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ABSTRACT  Symptomatic patients with chronic thromboembolic disease (CTED) without pulmonary
hypertension often show an excessive increase in mean pulmonary arterial pressure (MPAP) during
exercise.

We report on the impact of pulmonary endarterectomy (PEA) on pulmonary haemodynamics in a
prospective series of 32 consecutive CTED patients who underwent PEA. All patients had a comprehensive
diagnostic work-up including right heart catheterisation at baseline and 12 months after PEA.
Furthermore, in 12 patients exercise right heart catheterisation was performed before and after PEA.

After PEA, MPAP was lower at rest (20£3 versus 17+3 mmHg; p=0.008) and during maximal exercise
(39+8 wversus 31+6 mmHg; p=0.016). The mean total pulmonary resistance (TPR) decreased from
3.6+0.8 Wood Units (WU) pre-operatively to 2.7+0.7 WU 1 year after PEA (p=0.004) and the mean slope
of the MPAP/cardiac output (CO) relationship decreased from 3.6+1.0 to 2.3+0.8 WU (p=0.002). Peak
oxygen uptake increased from 1.2+0.4 to 1.5+0.3 L-min~' (p=0.014) and ventilatory equivalents of carbon
dioxide decreased from 39+2 to 30+2 (p=0.002). There was a significant improvement in quality of life
assessed by the Cambridge Pulmonary Hypertension Outcome Review questionnaire.

In CTED patients, PEA resulted in haemodynamic and clinical improvements. The means of TPR and
MPAP/CO slopes decreased to <3.0 WU.
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Introduction

Pulmonary endarterectomy (PEA) is the gold standard treatment option for patients with chronic
thromboembolic pulmonary hypertension (CTEPH) [1]. In CTEPH patients, fibrotic transformation of
pulmonary artery clots associated with secondary microvasculopathy leads to an increase in pulmonary
vascular resistance (PVR) [2-4]. Patients with chronic thromboembolic obstructions without pulmonary
hypertension (mean pulmonary arterial pressure (MPAP) at rest <25 mmHg) are diagnosed with chronic
thromboembolic disease (CTED) [5, 6]. These patients have symptoms like dyspnoea upon exertion or
fatigue that hamper their daily activities and diminish their quality of life. CTED patients show the same
exercise limitations and symptoms as World Health Organization (WHO) Functional Class II or III
CTEPH patients as described by DoNaHOE et al. [7]. These symptoms are in line with an inadequate
response in pulmonary haemodynamics during exercise [8-10]. Successful PEA has been reported in a
limited number of patients with CTED without mortality [9, 10]. The rationale for PEA in operable CTED
patients is improvement of their quality of life by improving symptoms and exercise tolerance as reported
by TaBoapa et al. [9] and van Kan et al. [10]. In addition, with early treatment, potential long-term
complications like the development of secondary small-vessel vasculopathy and right heart failure can be
avoided [1, 7, 11]. Recently, a report of a multicentre registry of inoperable CTED patients was published
that showed improvements in physical capacity and PVR after balloon pulmonary angioplasty, but no
exercise data were reported [12].

There is an ongoing discussion about the definition of exercise pulmonary hypertension, which is not
reflected by current guidelines [5, 13-15]. Kovacs et al. [16] describe exercise pulmonary hypertension as
the presence of resting MPAP <25 mmHg and MPAP >30 mmHg during exercise with total pulmonary
resistance (TPR) >3 Wood Units (WU). In CTED patients the MPAP/cardiac output (CO) slope during
exercise is steeper than in healthy subjects [10, 16]. Naeye et al. [15] and Lewis et al. [13] have proposed
that TPR and MPAP/CO slopes should not exceed 3.0 WU during maximal supine exercise in healthy
subjects. The clinical challenge in terms of diagnosis and treatment of exercise pulmonary hypertension
was recently summarised [14]. The impairment in circulatory adaptation in CTED patients is also
manifested in an increase in dead space ventilation, reduced oxygen pulse and decreased peak oxygen
uptake during cardiopulmonary exercise testing (CPET) [10].

