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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.  

 

Figure 1  Changes in hemodynamic parameters upon exercise before and after PEA. * p<0.05 Pre PEA vs. 
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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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