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I(ey question Pathophysiology of the post-pneumonectomy syndrome. Main
mechanisms leading to pulmonary hypertension and heart disease
What are the consequences of pneumonectomy after pneumonectomy.
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Take-home message

Abstract

OBJECTIVES: Pulmonary hypertension and heart disease contribute to the high morbidity rate following pneumonectomy (PN). The
pathophysiology is still poorly understood. The objective was to investigate the consequences of PN on cardiopulmonary function in rats
and to explore in vitro the involved mechanisms.

METHODS: Sixty Sprague-Dawley male rats randomly underwent either a right PN (PN group) or sham surgery. Ten rats per group were
sacrificed on postoperative days 3, 7 and 28. Cardiopulmonary alterations were investigated by echocardiographic, haemodynamic and
histological analyses. In vitro, the shear stress was reproduced using a Flexcell Tension™ cyclic stretch on cultured human pulmonary
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endothelial cells (P-ECs) to investigate the impact on pulmonary artery smooth muscle cell (PA-SMC) growth. Data are expressed as mean

+SD.

RESULTS: Mean pulmonary arterial pressure gradually increased in the PN group to reach 35+ 7 mmHg on postoperative day 28 vs 18 +4
in sham (P=0.001), likewise the proportion of muscularized distal pulmonary arteries, 83 + 1% vs 5 + 1%, respectively (P < 0.001), related to
in situ PA-SMC proliferation. The right ventricle area and lateral wall thickness were doubled in the PN group on postoperative day 28. The
left ventricle ejection fraction decreased on postoperative days 7 and 28 while the right ventricle function was maintained. In vitro, the
human PA-SMC growth was significantly greater when seeded with stretched vs non-stretched P-EC media, highlighting the role of shear

stress on the P-EC paracrine function.

CONCLUSIONS: Right PN led to pulmonary hypertension and proportional right heart remodelling in rats. The shear stress related to high
blood flow alters the pulmonary endothelial paracrine control of SMC growth..
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ABBREVIATIONS

ANOVA Analysis of variance

COPD Chronic obstructive pulmonary disease

LV Left ventricle

mMRNA Messenger ribonucleic acid

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide

P-EC(s) Pulmonary endothelial cell(s)

PA-SMC(s) Pulmonary artery smooth muscle cell(s)

PAP Pulmonary arterial pressure

PDGF Platelet-derived growth factor

PH Pulmonary hypertension

PN Pneumonectomy

RV Right ventricle

WHO World Health Organization
INTRODUCTION

Surgery serves a major role in lung cancer management, but
large pulmonary resections are still associated with elevated post-
operative morbidity rate [1]. Right pneumonectomy (PN) is asso-
ciated with the poorest outcome [2, 3]. Pulmonary hypertension
(PH) is a frequent complication following PN [4] that could con-
tribute to decrease the postoperative quality of life [2] and sur-
vival [4, 5 PH could lead to heart dysfunction [6, 7],
supraventricular tachyarrhythmia [7, 8] and pulmonary oedema
[9] Although described in literature, the pathophysiology of PH
in the context of PN is unique, poorly investigated and not expli-
citly mentioned in the 2019 updated WHO classification [10].

Despite several studies in the field of pulmonary resection sur-
geries, the results are discordant and have some limitations. Most
studies were performed in small cohorts of large animals [11-13].
In the few studies carried out in rats, PN was frequently com-
bined with monocrotaline [14, 15], or another additional hit [16],
in multiple-hit models, which is less directly relevant to the scope
of thoracic surgery.

Increased blood flow in the remaining pulmonary arteries is
suspected to play a key role in the development of PH after PN.
The role of disturbed blood flow is well recognized in other PH
diseases. Aorto-pulmonary or aorto-caval shunt surgeries, well-
known models of congenital heart disease [17], expose the pul-
monary vascular bed to excessive blood flow. This appears to ac-
tivate several signalling pathways that promote pulmonary

arteriolar vasoconstriction, inflammation and thickening, leading
to PH.

After PN, halving the pulmonary vascular bed automatically
leads to high blood flow in the remaining lung. The shear stress
represents the mechanical forces resulting from the flow rate and
velocity of the surrounding fluid across the surface of vessels. It is
clearly established that the pulmonary endothelial cells (P-ECs)
convert mechanical signals into biochemical signals affecting pul-
monary vascular tone, permeability and remodelling [17], in
human and experimental PH [18]. Our hypothesis is that the P-EC
function is altered by increased blood flow in the contralateral
lung after PN, leading to pulmonary artery smooth muscle cell
(PA-SMC) growth and PH development.