Our group reported data on exercise haemodynamics obtained in CTEPH patients before and 1 year after
PEA that showed improvement in MPAP/CO slopes after PEA [17]. In CTED patients, PEA has been
shown to improve the quality of life (Cambridge Pulmonary Hypertension Outcome Review (CAMPHOR)
scores) [9] and reduces MPAP at rest [10]; however, data from exercise right heart catheterisation (RHC)
before and after PEA are lacking. We hypothesise that PEA in CTED patients may lead to a decline in
TPR and MPAP/CO slopes to <3.0 WU because microvasculopathy probably does not contribute
significantly to haemodynamic impairment in this population. Therefore, the aim of the study was to
examine parameters of exercise RHC before and after PEA, with a focus on changes in TPR and MPAP/
CO slopes.

Patients and methods

Patients

For this observational study patients with CTED (MPAP <25 mmHg) at baseline RHC who underwent
PEA between January 1, 2010 and March 31, 2016 were selected from our prospective institutional
database. Operability assessment was carried out by a multidisciplinary team consisting of PEA surgeons,
(interventional) radiologists, cardiologists and pulmonary physicians. Patients underwent a 6-min walk
test, CPET, echocardiography and measurement of N-terminal pro-brain natriuretic peptide levels.
Health-related quality of life was measured using the CAMPHOR questionnaire [18]. All patients included
underwent PEA according to our institutional protocol [11]. The collection of data was approved by the
institutional ethics committee and conducted in keeping with the Declaration of Helsinki (approval AZ
199/15). All patients gave written informed consent.

Right heart catheterisation

RHC was accomplished by insertion of a Swan-Ganz catheter via the jugular vein under local anaesthesia.
Pressure values at rest were assessed continuously and CO was measured by the thermodilution technique,
averaging three out of five output determinations. Baseline parameters were assessed 30 min after insertion
of the catheter. PVR and cardiac index (CI) were calculated as described previously [19]. Exercise was
performed on a cycle ergometer in the supine position with a constant external workload of 25, 50 or
75 W [20].

The zero reference level for the pressure transducer was placed at the mid-thoracic level in the supine
position. During exercise, all pulmonary pressures were averaged over several respiratory cycles, which is
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thought to be the most reasonable compromise to compensate for respiratory fluctuations, especially under
maximal exercise [19, 21]. The following haemodynamic parameters were calculated as the main outcome
measures: TPG=MPAP—-PAWP, DPG=DPAP—-PAWP, the slope of the MPAP/CO relationship [13] and
Cpa=(CO/heart rate)/(SPAP—DPAP), where TPG is the transpulmonary gradient, PAWP is the pulmonary
arterial wedge pressure, DPG is the diastolic pulmonary gradient, Cpa is the pulmonary arterial compliance
and SPAP is the systolic pulmonary arterial pressure. Exercise pulmonary hypertension was defined by the
presence of resting MPAP <25 mmHg and MPAP >30 mmHg at peak exercise while TPR >3.0 WU as
proposed by the European Respiratory Society Task Force [16].

Cardiopulmonary exercise testing

Patients underwent symptom-limited incremental CPET (MasterScreen, CareFusion; BD, Heidelberg,
Germany) according to current recommendations using a ramp protocol with an incremental rate of 5-
15 W-min™" as judged by the operator [22].

The é-min walk test
The 6-min walk test was performed according to current guideline recommendations and results were
recorded as the distance covered in metres [23].

Surgical technique

PEA was performed using the standard technique [24]. Briefly, a median sternotomy was performed and
during cardiopulmonary bypass patients were gradually cooled to a core temperature of 20°C for safe
circulatory arrest [25, 26], which was limited to intervals of 20 min.

