen met Paul binnen. Ik begrijp het heel goed, maar vind het 

nog steeds jammer dat je destijds je heil elders zocht. Ondanks dat je van de zijlijn betrokken 

bleef had ik graag meer van je geleerd. Wellicht dat dat gaat lukken nu je weer naar Amsterdam 

terugkeert.
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Herre Reesink, mijn grote voorganger, voorbeeld, maar vooral aimabel persoon. Jouw proefschrift 

is de standaard en nog steeds een belangrijk naslagwerk voor mij. En hoewel jij al enige tijd geen 

contact meer hebt met de meeste CTEPH patiënten, gaan bij vele (vooral vrouwelijke) patiënten 

de ogen glinsteren als dr. Reesink ter sprake komt. Iets zegt mij dat ook wij elkaar weer vaker 

gaan zien in de nabije toekomst. Ik kijk er naar uit.

Mijn AMC carrière begon op de longfunctie. Beste Carel, ik heb het idee dat jij vanaf het eerste 

moment dat ik bij je binnen kwam voor mijn sollicitatiegesprek zo’n carrière voor me voor ogen 

had. Ik ben blij dat het ook zo uitgekomen is. Ik heb veel van je geleerd en ben blij dat ik ook in 

mijn nieuwe functie nog af en toe beroep mag doen op je kennis en kunde. Niesje, jouw streven 

naar nauwkeurigheid is zeldzaam, maar eigenlijk zoals het moet zijn. Dank voor je expertise. 

Ook de rest van de longfunctiemedewerkers en dan vooral Erica Jacqueline, Tanja (dank voor de 

foto), Margôt, Saeeda, Monique, Maria, Vera, Remco, Sabrina, Frans en Margriet en alle (mede)

leerlingen longfunctieanalisten. Dank voor een mooie opleiding, fijne samenwerking en alle 

gezelligheid. Ik vond het vooral bijzonder hoe ik, ondanks mijn nieuwe functie binnen het AMC, 

altijd één van jullie ben gebleven. De afdeling staat, vooral dankzij jullie inzet, als een huis en mag 

als maatgevend beschouwd worden. Voor mijn nieuwe functie zijn jullie het goede voorbeeld. 

Beste Reindert, je was een belangrijk vraagbaken voor mij. Jij weet overal wel iets of veel van. 

Of het nu gaat om koken, muziek, maatschappij of wetenschap. Je droge humor deed mij soms 

rollen van het lachen. 

Vanuit de rest van de afdeling longziekten; Prof. dr. Liesbeth Bel, dr. Jaring van der Zee, dr. Ton 

van Keimpema, dr. Peter Kunst, dr. René Jonkers, dr. Mia Koolen, dr. Els Weersink, het secretariaat 

bemand door Jacquelien en Maria. Dank voor alle support en gezelligheid. 

Ook de verpleging van F5-zuid en dan vooral Aline, Hans, Elly en Liesbeth, maar ook hier ben 

ik zeker niet compleet, dus bij dezen dank aan allen! Voordat wij onderzoekers jullie afdeling 

overspoelden voelde ik me erg thuis bij jullie. 

 Alle longassistenten, velen nu al specialist, die genoodzaakt waren bij de ergo’s te komen zitten. 

Vaak was dat voor mij een feest om samen te werken. Monique Reijers, Wessel Hanselaar, Arthur 

Smit (nu mijn collega), Daoud Saboerali, Menno van Eerden, Anneke van Veen, Johan Lie, Rob 

Nocker, Bernt van den Blink, Geert Rootmensen, Bita Haijan, Niels Patberg, Julia Koopman, Denise 

Banffer, en eenieder die ik hier vergeet.

Mijn directe collega’s bij de longziekten. Natuurlijk Sulaiman, maar ook Selma, Simone, David, 

Marianne, Esmeralda, GJ, Marieke, Marijke, Ariane, Patricia, Lisette, Marc, Nine, en Koen. Maar 

zeker ook de onderzoekers van andere specialismen waarmee ik samen mocht werken, Hidde 
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Huidekoper, Maarten Soeters, Myrte, Daniel, Nicolette, Soha. Dank voor het plezier in mijn 

werk dat mede voortkwam uit jullie aanwezigheid, de goede fibes en wetenschappelijke spirit. 

Hoewel we allemaal andere projecten deden was er een verbondenheid en heb ik veel van jullie 

geleerd. 

Dikyi Ponse, “mijn student” die uit haar wetenschappelijke stage een lancet publicatie haalde. 

Helaas zag je onderzoek doen als een noodzakelijk kwaad, ondanks dat je er zo goed in was. 

Je had er bij ons verder mee kunnen gaan, maar koos er voor als dokter aan het bed te staan. Ik 

twijfel er niet aan dat dat je ook goed af gaat. 

