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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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