Statistical analysis

Continuous variables were tested for adherence to a normal distribution by the D’Agostino-Pearson
normality test for normal data and are expressed as mean with standard deviation or as median
(interquartile range). Univariate comparisons between patients were performed using the Chi-squared test
or Fisher’s exact test, where appropriate, for dichotomous variables; the t-test or Mann-Whitney U-test
was applied for continuous variables. Statistical tests were two-sided; differences where p<0.05 were
considered significant. Prism version 7.03 for Windows (GraphPad, La Jolla, CA, USA) was used for the
data and statistical analyses.

Results

Baseline characteristics

From January 2010 to March 2016, 664 consecutive symptomatic patients with chronic thromboembolic
vascular obstructions underwent PEA surgery at our institution. The in-hospital mortality rate was 3.6%
(24 patients). Within the entire cohort, 32 patients were diagnosed with CTED (defined as MPAP
<25 mmHg at rest). All CTED patients survived the perioperative period.

Results of pre-operative and 1-year post-operative exercise RHC in 12 CTED patients

Patient characteristics and baseline noninvasive measurements

The study flowchart is depicted in figure 1. Baseline characteristics of the 12 CTED patients (median
(IQR) age 34 (28-60) years, 50% females) who underwent exercise RHC are presented in table 1. Results
of pulmonary function tests were normal. Eight patients were in WHO Functional Class II and four
patients were in WHO Functional Class III. Patients were not on pulmonary hypertension-targeted
medication. Nine patients had no perioperative complications. Two patients had minor complications (one
urinary tract infection and one atrial fibrillation), and one patient with re-do surgery developed
post-operative seizures with suspicion of hypoxic brain damage and needed tracheostomy. Fortunately, this
patient had a complete recovery.

Surgical specimens

All patients had a significant burden of bilateral thromboembolic disease. The endarterectomy specimens
as per Jamieson classification were classified as type 1 or 2 disease for the majority of patients (n=8).
Specimens from two patients were classified as type 3 disease and for two patients these data were not
available.

Exercise RHC before and 1 year after PEA

Exercise RHC data before PEA and 1 year after PEA are depicted in figure 2. Before PEA the slope of the
MPAP/CO relationship was >3.0 WU in nine patients (range 1.7-4.9 WU) and TPR was also >3.0 WU in
nine patients who had MPAP >30 mmHg. In one patient TPR was 3.0 WU but MPAP only 29 mmHg. At
1 year after PEA, only three patients still fulfilled the criteria of exercise pulmonary hypertension with
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PEA patients
January 2010 to March 2016
n=664

PEA patients with CTEPH
n=632

v
PEA patients with CTED
n=32 (4.8%)

PEA patients with CTED
and incomplete exercise RHC
n=20

A 4
PEA patients with CTED and complete baseline
and 1-year follow-up exercise RHC
n=12

FIGURE 1 Flowchart of patient selection. PEA: pulmonary endarterectomy; CTEPH: chronic thromboembolic
pulmonary hypertension; CTED: chronic thromboembolic disease; RHC: right heart catheterisation.

MPAP >30 mmHg and TPR >3.0 WU. However, after PEA the MPAP/CO slope was <3.0 WU in 11
patients and increased in one patient from 3.5 to 4.3 WU. In this patient an excessive rise in PAWP to
25 mmHg was observed, indicating left ventricular diastolic dysfunction. Figure 3 shows the individual
changes in TPR and MPAP/CO slope before and after PEA. The mean TPR (3.6+£0.8 to 2.7+0.7 WU;
p=0.0040) and mean MPAP/CO slope (3.6+1.0 to 2.3+0.8 WU; p=0.0024) decreased after PEA. Patients
with values >3.0 WU showed a more pronounced decrease, whereas patients with slope values <3.0 WU
showed only a minor decrease.

