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ORIGINAL ARTICLE

Long-Term Effects of Pulmonary Endarterectomy 
on Right Ventricular Stiffness and Fibrosis 
in Chronic Thromboembolic Pulmonary 
Hypertension
Natalia J. Braams , MD*; Azar Kianzad , MD*; Jessie van Wezenbeek , MSC; Jeroen N. Wessels , MD;  
Samara M.A. Jansen , MD; Stine Andersen , MD, PhD; Anco Boonstra, MD, PhD; Esther J. Nossent , MD; J. Tim Marcus , PhD;  
Ahmed A. Bayoumy , MD, PhD; Clarissa Becher , MSc; Marie-José Goumans , PhD; Asger Andersen , MD, PhD;  
Anton Vonk Noordegraaf , MD, PhD; Frances S. de Man , PhD; Harm Jan Bogaard , MD, PhD† ; Lilian J. Meijboom , MD, PhD† 

BACKGROUND: Surgical removal of thromboembolic material by pulmonary endarterectomy (PEA) leads within months to the 
improvement of right ventricular (RV) function in the majority of patients with chronic thromboembolic pulmonary hypertension. 
However, RV mass does not always normalize. It is unknown whether incomplete reversal of RV remodeling results from 
extracellular matrix expansion (diffuse interstitial fibrosis) or cellular hypertrophy, and whether residual RV remodeling relates 
to altered diastolic function.

METHODS: We prospectively included 25 patients with chronic thromboembolic pulmonary hypertension treated with PEA. 
Structured follow-up measurements were performed before, and 6 and 18 months after PEA. With single beat pressure-
volume loop analyses, we determined RV end-systolic elastance (Ees), arterial elastance (Ea), RV–arterial coupling (Ees/
Ea), and RV end-diastolic elastance (stiffness, Eed). The extracellular volume fraction of the RV free wall was measured 
by cardiac magnetic resonance imaging and used to separate the myocardium into cellular and matrix volume. Circulating 
collagen biomarkers were analyzed to determine the contribution of collagen metabolism.

RESULTS: RV mass significantly decreased from 43±15 to 27±11g/m2 (−15.9 g/m2 [95% CI, −21.4 to –10.5]; P<0.0001) 6 
months after PEA but did not normalize (28±9 versus 22±6 g/m2 in healthy controls [95% CI, 2.1 to 9.8]; P<0.01). On the 
contrary, Eed normalized after PEA. Extracellular volume fraction in the right ventricular free wall increased after PEA from 
31.0±3.8 to 33.6±3.5% (3.6% [95% CI, 1.2–6.1]; P=0.013) as a result of a larger reduction in cellular volume than in matrix 
volume (Pinteraction=0.0013). Levels of MMP-1 (matrix metalloproteinase-1), TIMP-1 (tissue inhibitor of metalloproteinase-1), 
and TGF-β (transforming growth factor-β) were elevated at baseline and remained elevated post-PEA.

CONCLUSIONS: Although cellular hypertrophy regresses and diastolic stiffness normalizes after PEA, a relative increase in 
extracellular volume remains. Incomplete regression of diffuse RV interstitial fibrosis after PEA is accompanied by elevated 
levels of circulating collagen biomarkers, suggestive of active collagen turnover.

Key Words: extracellular volume ◼ magnetic resonance imaging ◼ pulmonary hypertension ◼ right ventricular function  
◼ vascular diseases ◼ ventricular remodeling
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Chronic thromboembolic pulmonary hypertension 
(CTEPH) is characterized by persistent occlusion 
of the pulmonary arteries by organized thromboem-

bolic material and remodeling of the pulmonary vascu-
lature. Eventually, pulmonary vascular resistance (PVR) 
will increase leading to chronic right ventricular (RV) 
pressure overload.1 The RV adapts to pressure overload 
by cellular hypertrophy. In advanced CTEPH, structural 
cardiac remodeling occurs by RV dilatation together with 
a decreased RV systolic and diastolic function, often 
accompanied by diffuse interstitial deposition of colla-
gen (fibrosis).2–5 Previous studies have shown that sur-
gical removal of thromboembolic material by pulmonary 

endarterectomy (PEA) leads within months to hemody-
namic improvement and reverse remodelling of the RV.6 
However, in the majority of patients RV mass does not 
normalize after surgery.6–8 Comparable observations were 
done in chronic left ventricular (LV) pressure overload due 
to aortic stenosis, where surgical aortic valve replacement 
leads to a regression, but not normalization of LV mass.9 
In a recent study, extracellular volume fraction (ECV) 
mapping by cardiac magnetic resonance imaging (MRI) 
was used to demonstrate that a persistent increase in LV 
mass after aortic valve replacement is in part explained by 
persistent fibrosis, caused by a lesser reduction in extra-
cellular matrix than in cellular hypertrophy after surgery.10 
Whether persistent fibrosis also explains the increased 
RV mass and is associated with increased diastolic stiff-
ness after PEA for CTEPH is unknown.