Na het AMC kwam het OLVG. Een nieuwe uitdaging met een aantal bekende gezichten. Paul 

Bresser, Jaring van der Zee, Arthur Smit, Judith Blumenthal heb ik al eerder genoemd. Maar ook 

de rest van de unit, Saskia Oedjaghir, Mimouna en haar team, Inez, B8 en op de longfunctie 

natuurlijk Jan-Jaap, Human, Renata, Tineke en Govher. De laatste paar maanden, mijn eerste hier, 

waren erg druk en ben ik veel bezig geweest met mijn proefschrift. Nu dat klaar is kan ik er echt 

tegenaan om er samen met jullie een goede en leuke afdeling van te maken. 

Voor de non-invasieve cardiac output meting kreeg ik ondersteuning van BMEYE, vooral Jeroen 

van Goudoever en Berend Westerhof veel dank voor de soepele samenwerking. Datzelfde geld 

absoluut ook voor Bob Rotteveel van Cosmed Benelux, voor het uitlenen van een K4b2 en de 

service die daarbij hoort. Dank! Jerry Babay van Tefa. Voor het onderzoek heb ik weinig aan je 

gehad, maar voor de gezelligheid op de afdeling was je erg belangrijk. Nu in mijn nieuwe functie 

kom ik je gelukkig weer tegen en gaan we meer samenwerken. Leuk!

Geert Jan van Daal, Karin Driessen en Han Brouwer en jullie team, dank voor jullie ondersteuning. 

Ik heb jullie leren kennen als een prettig stelletje Bourgondiërs. 

Mijn Paranimfen, Bart en Remco. Jullie staan niet voor niks aan mijn zijde. Samen kunnen we 

alles aan. 

Mijn vrienden, Hedy, Linda, Lotte, Daphne, Paul Bierman, Anke en Jeroen, Esther, Renske en Bart, 

Lando en Wilma, Armand en Wanda, in de wetenschap dat jullie er ondanks het soms (te) karige 

contact, er toch altijd zijn. Ik hoop snel meer tijd voor jullie te hebben. 

Lieve Claudia, niet als laatste, maar jouw bijdrage en die van je familie mag niet onvermeld 

blijven. Je bent en blijft een geweldig persoon. Jammer dat het niet werkte tussen ons. Dank 

voor een mooie tijd. Het ga je goed. Veel geluk!
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Lieve Von, Theo, Taco en Domi. Men zegt wel eens dat je je schoonfamilie niet voor het uitkiezen 

hebt. Dat maakt niet uit, ik had jullie zo uitgekozen. Dank voor de warmte van een Indische 

familie en voor jullie steun, overal. Vooral dank voor jullie geweldige dochter. 

Broertje Robert en Suzan met Sanna en Gijs, zusjes Petra en Daan en Marrit en Lars. Wat voor mijn 

vrienden geldt, geldt ook voor jullie. Allemaal zelfstandige geesten die het goed hebben. Samen 

is fijn, maar er is zoveel meer. Ik weet echter dat jullie voor me klaarstaan als dat nodig is. Dank 

dat jullie er zijn.

Lieve pa en ma, Atse en Aafke, Alles is toch nog goed gekomen. Niet in de laatste plaats dankzij 

jullie steun. Dank.

Lieve, lieve Niki, mijn vrouw. Je bent mijn (pinda)rots in de branding. Ik hoop dat je dat nog heel 

lang blijft. Op naar het volgende avontuur samen, en nog velen daarna. Ik hou zoveel van je. 

Kus!
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Curriculum Vitae
Mart van der Plas werd geboren op 26 januari 1975 in Stein, 

Zuid Limburg. In 1993 behaalde hij zijn VWO eindexamen aan de 

scholengemeenschap Groenewald te Stein, waarna hij datzelfde 

jaar aanving met zijn studie Bewegingswetenschappen aan de Vrije 

Universiteit te Amsterdam. In 1994 werd de propedeuse behaald. In 

het studiejaar 1997-1998 verbleef Mart voor een wetenschappelijke 

stage één jaar in Sydney, Australië. Bij het Rehabilitation Research 

Centre, Cumberland College of Health Sciences van de University of 

Sydney participeerde hij bij een wetenschappelijk project naar functionele electro-stimulatie bij 

patiënten met een dwarslaesie. In 2001 studeerde hij af in de richting inspanningsfysiologie met 

als nevenrichting theorie en geschiedenis der bewegingswetenschappen. Tussen 2002 en 2005 

was hij werkzaam als leerling longfunctieanalist bij de longfunctieafdeling van het Academisch 

Medisch Centrum (AMC) te Amsterdam. Hier haalde hij zijn diploma tot longfunctieanalist, een 

duale HBO-opleiding waarvan het theoretische deel verzorgd werd door de LOI Hogeschool. 

Direct hierna begon hij, onder de leiding van dr. Paul Bresser, bij de afdeling longziekten van het 

AMC aan zijn promotieonderzoek zoals beschreven in dit proefschrift. 

Sinds juni 2010 is Mart werkzaam als hoofd research longgeneeskunde in het Onze Lieve Vrouwe 

Gasthuis in Amsterdam. 

Mart is getrouwd met Niki en ze wonen samen in Leiden.
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