Haemodynamic responses before and after PEA are summarised in table 2. MPAP at rest showed a
reduction from 2043 to 17+3 mmHg (p=0.006). Further decreases were observed for SPAP, TPG, PVR
and TPR. PAWP showed an increase from 8+3 to 11+4 mmHg (p=0.02). During exercise RHC pulmonary
haemodynamics improved after PEA, whereas CO and CI did not change. Exercise TPG decreased after

TABLE 1 Baseline characteristics of the 12 chronic thromboembolic disease patients with
exercise right heart catheterisation who underwent pulmonary endarterectomy

Baseline characteristics

Age years 34 (24-60)
Sex

Male 6

Female 6
Height cm 1757
Weight kg 81+17
BMI kg-m™2 26.644.9

Pulmonary function

FVC L 3.9+0.8
FVC % pred 9111
FEV1 L 3.1+0.8
FEV1 % pred 83+11
FEV1/FVC % 786
TLco % pred 72+18
NT-proBNP ng-L™" 68 (25-147)

Data are presented as median (interquartile range), n or meanzsp. BMI: body mass index; FVC: forced vital
capacity; FEV1: forced expiratory volume in 1s; TiLco: transfer factor of the lung for carbon monoxide;
NT-proBNP: N-terminal pro-brain natriuretic peptide.
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FIGURE 2 Mean pulmonary arterial pressure (MPAP)/cardiac output (CO) relationship of 12 patients with
exercise right heart catheterisation before and 1year after pulmonary endarterectomy (PEA]. TPR: total
pulmonary resistance; WU: Wood Units. The values of the individual slopes are given in the table. The black
line shows the mean slope (0.94 WU) of healthy volunteers from Kovacs et al. [27].
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FIGURE 3 a, b Individual and ¢, d) meanzsp changes in a, c] total pulmonary resistance TPR during exercise
and b, d] slopes of the mean pulmonary arterial pressure (MPAP)/cardiac output (CO) relationship of 12
patients with exercise right heart catheterisation before and 1 year after pulmonary endarterectomy (PEA).
WU: Wood Units. The dotted line depicts 3.0 WU, which is the upper limit of normal proposed by Natewe et al. [15].
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TABLE 2 Right heart catheterisation parameters before and 1 year after pulmonary
endarterectomy (PEA]

Before PEA After PEA p-value®
Rest
SPAP mmHg 33+7 2945 0.04
MPAP mmHg 20+3 17+£3 0.006
DPAP mmHg 10£3 9+4 0.4
PAWP mmHg 8+3 (NEYA 0.02
RAP mmHg 4.3+2.4 6.5+3.0 0.1
TPG mmHg 12+4 T+b 0.004
PVR WU 2.1+0.9 1.5£0.5 0.01
€O L-min~" 5.6+1.0 5.6+0.7 0.9
Cl L-min~"-m™2 2.7+0.3 2.9+0.5 0.39
Cpa mL-mmHg™" 3.9+1.6 4.0£1.0 0.86
SV mL-min~" 7015 7712 0.72
Heart rate beats-min™" 72+9 737 0.77
Maximal exercise

SPAP mmHg 62+15 5114 0.04
MPAP mmHg 3918 316 0.02
DPAP mmHg 1945 1645 0.05
PAWP mmHg 115 (REYA >0.9
TPG mmHg 26+8 18+6 <0.0001
PVR WU 2.7+1.1 1.8+1.0 0.001
€O L-min~! 10.9+£1.8 11.6£3.0 0.52
Exercise pulmonary hypertension 9 3 0.04
Cl L-min~"m™2 5.4+1.6 6.2¢18 0.17
Cpa mL-mmHg™ 2.6+1.1 3.6x0.8 0.03
SV mL-min~" 102+14 113429 0.4
Heart rate beats-min™" 106+23 106+9 >0.9

Data presented as meanzsb or n, unless otherwise stated. SPAP: systolic pulmonary arterial pressure;
MPAP: mean pulmonary arterial pressure; DPAP: diastolic pulmonary arterial pressure; PAWP: pulmonary
arterial wedge pressure; RAP: right atrial pressure; TPG: transpulmonary pressure gradient; PVR:
pulmonary vascular resistance; WU: Wood Units; CO: cardiac output; Cl: cardiac index; Cpa: pulmonary
arterial compliance; SV: stroke volume. #: p<0.05 considered significant.