ECV assessment by cardiac magnetic resonance 
(CMR) provides robust data on diffuse interstitial fibro-
sis that correlates well with histology and differentiates 
between cellular (myocytes, fibroblast, endothelial, red 
blood cells) and extracellular (extracellular matrix, blood 
plasma) compartments.11–17 Data on myocardial ECV of 
the RV after PEA are lacking, as the relatively thin-walled 
RV after PEA complicates the differentiation between 
blood and myocardium required for ECV determination. 
Previous studies in patients with atrial fibrillation have 
shown that measuring T1 and calculating ECV at end-
systole is feasible and reduces T1 variablity in CMR.18,19

Circulating collagen biomarkers are elevated in PAH 
and are associated with prognosis and disease progres-
sion.20 However, whether levels of collagen metabolites 
are altered in CTEPH, and whether they reflect changes 
in the RV after surgery is unknown. We hypothesized that 
a persistently increased RV mass after PEA is in part 
explained by residual fibrosis and might consequently 
affect RV systolic and diastolic function. By combining 
structured assessment of RV hemodynamics, pressure-
volume analyses to assess RV systolic function and dia-
stolic stiffness, end-systolic ECV mapping of the right 
ventricular free wall (RVFW) and circulating biomarkers 
at baseline, 6 and 18 months after PEA, we aimed to 
investigate long-term reverse remodeling in patients with 
CTEPH.

METHODS
Study Subjects
In a prospective multicenter study, all adult patients diagnosed 
with CTEPH and treated with PEA are screened for inclu-
sion in the tertiary referral centres for CTEPH in Amsterdam 
University Medical Center, The Netherlands and Aarhus 
University Hospital, Denmark (the 2A3C study). The current 
analysis is based on patients included between September 
2017 and March 2020 in Amsterdam. CTEPH was diag-
nosed according to the most recent guidelines at the time of 
inclusion.1 Exclusion criteria were (1) renal failure (glomerular 

WHAT IS NEW?
• The present study is the first longitudinal study 

assessing extracellular volume in the relatively 
thin-walled right ventricle (RV) before and after 
pulmonary endarterectomy (PEA) in chronic throm-
boembolic pulmonary hypertension.

• Extracellular volume in the RV free wall increases 
after PEA indicating residual RV fibrosis.

• Despite persistent fibrosis, RV diastolic stiffness 
normalizes after PEA.

• Circulating levels of collagen biomarkers are 
increased both pre- and post-surgery.

WHAT ARE THE CLINICAL IMPLICATIONS
• Although diffuse interstitial fibrosis regression is not 

complete in the RV and collagen synthesis biomark-
ers remained increased after PEA, they were not 
associated with increased RV diastolic stiffness.

• Further investigations are needed to assess the 
clinical implications of residual RV remodeling 
after PEA for chronic thromboembolic pulmonary 
hypertension.

Nonstandard Abbreviations and Acronyms

CMR cardiac magnetic resonance
CTEPH  chronic thromboembolic pulmonary 

hypertension
ECV extracellular volume fraction
LV left ventricular
MMP-1 matrix metalloproteinase 1
mPAP mean pulmonary artery pressure
PEA pulmonary endareterectomy
PVR pulmonary vascular resistance
RV right ventricular
RVFW right ventricular free wall
RVIP RV interventricular insertion point
TGF-β transforming growth factor-β
TIMP-1 tissue inhibitor of metalloproteinase-1
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filtration rate below 30 mL/min per 1.73 m2), (2) contraindica-
tions for cardiac MR such as metallic implants, known gado-
linium intolerance, claustrophobia, (3) cognitive impairment 
preventing judgement concerning study participation. Residual 
PH was defined as a mean pulmonary artery pressure (mPAP) 
>20 mm Hg and PVR ≥240 dynes/s/cm5 according to the 
revised hemodynamic definition proposed at the Sixth World 
Symposium on Pulmonary Hypertension.21 Structured follow-up 
measurements were performed using CMR, blood analysis, and 
right heart catheterization before PEA and 6 and 18 months 
after surgery (Figure S1). For the assessment of diffuse inter-
stitial fibrosis, CMR with T1 mapping was performed before 
and after intravenous contrast administration before PEA and 6 
and 18 months after surgery. To determine circulating collagen 
biomarkers (see below), blood samples were collected at the 
same 3 time points. Single beat pressure-volume loop analy-
sis was used to determine load-independent RV diastolic stiff-
ness (Eed).22 The study protocol was approved by the Medical 
Ethics Review Committee of the Amsterdam University Medical 
Center (2017.060) and written informed consent was obtained 
from each participant before study entry. The data that support 
the findings of this study are available from the corresponding 
author upon reasonable request.