The aim of the present study was to comprehensively investi-
gate the consequences of right PN on pulmonary circulation and
heart function in vivo in a rat model. Primary outcome was inva-
sive pulmonary arterial pressure (PAP). Pulmonary artery muscu-
larization and remodelling were described. Heart function and
pulmonary oedema were also studied. As PN is associated with
increased blood flow in the remaining lung, we sought to deter-
mine in vitro the effects of a pathological cyclic stretch exposure
on the phenotype of cultured human P-ECs and PA-SMCs.

MATERIALS AND METHODS
In vivo study

All experiments were conducted in the PhyMedExp laboratory,
according to the ‘Guide for the Care and Use of Laboratory
Animals’, also in compliance with the ‘NC3Rs ARRIVE' guidelines.
The protocol was approved by an Ethics Committee (No 3775)
and authorized by the French Ministry of Education, Research
and Innovation (No 2016012514021222).

Sixty adult male Sprague-Dawley rats aged 11 weeks (390 g)
were randomized into 2 groups to receive either a right PN (PN
group) or a right thoracotomy without pulmonary resection
(sham group). The anaesthetic protocol is detailed in the

Methods. Ten rats per group were sacri-
ficed on postoperative days 3, 7 and 28 (D3, D7 and D28,
respectively).

A standardized transthoracic echocardiography was performed
under spontaneous ventilation in isoflurane-anaesthetized rats by
the same technician, blinded to the surgery, using a high-
resolution small-animal ultrasound machine (Vevo 2100™,
FUJIFILM VisualSonics®, Toronto, ON, Canada) at baseline, D3,
D7 and D28 if appropriate |



At the end of follow-up, mean PAP, right ventricle systolic
pressure and systemic arterial pressure were measured by
closed-chest catheterization as described previously [19], in venti-
lated rats. Data acquisition used LabChart7™ (ADInstruments®,
Sydney, NSW, Australia).

At the end of catheterization, a complementary lethal dose of
barbiturate was administered. Then, the heart was dissected and
weighed for the calculation of the right ventricle(RV) hypertrophy
index {Fulton index = RV/left ventricle(LV) + septum] weight}
and ventricle-normalized weight [RV or (LV + septum) weight/
animal weight]. Then, the RV was fixed in a formalin buffer.
Pulmonary oedema was assessed using the wet/dry ratio.

In situ study

The left lung was fixed in the distended state within intratracheal
infusion of a formalin buffer. After paraffin embedding, the 5-
um-thick lung and RV sections were mounted on Superfrost™
slides for morphometric and immunohistological analyses. All
stainings were analysed with an epifluorescence microscope and
NIS-Elements™ software (Nikon® 80i, Tokyo, Japan).

The evaluation of distal artery muscularization was performed
as described previously [19]. Briefly, in each rat, 60 intra-acinar
arteries (100 um on average) were examined and categorized as
non-muscularized, partially muscularized or muscularized. The
relative wall thickness index was also calculated [(external diam-
eter - internal diameter)/external diameter, expressed in %].

PA-SMC proliferation was assessed using a proliferating cell
nuclear antigen immunostaining of lung sections from rats on
D28, as described previously [20]. The inflammatory process was
estimated using the CD68 immunostaining. Nuclei were stained
with diamidino-2-phenylindole.

Masson’s trichrome staining was performed on RV sections,
and the RV fibrosis was quantified (RV fibrosis/RV area).

In vitro study

To investigate the cellular changes in response to increased blood
flow, human-cultured P-ECs and PA-SMCs from 10 patients were
prepared as previously described [18, 20]. We used lung speci-
mens previously obtained during resection procedures for
patients with localized lung cancer, free from PH or COPD, col-
lected at a distance from tumour foci (see patient characteristics
in Supplementary Material, Table S1). Written informed consent
was obtained from all patients prior to experimentation. The
protocol was previously approved by the local ethics committee
(ID RCB 2008-A00485-50).