1 year for all patients. Interestingly, during exercise the mean Cpa increased from 2.6+1.1 mL-mmHg "
before PEA to 3.6+0.8 mL-mmHg ™" (p=0.03) after PEA.

Noninvasive CPET and quality of life

CPET parameters and CAMPHOR score outcomes were improved after PEA, as presented in table 3. At
1 year after PEA patients had higher maximal workload, peak oxygen uptake (V'0,) and peak oxygen
pulse compared with baseline values. The ventilatory equivalents of carbon dioxide (minute ventilation
(V'E)/V'CO,) at peak exercise decreased without a change in maximal ventilation. In addition, the
V'E/V'CO, slope was lower after PEA. PEA improved symptoms in all patients, and all patients returned to
WHO Functional Class I and II during the first year after PEA (table 3). The mean values of WHO
Functional Class decreased from 2.3+0.5 to 1.4+0.5 (p<0.001) (figure 4). We observed improvements in
the total CAMPHOR score and in all three domains (i.e. symptoms, activity and quality of life).

Discussion

The optimal treatment for CTED patients is still a matter of debate [9, 10]. After pulmonary embolism
there is a continuum of symptoms, ranging from patients with “only” detectable perfusion defects
(~30-50%) [28, 29] to very ill patients with severe CTEPH [6, 30-32]. The rationale for offering PEA is
that the pathophysiology leading to exercise limitation in CTED is comparable to that in CTEPH.
Nevertheless, there are no data available on invasive pre- and post-operative exercise pulmonary
haemodynamics. Therefore, the aim of the present study was to determine parameters of exercise RHC
before and after PEA, with a focus on changes in TPR and MPAP/CO slopes.

The main findings of the study are: 1) CTED patients showed a decrease in MPAP and exercise TPR
1 year after PEA, 2) the means of TPR and MPAP/CO slopes decreased to <3.0 WU, which is proposed as
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TABLE 3 Noninvasive chronic thromboembolic disease parameters, Cambridge Pulmonary
Hypertension Outcome Review (CAMPHOR] scores and 6-min walk distance (6MWD) before and
1 year after pulmonary endarterectomy (PEA]

Before PEA After PEA p-value®
Functional parameters
Maximal workload W 109+31 131242 0.01
V'0, peak L-min™" 1.24+0.36 1.54x0.26 0.01
V'0, peak % pred 64216 81+22 0.02
Maximal heart rate beats-min™" 142423 133£30 0.13
V'e/V'co, at peak 39+2 30+2 0.002
V'e/V'co, slope 38+3 304 0.006
Peak oxygen pulse mL-beat™ 10£2 1243 0.02
CAMPHOR scores
Total score 23 (14-33) 6 (2-4) <0.001
Symptoms 8 (4-12.5) 2 (1-3) 0.001
Activity 8 (4-9.5) 3(0.5-6) 0.001
Quality of life 7 (3.5-12) 2 (0.5-3) 0.002
6MWD m 437+105 498+64 0.2

Data presented as mean+sp or median (interquartile range), unless otherwise stated. V'0,: oxygen uptake;
V'E: minute ventilation; V'co,: carbon dioxide production. #: p<0.05 considered significant.

the upper limit of normal under exercise, and 3) patients showed improved ventilatory efficiency, increased
exercise tolerance and improved quality of life.

Recent studies on CTED by TaBoapa et al. [9] and by van Kan et al. [10] reported the beneficial effect of
PEA on CPET parameters, WHO Functional Class, CAMPHOR scores and symptoms. There was a
significant improvement in the total score of the CAMPHOR questionnaire from 40 at baseline to 11 at
6 months and this improvement was sustained at 1 year [9, 10]. MPAP was reduced from 21 mmHg at
baseline to 18 mmHg 6 months after PEA and PVR decreased from 164 to 128 dyn-s-cm™. van Ka et al.
[10] reported further that 1 year after PEA the oxygen pulse had increased, whereas both peak heart rate
and the heart rate response during exercise had decreased. In addition, V'E/V’CO, both at the anaerobic
threshold and at peak exercise had decreased, without a concomitant change in maximal ventilation [10].
However, exercise RHC evaluations before and after PEA were not reported in these two publications on
CTED.