Surgery
The PEA procedure has been described previously.23,24 All 
patients were discussed in our expert multidisciplinary pulmo-
nary hypertension (PH) team. Operability was based on acces-
sibility of pulmonary artery obstructions, imbalance between 
increased PVR and amount of accessible occlusions suggest-
ing microvascular disease and comorbidities. According to our 
center’s clinical protocol, patients are not routinely subjected 
to imaging after PEA to assess residual peripheral clot burden.

Right Heart Catheterization and Pressure-
Volume Loop Analysis
Hemodynamic assessment was performed using a fluid-filled 
balloon-tipped 7F Swan-Ganz catheter (131HF7, Baxter 
Healthcare Corp, Irvine, CA). During continuous electrocar-
diographic monitoring, mean right atrial pressure, mPAP, and 
pulmonary artery wedge pressure were recorded and mixed 
venous oxygen saturation (SvO2) was measured. Cardiac out-
put was determined by thermodilution or direct Fick method. 
PVR (dynes/s per cm5) was calculated as 80×(mPAP−pulmo-
nary artery wedge pressure)/cardiac output.25

Pressure-Volume Loop Analysis
A detailed delineation of the load-independent RV PV loop 
analysis has been described previously.25 The slope of the end-
systolic pressure-volume relationship (Ees) was calculated as 
follows (Figure 1):

Ees =
Piso− RVESP

SV

The maximal isovolumic pressure (Piso) was determined 
using the single-beat method of Sunagawa et al26 as described 
previously.25,27 In short, an inverted cosine wave was fitted over 
the RV pressure curve using the isovolumic contraction period 
(from end-diastole to the point of maximal rate of pressure rise 

[dP/dtmax]) and the isovolumic relaxation period (from minimal 
dP/dt to start diastole) by a semiautomatic MATLAB R2008a 
program (The MathWorks, Natick, MA). Right ventricular end-
systolic pressure was estimated by 1.65×mPAP−7.79.28 Stroke 
volume was derived from CMR. Pressure data were averaged 
over several beats to reduce respiratory variations.

Arterial elastance (Ea), a measure of RV afterload, was cal-
culated as:

Ea =
RVESP
SV

RV-PA coupling was then calculated as Ees over Ea. 
Diastolic stiffness (Figure 1) was assessed by end-diastolic 
elastance (Eed). The diastolic pressure-volume relationship 
was determined at end-diastole as described previously.22,29 
Reference values (n=38) for pressure-volume derived Eed 
were derived from a historical group of healthy control sub-
jects who were referred for unexplained dyspnea/evaluation 
of PH (Table S1; n=32 RVEF >50% and mPAP<20 mm Hg, 
PVR <240 dynes/s/cm5) or subjects with positive BMPRII 
(bone morphogenetic protein receptor type II) mutation carrier 
status (n=6 RVEF >55% and mPAP <20 mm Hg, PVR <240 
dynes/s/cm5), but normal pulmonary artery pressures.

Cardiac MRI
Cardiac MRI was performed on a 1.5 T Avanto or Sola scan-
ner (Siemens Healthcare, Erlangen, Germany). T1 mapping was 
performed on basal and mid-ventricular short-axis images for 
evaluation of RV diffuse interstitial fibrosis using a 5-5-3 modi-
fied look-locker inversion recovery.30 Typical steady-state free 

Figure 1. Schematic overview of pressure-volume relations of 
the right ventricle (RV). 
Ees is the slope of the end-systolic pressure-volume relation as a 
measure of RV contractility, Ea is a measure of the arterial load and 
diastolic elastance, and Eed is ventricular elastance at end-diastole, 
determined as the slope of the diastolic pressure-volume relation 
at end-diastole. EDP indicates end-diastolic pressure; EDV, end-
diastolic volume; ESV, end-systolic volume; Piso, max pressure of an 
isovolumic beat; RVESP, right ventricular end-systolic pressure; RV-
PA, right ventricular-pulmonary artery; and SV, stroke volume. Figure 
created with BioRender.com.
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precession parameters were repetition time/time to echo 3.6/1.12 
ms, flip angle 35°, voxel size 1.4×1.4×8 mm, and images were 
acquired with a slice thickness of 8.0 mm. The T1 values delivered 
by our MRI scanner were verified by using the QalibreMD phan-
tom model 130,31 which provides ground-truth T1 values in the 
range between 30 and 2000 ms. On this phantom, we applied the 
same MRI pulse sequence that we used in the patients.

To measure T1 relaxation time in the relatively thin-walled 
RV, the image acquisition used for T1 mapping was performed 
at the end of systole, when the RV free wall (RVFW) reaches 
its highest thickness.

After measurement of the native T1 map, a dose of 0.3 
mmol/kg gadoterate meglumine (Dotarem) was administered 
intravenously, with injection rate of 3 mL/s, flushed with 20-mL 
saline. Ten minutes after the contrast injection, the T1 mea-
surements were repeated at the same slice locations using 
the same parameters. Acquisition and analyses of ventricular 
volumes were performed as previously reported using commer-
cially available software (Circle CVI42).25 Relative wall thick-
ness was calculated by dividing RV mass by RV end-diastolic 
volume. Volumes and mass were indexed to body surface 
area. Reference values for CMR-derived ventricular mass was 
derived from the same historical cohort as described for the 
pressure-volume loop analysis (Table S1).