Seeded P-ECs (10.° cells per well) were serum-starved and
exposed over 24 h to high magnitude cyclic stretch elongation,
18% (pathological strain) or 5% (physiological strain) at 1 Hz in an
FX-5000 Tension Plus™ system (Flexcell®, Burlington, VT, USA),
as described by Birukov et al. [21]. Then, the P-EC supernatant
was collected and added to seeded PA-SMCs (10.” cells per well),
exposed or not to pathological cyclic stretch for 24h more
(Supplementary Material, Fig. S1). PA-SMC proliferation was also
assessed under control media, 0% and 5% foetal calf serum (min-
imal and maximal proliferation capacity, respectively). At the end
of the exposure period, the cell proliferation was measured using
tetrazolium salt (MTT) assay. The experiments were performed
on 10 samples, and each sample was analysed in triplicate.

A molecular characterization of messenger ribonucleic acid
(mRNA) expressed by P-ECs was performed by quantitative re-
verse transcription-polymerase chain reaction as described previ-
ously [18]

Statistical analysis

The primary outcome was mean PAP. Six rats per group were ne-
cessary to highlight a difference of mean PAP of 10 mmHg be-
tween the sham and PN groups on D28 (expected values 25 and
35 mmHg, respectively, SD = 5 mmHg), with a statistical power of
0.90 and a two-tailed alpha risk of 0.05. The number of rats was
increased to 10 rats per group per time point to minimize the
risk of type Il error. Statistical analysis used Prism 8™
(GraphPad® software, La Jolla, CA, USA). Outliers were analysed,
and no action was necessary. All data are expressed as mean *
SD (with median and ‘min to max’ in box plots). The normality of
distribution was assessed using Shapiro-Wilk tests, and hetero-
scedasticity was assessed using Spearman’s test. Two-way
ANOVA tests were performed, the 2 factors were the group and
time point. Post hoc comparisons were performed with the cor-
rection of Sidak for multiple comparisons. All P-values <0.05
were considered statistically significant.

RESULTS
In vivo study

The perioperative mortality was <10% in the PN group (n=3), all
with a haemothorax developed within the first 24 h. Ten rats per
group per time point were finally evaluated. There were no miss-
ing data among survivors.

Compared to the sham group, the mean PAP was increased on
D3, D7 and D28 in the PN group, respectively, 29+8 vs 18+2
(P=0.033),33+4 vs 192 (P=0.003) and 35%7 vs 18 +4 mmHg
(P=0.001). The right ventricle systolic pressure coherently
showed the same evolution (Fig. 1). No significant changes were
detected in systemic arterial pressure, right atrium pressure and
heart rate.

The RV dilated at the expense of the LV in the PN group, so
that the RV/LV ratio was >1 on D28 (1.2+0.3 vs 0.5+0.2 in the
sham group, P<0.001) (Fig. 2A) and a paradoxical septum mo-
tion occurred (Videos 1 and 2). The RV lateral wall thickness ap-
proximately doubled in the PN group on D28 compared to the
sham group, 1.8+0.3 vs 0.9+0.2mm (P<0.001), close to the
thickness of the LV anterior wall (Fig. 2B). The RV fractional area
change was preserved in both groups, while the LV ejection frac-
tion decreased in the PN group on D7 and D28, respectively,
66+13 vs 74+7% (P=0.025) and 65+7 vs 78+6% (P=0.007)
(Fig. 2C). Besides, the RV outflow tract cardiac output remained
comparable between groups over time

In the PN group, the RV hypertrophy was confirmed by both
the RV hypertrophy index and RV-normalized weight (Fig. 3). The
LV-normalized weight remained comparable in both groups.
Animal weight was comparable in both groups on D28

The lung wet/dry ratio increased on D3 from 4.9+0.2 in the
sham group to 5.5+ 0.4 in the PN group (P <0.001). This differ-
ence was no longer observed on D7 and D28 (Fig. 3C).



In situ study

Compared to the sham group, the proportion of muscularized
distal pulmonary arteries was increased in the PN group on D7
and D28, respectively 67 2% vs 5+ 1% (P <0.001) and 83 +2% vs
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Figure 1: Haemodynamic assessment of pulmonary hypertension. Mean PAP
(A) and RVSP (B) measured by right heart catheterization in the sham and PN
groups on D3, D7 and D28 (mean * SD, median, min to max). Two-way
ANOVA tests with Sidak correction: adjusted P-values (*) <0.05, (**) <0.01 and
(***) <0.001 for comparing sham vs PN at each time point; adjusted P-values (')
<0.05, (1) <0.01 and (ttt) < 0.001 for comparing time effect in each group. D3:
postoperative day 3; D7: postoperative day 7; D28: postoperative day 28; PAP:
pulmonary arterial pressure; PN: pneumonectomy; RVSP: right ventricle systolic
pressure.

