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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.
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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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