CMR Image Analysis
T1 mapping and ECV analysis was performed by using com-
mercially available software (Medis Suite 3.2). Image analyses 
was performed in a random order by an experienced pulmon-
ologist in training with 8 years of experience in respiratory and 
cardiovascular imaging and subsequently was double checked 
by a clinical researcher with 4 years of experience in cardiac 
MRI. Beforehand, both researchers received extensive training 
by an EBCR cardiothoracic radiologist with more than 20 years 
of experience. In the myocardial modified look-locker inversion 
recovery images, the same myocardial regions were delineated 
before and after contrast application (Figure 2; Figure S2). Thus 
the subsequent ECV calculation is based on the relaxivity differ-
ence post- versus precontrast, within the same region. Regions 
of interest consisted of (1) RVFW, (2) anterior RV interventricu-
lar insertion point (RVIP), (3) posterior RVIP, (4) interventricular 
septum, and (5) LV free wall.32 Regions of interest, used for the 
T1 quantification, were drawn to be as large as possible, while 
avoiding any inclusion of subendocardial blood, papillary mus-
cles, trabeculae, and subepicardial tissue (Figure 2; Figure S2). 
The regions of interest of the RV were drawn in the lateral or 
inferior RV free wall (12–24 voxels, corresponding to an in-plane 
size in the range of 16.8–33.6 mm2). T1-maps were assessed 
for quality by examination of the original images used for T1 
calculation, and R2 maps as indicators for the quality of the T1 
fitting. Blood T1 time was derived from the mean of regions of 
interest drawn in the blood pool of the LV cavity in basal and 
mid-ventricular short-axis slices. Hematocrit was obtained the 
same day of the right heart catheterization. The extracellular 
volume fraction, a measure of diffuse interstitial fibrosis, was 
quantified from the pre- and postcontrast T1 relaxation times 
and was calculated as described previously:33,34

ECV = (1− hematocrit)

Ä
1

T1 myo post

ä
−
Ä

1
T1 myo pre

ä
Ä

1
T1 blood post

ä
−
Ä

1
T1 blood pre

ä

Total RV matrix and cell volumes were calculated from the 
product of RV myocardial volume (RV mass divided by the spe-
cific mass of myocardium=1.05 g/mL) and ECV or (1−ECV), 
respectively.10

Biomarkers
Blood was transferred immediately after collection into a glass 
tube and allowed to clot. Serum was separated from the blood 
cells by centrifugation at 3000 rpm for 10 minutes; supernatant 
was collected and immediately stored at −80 °C until simulta-
neous analysis. Total protein concentrations of MMP-1 (matrix 
metalloproteinase 1; DY901B) and TIMP-1 (tissue inhibitor 
of metalloproteinase-1; DTM100) were measured using Solid 
Phase Sandwich ELISAs (R & D Systems, Inc, Minneapolis, MN) 
per manufacturer’s protocol. In addition, we determined active 
TGF-β1 (transforming growth factor-β1) protein concentrations 
using the human TGF- β Duo set ELISA kit (DY240) and Sample 
activation Kit 1 (DY010; R & D Systems Inc., Minneapolis, MN) 
per manufacturer’s protocol. Reference values were derived from 
mean values of control subjects as described previously.35–37

Statistical Analysis
Data are presented as mean±SD, median (25th–75th percen-
tiles), or number of patients (%). All variables were tested for 
normal distribution by carefully assessing the mean, median, 
and SD. Data that failed the normal distribution were log- (Eed, 
TIMP-1, MMP-1/TIMP-1 ratio) or square root (Ea, Ees, Ees/
Ea, TGF-β) transformed for analysis. Comparisons of character-
istics before, and 6 and 18 months after PEA were performed 
using paired t test with Bonferroni correction, where 0.05 was 
divided by the number of comparisons being made to deter-
mine statistical significance. Comparisons of characteristics 
between patients and healthy controls were performed using 
unpaired t test with Bonferroni correction. If the data were not 
distributed normally the Wilcoxon signed-rank test (Eed/rela-
tive wall thickness, MMP-1) was used. The interaction between 
time (baseline versus 6-month follow-up) and RVFW compo-
nents (cell or matrix volume) was assessed with a repeated-
measures ANOVA. Missing data were not imputed. Statistical 
analyses were performed using R version 3.6.3.