We were able to demonstrate similar improvements in these values (table 3) as well as improvements in
exercise pulmonary haemodynamics (table 2) after PEA measured by RHC. Therefore, exercise RHC in
CTED patients seems to provide a further diagnostic option in terms of possible treatment decisions.

Furthermore, we found a significant decrease in PVR at rest and during exercise after surgery. In addition,
pulmonary arterial compliance, which is considered as an independent predictor of exercise capacity in
CTEPH patients, was also improved 1 year after PEA [33]. Along these lines, CLAESSEN ef al. [34]

al 4+ p=0.0002 b) 4~
] @
S 3 (XXXl 8 34
O —_— O
© ©
c c
o .2
5 24 eeoc0000 5 27
c c
3 ]
L [T
2 1+ 2 14
T T
= =
0 T T 0 T T
Before PEA After PEA Before PEA After PEA

FIGURE 4 Changes in World Health Organization (WHO) Functional Class of 12 patients before and 1 year after
pulmonary endarterectomy (PEA). a) Scattered dot plot of the distribution of WHO Functional Class showing
mean+sp before and after PEA. b) Individual changes in WHO Functional Class before and after PEA.
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emphasised that the MPAP/CO slope and Cpa are sensitive measures of resistive and pulsatile pulmonary
vascular function.

These findings highlight the importance of exercise RHC in the diagnosis and treatment of patients with
CTED [13, 15, 16].

Definition of exercise pulmonary hypertension
CTED patients do not fulfil the definition of pulmonary hypertension. Nevertheless, exercise-based
examinations reveal their impaired ability to sufficiently increase their oxygen supply.

From recent data and reflections [9, 13-15, 20], a reasonable definition of exercise pulmonary
hypertension should contain TPR values or MPAP/CO slopes >3.0 WU. Thus, for MPAP >30 mmHg, CO
should be <10 L-min~!. However, there are still several potential confounders (e.g. influence of age,
workload, distribution of obstructions and training) that may have an influence. In our study, nine out of
12 patients fulfilled the aforementioned criteria, as they had a TPR and MPAP/CO slope >3.0 WU before
surgery, and five patients even had slopes >4.0 WU (figure 2). The mean TPR as well as the mean slope
(figure 3) were 3.6 WU, which lies above the proposed upper limit of normal. Interestingly, in all patients
but one the slope decreased to <3.0 WU after PEA, whereas TPR was >3.0 WU in three patients. Thus, the
mean TPR was reduced to 2.7 WU and using the proposed criteria, nine patients had no “exercise
pulmonary hypertension” 1 year after surgery. The mean slope 1 year after surgery was significantly
reduced to 2.3 WU and 11 patients had a slope <3.0 WU 1 year after surgery.

Cardiopulmonary exercise tests

In CTEPH, as in pulmonary arterial hypertension, ZHa1 et al. [35] demonstrated that the ventilatory
efficiency is impaired and highlighted that for CTEPH there was no correlation to the functional classes;
however, no CTED patients were included in their report. DoNaHOE et al. [7] demonstrated increased
ventilatory equivalents for carbon dioxide at anaerobic threshold and peak exercise similar to the results
for our patients, but no post-operative data exist. One case report of CTED described improvements in
right ventricular performance and ventilatory efficiency following PEA, but no exercise RHC data were
mentioned [36]. Recently, it was shown by HELD et al. [37] that CPET is a valuable diagnostic tool for the
detection of CTED/CTEPH in patients with suspected pulmonary hypertension but normal
echocardiography, and that individual CPET parameters can help to distinguish between CTEPH patients
and controls. Our results of CPET (table 3) are in line with the improved haemodynamic response obtained
from exercise RHC. At 1year after PEA, patients significantly increased their maximal workload, peak
oxygen uptake and peak oxygen pulse. van KaN et al. [10] also reported CPET data from CTED patients
but did not observe significant differences before and after PEA. However, they stated that V'E/V'CO, at
peak and at the anaerobic threshold as well as the V'E/V'Co, slope significantly decreased 1 year after PEA.
We observed the same significant decreases in ventilatory equivalents and V'E/V'CO, slopes after PEA,
which were restored to normal or at least near-normal values.