5+1% (P<0.001) (Fig. 4). In addition, the relative wall thickness
index of muscularized arteries increased markedly in the PN
group on D7 and D28 (Fig. 5A). Some pseudo-occluded distal
pulmonary arteries were detected in the PN group on D28
(Fig. 5B).

In line with the muscularization, the proliferating cell nuclear
antigen staining showed an abnormal in situ PA-SMC prolifer-
ation in the PN group (Fig. 6A), and more macrophage infiltrate
at the alveolar and perivascular levels (Fig. 6B). The fibrosis
deposits were more important in the RV sections of PN rats on
D7 and D28

In vitro study

The human PA-SMC proliferation was significantly greater when
incubated with stretched P-EC media than non-stretched P-EC
media (Fig. 7). However, the exposure of cultured human PA-
SMCs to a pathological stretch did not affect PA-SMC growth,
highlighting that human P-ECs were more reactive to the magni-
tude of cyclic stretch than PA-SMCs.

As compared to mRNA level in non-stretched P-ECs, the
platelet-derived growth factor (PDGF) mRNA was twice as high
as in stretched P-ECs, while basic fibroblast growth factor and
epidermal growth factor remained unchanged. Concerning the
explored vascular tone pathways, the endothelial nitric oxide syn-
thase seemed to be overexpressed whereas the endothelin-1 did
not change
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Figure 2: Echocardiographic follow-up. Echocardiographic measurements in the sham and PN groups on DO, D3, D7 and D28 (mean + SD, median, min to max): (A)
RA area and RV/LV area ratio measured in the apical four-chamber view; (B) end-diastolic LV anterior wall thickness and RV lateral wall thickness measured in short-

axis view; (C) LV ejection fraction and RV fractional area change; (D) mitral and tricuspid E/A wave velocity ratios measured in four-chamber view. Two-way ANOVA
tests with Sidak correction: adjusted P-values (*) <0.05, (**) <0.01 and (***) <0.001 for comparing sham vs PN at each time point. DO, baseline; D3: postoperative day 3;
D7: postoperative day 7; D28: postoperative day 28; LV: left ventricle; PN: pneumonectomy; RA: right atrium; RV: right ventricle.



Sy
=
e

_ hamberview

sham DZ.LV.centered.4.c
. = -

Video 1: Transthoracic echocardiography in a rat from the sham group on
postoperative day 7 (four-chamber view, short-axis view and pulmonary ar-
tery-centred short-axis view). Acquired with Vevo 2100™ (FUJIFILM
VisualSonics®).
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Video 2: Transthoracic echocardiography in rats from the pneumonectomy
(PN) group on postoperative days 7 and 28 (four-chamber view, short-axis
view and pulmonary artery-centred short-axis view) showing right ventricle
dilatation, hypertrophy of the RV lateral wall and a paradoxical septum motion
in the PN group. Acquired with Vevo 2100™ (FUJIFILM VisualSonics®).
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DISCUSSION

Although lobar and sublobar resections are the treatment of
choice for lung cancer, which can better preserve the lung func-
tion and minimize the impact on the cardiopulmonary circula-
tion, PN still represents 10-15% of lung resection surgeries. The
effects of PN on right heart function have been observed in the
clinical setting for many years, contributing to the poor prognosis
observed after this type of surgery, associated with high morbid-
ity and an in-hospital mortality of 8% [1]. Most of the previous
studies used left PN or relied on multiple-hit methods and agents
like monocrotaline [11-16]. It was of major importance to de-
velop a small-animal model of PH after right PN only, which is
directly relevant to the scope of thoracic surgery and periopera-
tive medicine.

In our model, a moderate and sustained PH occurred after PN
and was associated with a proportional and selective right heart
remodelling. Kocaturk et al. [13] found almost the same level of
systolic PAP 1 month after PN in dogs, with right heart dilatation.
Other authors reported a transient PH following left PN in pigs
[11], as PAP was normalized 72 h after surgery. In human studies,
a gradual increase in PAP is described following PN [3], more se-
vere after right-side resection than left-side resection and associ-
ated with progressive RV dilatation [3, 6, 7].