RESULTS
Baseline Characteristics
As indicated in the flowchart (Figure S3), 33 patients 
with CTEPH fulfilled the in- and exclusion criteria. Fol-
low-up measurements were incomplete in 4 patients, and 
4 patients who were assessed for eligibility were finally 
not enrolled, resulting in 25 patients with measurements 
at baseline, 6 months and 18 months after PEA. Base-
line characteristics are presented in Table 1. Mean age 
at CTEPH diagnosis was 62±12 years, and there was a 
predominance of males (60%). Most frequently observed 
comorbidities were hypertension (32%) and ischemic 
heart disease (12%). A history of acute pulmonary embo-
lism or both venous thromboembolism and acute pulmo-
nary embolism was present in 60% and 32% of patients, 
respectively. Pulmonary hemodynamics improved 6 
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months after PEA, as indicated by a decrease in mPAP 
from 45±11 to 24±9 mm Hg (–21.1 mm Hg [95% CI, 
–26.0 to –16.2]; P<0.0001), PVR from 561 (427–711) 
to 132 (112–194) dynes/s/cm5 (P<0.0001), mean 
right atrial pressure from 8 (6–10) to 5 (3–6) mm Hg 
(P<0.01) and an increase in cardiac index from 2.6±0.6 
to 3.0±0.6 L/min per m2 (0.4 L/min per m2 [95% CI, 
0.1–0.6]; P<0.05; Table S2). Residual PH after PEA 
was present in 4 (16%) patients. None of these patients 
received interventional treatment after surgery. RVEF 
increased from 41±14 to 52±9% (10.2% [95% CI, 5.7–
14.7]; P<0.01) 6 months after PEA and indexed RVEDV 
decreased from 91±28 to 71±13 mL/m2 (−20.1 mL/m2 
[95% CI, −29.5 to −10.7]; P<0.0001).

RV Mass and Diastolic Stiffness
Indexed RV mass decreased from 43±15 to 27±11g/
m2 (−15.9 g/m2 [95% CI, −21.4 to –10.5]; P<0.0001) 6 
months after PEA and stabilized to a somewhat elevated 
level at 18 months after PEA 28±9 versus 22±6 g/m2 in 

healthy controls (95% CI, 2.1–9.8; P<0.01; Figure 3A). 
RV diastolic stiffness (Eed) had normalized 6 months 
after PEA (P=0.07; Figure 3B). To assess whether the 
improvement of Eed was mainly driven by a reduction 
in RV hypertrophy, Eed values were corrected for rela-
tive wall thickness (Figure 3C).22 Indeed, Eed corrected 
for relative wall thickness did not significantly reduce 
after PEA (P=0.09), indicating that the improvements in 
diastolic stiffness are a reflection of reduced RV hyper-
trophy. No further changes were observed between 6 
and 18 months after PEA. Compared with the values of 
healthy controls, Eed corrected for relative wall thickness 
was increased before PEA (1.02 [0.68–2.44] versus 
0.63 [0.45–0.78]; P<0.01 in healthy controls), but nor-
malized 6 months after PEA (0.66 [0.33–0.97]; P=0.6).

Systolic Right Ventricular Adaptation
Before surgery RV afterload (Ea) was elevated (Fig-
ure 3D) and decreased 6 months after PEA (decreased 
from 0.88 [0.72–1.22] to 0.29 [0.25–0.41] mm Hg/mL; 

Figure 2. An example of basal ventricular short-axis pre- and postcontrast modified look-locker inversion recovery (MOLLI) 
images and extracellular volume fraction (ECV) map of a patient at baseline and during long-term follow-up after pulmonary 
endareterectomy (PEA). 
T1 measurements were made within regions of interest (ROIs) of the right ventricular (RV) free wall (orange), septum (purple), anterior (blue), 
and posterior (yellow) insertion points in the native and postcontrast MOLLI images and ECV was calculated. Although the RV free wall 
thickness reduces after PEA, it was possible to determine ROIs of the RV free wall. 
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P<0.0001). Compared with healthy controls, RV con-
tractility (Ees) was increased at baseline (Figure 3E; 
0.40 [0.27–0.68] versus 0.30 [0.19–0.38]; P<0.01 in 
healthy controls) and normalized 6 months after PEA 
(0.22 [0.15–0.31] mm Hg/mL; P=0.4). Taken together, 
this resulted in no changes in RV-arterial coupling 
before and after PEA (P=0.2; Figure 3F). No further 
changes were observed between 6 and 18 months 
after PEA.

ECV Measures of RVFW Remain Increased After 
PEA
RVFW ECV mapping was successfully performed in 22 of 
25 patients (88%) at baseline, 20 of 25 (80%) at 6 months, 
and 24 of 25 (96%) at 18 months. At baseline, ECV val-
ues of the RVFW and anterior and posterior RVIP were 
elevated compared with the ECV values of the LV free wall 
and septum (Tables S3 and S4). ECV in RVFW increased 
significantly 6 months after PEA (3.6% [95% CI, 1.2–6.1]; 
P=0.013) and remained elevated until 18 months of fol-
low-up (Table S3; Figure 4A). ECV mapping separates the 
myocardium into cell and matrix compartments, therefore, 
making it possible to make a distinction between cellular 
and extracellular matrix volume.10 As demonstrated in Fig-
ure 4B and 4C, the increased ECV in RVFW at 6 and 18 
months was explained by a differential response of matrix 
and cell volume. Although both matrix and cell volume were 
reduced after PEA and contributed to the reduction in RV 
mass, the reduction in cell volume (cardiomyocyte size/
hypertrophy) was larger than the reduction in matrix vol-
ume (Pinteraction=0.0013). As a result, the relative proportion 
of extracellular volume in the RV increased after PEA. In 
contrast to ECV in RVFW, native T1 in RVFW was elevated 
at baseline but decreased significantly (Table S4).