This improvement in quality of life and exercise tolerance is further demonstrated in marked decreases in
scores in all CAMPHOR subcategories. However, since the long-term survival of CTED patients might be
excellent without PEA, the indication for surgery in these patients must be assessed individually, and must
take into account their expectations and acceptance of risk [38].

Relevance of exercise RHC

Our data confirm the clinical relevance of the assessment of pulmonary haemodynamics during exercise
and are in line with the new concept of exercise pulmonary hypertension. There was an improvement in
haemodynamics after PEA and there was no excessive rise in MPAP during exercise except for one patient
with a high PAWP.

Since our data show that 1 year after surgery the means of TPR and MPAP/CO slopes decreased to
<3.0 WU within CTED patients, the new definition of exercise pulmonary hypertension seems meaningful
and should be applied. Recently, Kovacs et al. [20] reported exercise data from a study including 141
patients of whom 32 had borderline PAP elevation (MPAP 21-24 mmHg). The reasons for applying RHC
were exertional dyspnoea that could not be explained by heart or lung disease, or suspected pulmonary
hypertension due to pulmonary hypertension-associated diseases such as collagen vascular disease or
myelodysplastic syndrome. Kovacs et al. [20] showed that during exercise, the MPAP/CO slope in patients
with borderline pulmonary hypertension was significantly steeper (5.2 WU) than in patients with resting
MPAP <21 mmHg (3.2 WU). This was accompanied by a higher mortality in the borderline group.
DoNaHOE et al. [7] reported one of 22 CTED patients with progression to CTEPH requiring lung
transplantation, suggesting a realistic risk of worsening. However, larger studies providing evidence for the
prognostic relevance of exercise pulmonary hypertension in CTED are needed.
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FIGURE 5 Pulmonary endarterectomy specimens of a patient with chronic thromboembolic disease. Scale
bar: 1 cm.

Limitations

There are several limitations of the present study. The number of patients included was low, there was no
comparative cohort of patients with CTED who were treated conservatively and RHC was performed at
only two time-points. A major concern that should also be noted is the fact that we offer a complex
operation to patients who experience symptoms only during exercise. Even when PEA is performed at an
expert centre [1, 32], there remains a considerable perioperative risk and it is debatable whether surgery
should be offered to these patients. However, given their significant symptoms in the context of an
abnormal haemodynamic response during exercise, we offered surgery because these patients complain
about their unacceptable quality of life. The post-operative course was uneventful in all patients but one,
who developed seizures in the early post-operative phase after re-do surgery. Fortunately, the patient
completely recovered after a prolonged hospital stay. However, all patients who had complained about
their daily physical shortcomings showed significantly improved physiological responses upon exercise
after PEA, which translated to a better or normalised quality of life. Therefore, in carefully selected
patients with symptomatic CTED, treatment by PEA appears to be a reasonable option, but should only be
performed at expert centres (figure 5) [39].

Conclusions

Patients with CTED showed an excessive rise in MPAP and steep slopes of the MPAP/CO relationship during
exercise RHC in combination with poor performance in CPET. The mean values of TPR and MPAP/CO
slopes were >3.0 WU, but after successful PEA surgery the haemodynamic response improved significantly,
and the means of TPR and MPAP/CO slopes were 2.7 and 2.3 WU, respectively, which is clearly below the
proposed upper limit of normal. These results were accompanied by better exercise tolerance and quality
of life.
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