Probably, PH and RV remodelling may depend on both the
magnitude of pulmonary resection and the adaptive lung growth
capability, which depend on sex and age and are species specific
[22, 23]. If there is a resected-volume threshold below which no
complications occur, the right-sided PN (~63% of lung mass in
rats) appears to be above it. Le Cras et al. [23] highlighted an RV
hypertrophy after right PN but no RV alteration after right bilo-
bectomy in rats. The contralateral lung growth and neoangiogen-
esis after PN could be protective mechanisms by lowering the
impact of high blood flow. Future research could study the im-
pact of targeted anti-angiogenic therapies such as anti-VEGF
(vascular endothelial growth factor) used in lung cancer on lung
growth capabilities after PN.

The RV systolic function was preserved in our model. Previous
human studies reported contrasting results. Authors noted that
RV ejection fraction was decreased by ~20% within 3 days after
PN, without changes in the cardiac output at rest [7, 24].
Regarding the LV function impairment, a plausible explanation is
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Figure 3: Gravimetric measurements. RV hypertrophy assessed by the right ventricle hypertrophy index [Fulton index = right ventricle/(left ventricle + septum) weight]
(A) and the RV-normalized weight (RV weight/animal weight) (B) and pulmonary oedema estimated by the lung wet/dry ratio (C) in the sham and PN groups on D3,
D7 and D28 (mean * SD, median, min to max). Two-way ANOVA tests with Sidak correction: adjusted P-values (*) <0.05, (**) <0.01 and (***) <0.001 for comparing
sham vs PN at each time point; adjusted P-values (f) <0.05, (tt) <0.01 and (ttt) <0.001 for comparing time effect in each group. D3: postoperative day 3; D7: postopera-

tive day 7; D28: postoperative day 28; RV: right ventricle; PN: pneumonectomy.



that the RV dilatation probably altered the ventricular inter-
dependence leading to LV ejection fraction decrease. Given that
ventricles share the same short-termed inextensible pericardium,
the RV volume or pressure overloading affects LV function, which
is enhanced by a thickened RV-free wall. The displacement of the
interventricular septum with paradoxical movement attests that
the RV afterload dramatically increased.

In the literature, there is evidence supporting a cardiorespira-
tory functional deterioration for exercise tolerance, in both the
early [24] and late postoperative periods [2]. Authors found deter-
iorated RV function, elevated PAP and elevated right atrium pres-
sure only during exercise, 3 days after pulmonary resection [24].
Moreover, Miyazawa et al. [2] remarkably demonstrated that car-
diac output adjustment to exercise was progressively impaired
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Figure 4: Muscularization of distal pulmonary arteries. Distribution of non-
muscularized, partially muscularized and muscularized distal pulmonary
arteries in the sham and PN groups on D3, D7 and D28 (percentage * SD).
Two-way ANOVA tests with Sidak correction to compare the proportion of
muscularized vessels: adjusted P-values (*) <0.05, (**) <0.01 and (***) <0.001 for
comparing sham vs PN at each time point; adjusted P-values (') <0.05, (") <0.01
and (™) <0.001 for comparing time effect in each group. D3: postoperative day

3; D7: postoperative day 7; D28: postoperative day 28; PN: pneumonectomy.

A Relative wall thickness (%)

B Representative micrographs (HES coloration)

over time and that PAP and vascular resistance increased with
increasing exercise load.

In line with the haemodynamic parameters, PH was related to
the high muscularization rate of distal pulmonary arteries and a
dramatic increase in wall thickness. It is therefore undeniable that
PH is a progressive process. Le Cras et al. [23] found almost the
same rates of muscularized arteries 3 weeks after right PN.
Indeed, it is unlikely that PH will regress without a haemodynam-
ic unloading intervention [25]. The pulmonary vascular remodel-
ling was associated with an in situ PA-SMC growth and lung
inflammation described as a modest infiltration of macrophages,
frequently linked to PH.

Our data suggest an early and transitory pulmonary oedema,
as the wet/dry ratio was normalized at late stages, which is in line
with previous studies in large animals [11, 12]. This is also con-
cordant with other models of increased blood flow, such as
aorto-pulmonary shunt, in which pulmonary oedema could
occur in case of profound volume overload. The pathophysio-
logical mechanisms of post-PN pulmonary oedema result from
an increased permeability of the alveolar capillary barrier, linked
to endothelial cell junction alterations, and increased blood flow
[26]. Nonetheless, the role of endothelial cells is not limited to
permeability regulation.