ECV of the anterior and posterior RVIP remained stable 
or decreased after PEA (Table S3). As shown in Figure 5, 
ECV of basal short axis in both anterior and posterior 
RVIP remained elevated 6 months after PEA. However, 
after 18 months of follow-up, both anterior (−2.7 [95% 
CI, −4.5 to −0.8]; P<0.01) and posterior RVIP decreased 
significantly (−4.1 to –0.4; P<0.01). As with ECV map-
ping, T1 relaxation time of the anterior and posterior RVIP 
remained stable or decreased after PEA (Table S4).

Collagen Synthesis Dominates Over Collagen 
Breakdown
To determine the contribution of collagen metabolism, we 
subsequently analyzed biomarkers of collagen synthesis 
and breakdown at baseline, and 6 and 18 months after 
PEA. Levels of MMP-1 and its inhibitor TIMP-1 were 
elevated at baseline and remained elevated after PEA 
relative to reference values.20,36,38 In addition, TIMP-1 lev-
els were relatively higher and remained higher at follow-
up compared with MMP-1 levels, as indicated by the 
MMP-1/TIMP-1 ratio in Figure 6. Active TGF-β levels 
were elevated at baseline and did not change signifi-
cantly 6 and 18 months after PEA.

DISCUSSION
In this prospective study in patients with CTEPH under-
going PEA, we show that (Figure 7):

1. Although RV mass decreases after PEA, it does 
not completely normalize.

Table. Baseline Characteristics

General N=25 

Age, y 62±12

Male sex (n, %) 15 (60)

BMI, kg/m2 28±5

Comorbidities (n, %)  

  DM 1 (4)

  Hypertension 8 (32)

  Ischemic heart disease 3 (12)

  Renal disease 1 (4)

  Other 8 (32)

History of VTE (n, %)  

  DVT 2 (8)

  PE 15 (60)

  DVT and PE 8 (32)

Functional  

  NYHA Fc, (n)  

   I/II/III/IV 0/12/10/3

  NT-proBNP, ng/mL 286 (132–1455)

  6MWD, m 414 (376–484)

Hemodynamics  

  mPAP, mm Hg 45±11

  PVR, dynes/s/cm5 561 (427–711)

  Ea, mm Hg/mL 0.88 (0.72–1.22)

  Ees, mm Hg/mL 0.40 (0.27–0.68)

  Ees/Ea 0.49 (0.37–0.64)

  Eed, mm Hg/mL 0.57 (0.29–0.85)

  Eed/RWT, mm Hg/mL per g 0.71 (0.68–2.45)

Cardiac MRI  

  Indexed RVEDV, mL/m2 91±28

  Indexed RVESV, mL/m2 57±28

  RVEF, % 41±14

  Indexed RV mass, g/m2 43±15

  RV RWT, g/mL 0.48±0.17

Data are presented as mean±SD, median (IQR), or n (%). 6MWD indicates 
6-minute walking distance; BMI, body mass index; DM, diabetes mellitus; DVT, 
deep venous thrombosis; Eed, end-diastolic stiffness; Ees, end-systolic elastance; 
IQR, interquartile range; mPAP, mean pulmonary arterial pressure; MRI, mag-
netic resonance imaging; NT-proBNP, N-terminal pro-B-type natriuretic peptide; 
NYHA Fc, New York Heart Association Functional Classification; PE, pulmonary 
embolism; PVR, pulmonary vascular resistance; RV RWT, right ventricular relative 
wall thickness; RVEDV, right ventricular end-diastolic volume; RVEF, right ven-
tricular ejection fraction; RVESV, right ventricular end-systolic volume; and VTE, 
venous thromboembolism. 
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2. Due to a relatively smaller decrease in matrix vol-
ume compared with the decrease in cellular vol-
ume, ECV in RVFW increases after PEA indicating 
persistent RV diffuse interstitial fibrosis after PEA.

3. Circulating levels of TIMP-1 and active TGF-β are 
increased, and MMP-1/TIMP-1 ratio is decreased 

both before and after surgery, indicating that colla-
gen synthesis dominates over collagen breakdown.

4. Although RV mass, ECV in RVFW, and collagen 
synthesis biomarkers remain increased after PEA, 
they do not affect RV systolic function and diastolic 
stiffness after PEA.