We recently showed in idiopathic pulmonary arterial hyperten-
sion that PA-SMCs have no self-sufficient proliferation capacity
[20], highlighting that PA-SMC growth should be regulated by
other triggers. The in vitro data provide evidence that P-ECs, in re-
sponse to shear stress, play a key role in the proliferation of PA-
SMC in a paracrine fashion. Shear stress probably increased the
levels of PDGF-B transcripts by direct activation of shear stress re-
sponsive element located on PDGF-B promoter region [27].

Limitations

Adding groups of animals treated by lobectomy and left PN
could show a dose-effect relationship, which would have
strengthened our observation. With the lack of sensors, it remains
uncertain if the level of shear stress reproduced in vitro is identi-
cal to the one following PN in rats. A model of isolated distal
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Figure 5: Relative wall thickness of distal pulmonary arteries. Relative wall thickness of distal pulmonary arteries in the sham and PN groups on D3, D7 and D28 (mean
+ SD) (A). Representative micrographs from HES-stained lung sections of distal pulmonary arteries from sham and PN rats on D3, D7 and D28 (scale bar indicates
50 pm) (B). Two-way ANOVA tests with Sidak correction: adjusted P-values (*) <0.05, (**) <0.01 and (**) <0.001 for comparing sham vs PN at each time point; adjusted
P-values (') <0.05, (") <0.01 and (") <0.001 for comparing time effect in each group. D3: postoperative day 3; D7: postoperative day 7; D28: postoperative day 28; HES:

haematoxylin-eosin-saffron; PN: pneumonectomy.
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Figure 6: In situ PA-SMC proliferation and macrophage infiltrate. Quantification of PA-SMC proliferation (A) and macrophage infiltrate (B) assessed by PCNA and
CD68 immunolabeling, respectively, in the sham and PN groups on D28 (mean * SD). Representative micrographs showing PCNA+ cells in brown (black arrows, scale
bar indicates 50 pm) and CD68+ cells in red (yellow arrows, scale bar indicates 25 pm) in lung sections from rats in the sham and PN groups on D28. Unpaired t-tests
P-values (*) <0.05 and (**) <0.01 for comparing sham vs PN. D28: postoperative day 28; PA-SMC: pulmonary artery smooth muscle cell; PCNA: proliferating cell nu-

clear antigen; PN: pneumonectomy.
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Figure 7: Impact of cyclic stretch on human PA-SMC proliferation.
Quantification of human PA-SMC proliferation when exposed (stretched PA-
SMCs, grey bars) or not (non-stretched PA-SMCs, white bars) to a 24-h
pathological cyclic stretch stimulation, cultured in 4 media: in serum-free
media derived from cultured P-ECs previously exposed (stretched P-ECs) or
not (non-stretched P-ECs) to a pathological cyclic stretch over 24 h, and in
control media (0% or 5% FCS, respectively, minimal and maximal prolifer-
ation) (A.U., mean * SD, 10 samples). Two-way ANOVA tests with Sidak cor-
rection. The 2 factors were the medium condition and stretched status of
PA-SMCs. Adjusted P-value (*) <0.05 for comparing stretched vs non-
stretched PA-SMC proliferation in each medium condition; (') P<0.05 for
comparing non-stretched PA-SMC proliferation in different media; ()
P<0.05 for comparing stretched PA-SMC proliferation in different media.
AU.: arbitrary unit; FCS: foetal calf serum; PA-SMC: pulmonary artery
smooth muscle cell; P-EC: pulmonary endothelial cell.

pulmonary artery exposed to different levels of flow rate or
elongation would probably have helped to determine a cut-off.
Furthermore, response to increased flow must depend on disten-
sion and recruitment capabilities of the remaining pulmonary

vascular bed, which could be variable from 1 patient to another.
Finally, there could be other stressors non-flow related, such as
mediastinal shift [28], extracellular matrix alterations, other cell
types in the lung environment and other growth factors contri-
buting to vascular remodelling after PN. Pulmonary vasodilators
or anti-remodelling drugs, such as PDGF inhibitor, should lower
both PAP and RV remodelling after PN.

CONCLUSIONS

Our study provides a comprehensive overview of the pathophysi-
ology and kinetics of PH and heart remodelling over the first
month after right PN in rats. Taken together, the results of the
animal model in combination with the findings in human cells
in vitro are an asset to better understand both the pathophysio-
logical and cellular alterations in PH development following PN.
Our model is a practical one to study new flow-related pathways
and targeted drugs, such as growth factor inhibitors, which is of
translational value in patients with flow-induced PH, such as
patients with congenital cardiac shunt or patients undergoing
large pulmonary resection surgeries.
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