Figure 3. Long-term changes in right ventricular (RV) mass, diastolic stiffness, and systolic adaptation. 
A, RV mass reduces but does not completely normalize over time compared with healthy controls. B, RV diastolic stiffness reduces and is 
comparable with healthy controls at 6 and 18 months. C, RV diastolic stiffness corrected for wall thickness did not significantly reduce over 
time indicating that the improvements in diastolic stiffness are a reflection of reduced RV hypertrophy. D, RV afterload was elevated and 
decreased at 6 and 18 months. E, RV contractility was increased compared with healthy controls and normalizes at 6 and 18 months. F, 
No change in right ventricular-pulmonary arterial (RV-PA) coupling before and after pulmonary endareterectomy (PEA). Data are presented 
as individual data points. No PH: patients without residual pulmonary hypertension 6 months after PEA; residual PH: patients with residual 
pulmonary hypertension 6 months after PEA; statistical tests: paired t test with Bonferonni correction (indexed RV mass, end-diastolic stiffness 
[Eed], arterial elastance [Ea], end-systolic elastance [Ees], Ees/Ea) and Wilcoxon signed-rank test (wall thickness corrected Eed). Data are 
presented as individual data points. Statistical tests: paired t test with Bonferonni correction (Eed, indexed RV mass) and Wilcoxon signed-rank 
test (wall thickness corrected Eed). The dashed line represents the mean value of healthy controls. Blue lines represents residual PH patients. 
The green triangles represent the mean values over time. PH indicates pulmonary hypertension.

Figure 4. Long-term changes in cellular and extracellular matrix by cardiac magnetic resonance (CMR) of the basal right ventricle. 
A, Basal extracellular volume fraction (ECV) right ventricular free wall (RVFW) is elevated at baseline and increases at 6 months. ECV mapping 
separates the myocardium into cell (B) and matrix components (C). The increased ECV was explained by a larger reduction in indexed cell 
volume (B) compared with indexed matrix volume (C). Data are presented as individual data points. No PH: patients without residual pulmonary 
hypertension 6 months after pulmonary endareterectomy (PEA); residual PH: patients with residual pulmonary hypertension 6 months after 
PEA. Statistical tests: paired t test with Bonferonni correction. The interaction between time (baseline vs 6 mo follow-up) and RV free wall 
components (cell or matrix volume) was assessed with a repeated-measures ANOVA. Blue lines represents residual PH patients. The green 
triangles represent the mean values over time. PH indicates pulmonary hypertension.
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Reverse Remodeling of RV After Pressure 
Unloading by PEA
RV hypertrophy, increased stiffening of RV sarcomeres, 
and collagen deposition are known to increase ventricu-
lar stiffness in PAH.22,29,39 Whether these alterations can 
recover after pressure unloading was not previously 
studied. PEA in patients with CTEPH provides the unique 
opportunity to study potential reverse remodeling after 
pressure unloading. In this study, we therefore investi-
gated RV morphology, function, and collagen metabolism 
at baseline before PEA, and 6 and 18 months after PEA.

Although RV mass and RV systolic function and dia-
stolic stiffness both significantly decreased after PEA, 
we showed that RV mass remained increased 6 and 18 
months after PEA compared with healthy controls. In 
addition, RV fibrosis determined by ECV measurements 
did not regress in the RV free wall, whereas regres-
sion of RV fibrosis was observed in the insertion points. 
It could be hypothesized that hypertrophic and fibrotic 
regression requires a longer period of time beyond 18 
months.7,10 Other possible explanations for residual RV 
fibrosis despite pressure unloading are irreversible 
damage or residual pressure overload at rest or during 
exercise. However, the decrease in MMP-1 to TIMP-1 
ratio and the increase in active TGF-β levels at base-
line but also after PEA, suggest an ongoing collagen 
turnover, which is not affected by reducing RV pres-
sure. Residual PH was diagnosed in only 4 patients. 
Although RV mass, ECV in RVFW and collagen syn-
thesis biomarkers remained increased after PEA, they 
were not associated with disturbed RV systolic function 
and diastolic stiffness. As such, the clinical implications 
of residual RV remodeling after PEA for CTEPH are 
unclear.

ECV Measure of the RVFW as an Imaging 
Biomarker for RV Fibrosis
Expansion of the extracellular matrix volume is initiated 
by pathological modifications of the extracellular matrix 
and reflects diffuse interstitial fibrosis or edema in PH. 
Previously, T1-mapping was used to detect diffuse inter-
stitial fibrosis, which has been shown to have prognostic 
value in PH.32 However, native T1-mapping is limited by 
wide variation, which can affect reproducibility.14 ECV 
provides more robust measurements for diffuse inter-
stitial fibrosis compared with T1 mapping.14 However, it 
has been challenging to assess the thin-walled RVFW 
for diffuse interstitial fibrosis by cardiac MRI and, there-
fore, only data regarding ECV of the septum and RVIPs 
have been reported in patients with CTEPH.2 The pres-
ent study is the first study assessing ECV in the rela-
tively thin-walled RV after PEA. By measuring ECV at 
end systole, we were able to demonstrate elevated ECV 
in RVFW as well as in the anterior and posterior RVIPs 
after PEA.

We observed increased ECV values in the RVFW 
6 and 18 months after PEA, whereas ECV values of 
RVIPs normalized. This increase in ECV in the free wall 
after PEA may be explained by a larger reduction in cell 
volume relative to matrix volume, similar to previous data 
in left heart disease.10 The normalization in the RVIPs is 
consistent with prior findings of elevated T1- and ECV 
values of the RVIPs in PH, due to the high amount of 
force and traction especially the septum and RVIPs 
undergo myocardial remodelling.40–43 It is therefore likely 
that normalization of the RVIPs occurred with improve-
ment of afterload and hemodynamic parameters.

In contrast to ECV in RVFW, we showed that native 
T1 in RVFW decreased after PEA. This might be 

Figure 5. Long-term changes in extracellular volume fraction of the septum. 
Extracellular volume fraction (ECV) of basal short axis in both anterior (A) and posterior (B) right ventricular interventricular insertion point 
(RVIP) remained elevated 6 months after pulmonary endareterectomy (PEA). At 18 months of follow-up, both anterior and posterior RVIP 
decreased significantly. Data are presented as individual data points. No PH: patients without residual pulmonary hypertension 6 months after 
PEA; residual PH: patients with residual pulmonary hypertension 6 months after PEA; statistical tests: paired t test with Bonferonni correction. 
Blue lines represents residual PH patients. The green triangles represent the mean values over time. PH indicates pulmonary hypertension.
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explained by the different compartments that T1 and 
ECV measure. Native T1 is composed of both the cel-
lular and ECM compartment, whereas ECV measures 
only the ECM compartment. Taken together, our study 
is among the first to demonstrate that ECV measured 
in the RVFW remains increased after PEA and may 
indicate that diffuse interstitial fibrosis regression is not 
complete in the RV.

Limitations
Our study is limited by the relatively small sample size 
of patients with CTEPH. Nevertheless, patients were 
prospectively included and followed over a time of 18 
months after PEA, generating an unique data set that 
allowed us to study long-term RV reverse remodeling. 
In addition, we studied systemic biomarkers for RV 
fibrosis. We measured collagen synthesis and degrada-
tion biomarkers in serum samples of CTEPH patients 
at baseline, and 6 and 18 months after PEA. Although 

these biomarkers reflect collagen turn over, it is diffi-
cult to determine the origin of the secreted biomarkers. 
It is impossible to know whether systemic alterations 
in the collagen metabolism reflect local changes within 
the RV or pulmonary vasculature. In addition, active col-
lagen turnover has been described in various fibrotic 
conditions as well. Although we did not provide direct 
evidence, none of our patients had a chronic fibrotic 
condition or concomitant left heart disease. Ideally 
pressures and volumes are measured simultane-
ously (eg, with a conductance catheter). However, in 
our study, pressures and volumes were derived from 
a fluid-filled catheter and CMR, respectively. Finally, 
one explanation for the remaining RV fibrosis could be 
that a portion of patients have residual PH after PEA. 
However, as depicted in the figures (blue lines repre-
sents residual PH patients), no differences in RV mass, 
RV diastolic stiffness, or RV fibrosis were observed at 
6 and 18 months between patients with and without 
residual PH.

Figure 6. Circulating collagen biomarkers. 
Levels of MMP-1 (matrix metalloproteinase 1; A) and its inhibitor TIMP-1 (tissue inhibitor of metalloproteinase-1; B) were elevated at baseline 
and remained elevated after pulmonary endareterectomy (PEA) relative to reference values. TIMP-1 levels were relatively higher and remained 
higher at follow-up compared with MMP-1 levels, as indicated by the MMP-1/TIMP-1 ratio (C). Active TGF-β (transforming growth factor-β; 
D) levels were elevated at baseline and did not change significantly 6 and 18 months after PEA. Data are presented as individual data points. 
No PH: patients without residual pulmonary hypertension 6 months after PEA; residual PH: patients with residual pulmonary hypertension 6 
months after PEA. Statistical tests: paired t test with Bonferonni correction. The dashed line represents the mean value of healthy controls 
adapted from Safdar,35 Dziadzio et al,37 and Karapanagiotidis et al.38 Blue lines represents residual PH patients. The green triangles represent 
the mean values over time. PH indicates pulmonary hypertension.
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Conclusions
Although cellular hypertrophy regresses and systolic and 
diastolic stiffness normalizes after PEA, ECV in RVFW 
remains elevated and is the result of a relatively smaller 
decrease in extracellular matrix compared with cellular 
volume. In addition, circulating levels of collagen bio-
markers were increased both pre- and post-surgery in 
patients with CTEPH. Taken together, these findings 
suggest that even after successful PEA, diffuse inter-
stitial fibrosis regression is not complete in the RV and 
signs of active collagen turnover are observed at 6 and 
18 months after PEA.
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