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Abstract
Chronic thromboembolic pulmonary hypertension (CTEPH) is an established long-term complication of pulmonary thrombo-
embolism (PTE). However, studies have shown that many patients with a definitive CTEPH diagnosis have no history of
symptomatic PTE, suggesting that PTE is not the only cause of CTEPH. Despite extensive progress in research on pulmonary
hypertension in recent years, due to a lack of relevant studies on the pathophysiology of CTEPH, implementing pulmonary
endarterectomy (PEA) in patients has many challenges, and the prognosis of patients with CTEPH is still not optimistic.
Therefore, revealing the pathogenesis of CTEPH would be of great significance for understanding the occurrence and develop-
ment of CTEPH, developing relevant drug treatment studies and formulating intervention strategies, and may provide new
preventive measures. This article summarizes the current research progress in CTEPH pathogenesis from the perspective of risk
factors related to medical history, abnormal coagulation and fibrinolytic mechanisms, inflammatory mechanisms, genetic sus-
ceptibility factors, angiogenesis, in situ thrombosis, vascular remodeling, and other aspects.
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Definition and clinical features of CTEPH

Chronic thromboembolism pulmonary hypertension
(CTEPH) is classified as group 4 in the current classification
of pulmonary hypertension (PH) [1]. CTEPH is a precapillary
PH, and the diagnosis of CTEPH is based on findings obtain-
ed after at least 3 months of effective anticoagulation to dis-
criminate this condition from Bsubacute^ pulmonary embo-
lism (PE). These findings indicate a pulmonary arterial pres-
sure (mPAP) ≥ 25 mmHg and a pulmonary wedge pressure ≤
15 mmHg, as measured by right cardiac catheterization, mis-
matched perfusion defects on lung scan, and specific diagnos-
tic signs for CTEPH seen by multidetector CT angiography,
MR imaging, or conventional pulmonary cineangiography,
such as ring-like stenoses, webs/slits, and chronic total occlu-
sions [2].

CTEPH is a rare and progressive pulmonary vascular dis-
ease, caused by pulmonary artery and pulmonary arteriole

obstruction by near-end thrombus embolism or distal vascular
remodeling, increasing right heart load and pulmonary vascu-
lar resistance, leading to failure of the right heart, seriously
affecting the quality of life of patients. Disease detection re-
quires clinical suspicion followed by a thorough evaluation
including radiographic and hemodynamic assessments. Once
diagnosed, consultation with a CTEPH expert is recommend-
ed to formulate a management plan and to assess for opera-
bility with pulmonary endarterectomy [3]. In a review study
based on published literature, and hospital databases, it was
anticipated that the occurrence of CTEPH in all PE survivors
was approximately 4% (0.1–9.1%) [4]. These results are sim-
ilar to those of the INFORM Study (3.8%) [5]. A prospective
long-term follow-up study by Pengo monitored 223 patients
after acute PE but without prior venous thromboembolism
(VTE), for up to 10 years. The cumulative incidence rates of
symptomatic CTEPHwere 1.0%, 3.1%, and 3.8%at 6months,
1 year, and 2 years, respectively. No cases occurred among the
patients after 2 years. Based on these data, the annual inci-
dence of CTEPH can be estimated at 3 to 5 cases per 100,000
in the USA and Europe, with less than one third of cases (7–
29%) being diagnosed based on reviewed databases [6] and
the vast majority of CTEPH cases being detected within
2 years of an acute thromboembolic event [6, 7]. A Spanish
registration study showed that the prevalence and incidence of
CTEPHwere 3.2 cases per million and 0.9 cases each year [8].
In recent years, a study suggested that there are 3–30 people
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with CTEPH per one million people in the general population
and conservatively estimated that 300,000 people in the USA
have acute pulmonary thromboembolism (PTE) each year,
presumably causing nearly 3000 people to exhibit CTEPH
each year [9]. Compared with the USA and Europe, the inci-
dence of PE in the Asian population is reported to be lower
[10]. According to a multicenter registration study, which re-
cords pulmonary embolism incidence and fatality trends in
Chinese hospitals from 1997 to 2008, the incidence of PE of
all hospitalized patients increased from 0.02% in 1997 to
0.14% in 2003 and then remained at 0.1%, while the mortality
decreased dramatically from 25.1% in 1997 to 8.6% in 2008.
In addition, the incidence of PE is reported to be higher in
northern China than in southern China, whereas the mortality
is lower [11]. Another consecutive cohort study showed that
the incidence rates of CTEPH of Chinese patients after acute
PE were 0.8% in the first year, 1.3% in the second year, and
1.7% in the third year [7]. These reports confirm that the
Chinese PE as well as CTEPH incidence are lower than in
the USA and Europe. In the International CTEPH Registry
from 2007 to 2009, of 679 newly diagnosed (patients <
6 months after diagnosis), 75% had a previous PE and most
were diagnosed in the sixth decade of life [12]. Most frequent-
ly, patients reported New York Heart Association (NYHA)
functional class III/IV symptoms at the time of diagnosis
[13]. CTEPH is a treatable and potentially curable form of
PH; however, due to a lack of research on the pathophysiology
of CTEPH, its diagnosis is often delayed and is frequently
missed. Moreover, the implementation of pulmonary endar-
terectomy (PEA) in patients has strict requirements, and the
prognosis of patients with CTEPH is still not optimistic.
Without intervention, the rate of survival is very low and pro-
portional to the degree of PH at the time of diagnosis. In a
study by Riedel, the survival rates at 5 years were 30% among
patients with that exceeded 40 mmHg and only 10% among
those with anmPAP value that exceeded 50mmHg at the time
of diagnosis [14]. In one study by Lewczuk, an mPAP of
30 mmHg appeared to be the threshold for a poor prognosis
[15]. In conclusion, CTEPH is a serious disease that threatens
human life, and understanding the pathophysiological mech-
anism is necessary for its early identification and treatment.

Relationship of CTEPH with PTE

CTEPH is an established long-term complication of PE, and
the European CTEPH Registration study found that 74.8% of
CTEPH patients had a history of pulmonary thrombosis and
that 56.1% had a history of deep venous thrombosis (DVT)
[12], indicating that CTEPH is closely associated with throm-
bi. Many people have tried to establish animal models to il-
lustrate the disease’s mechanism. Among these, pigs, dogs,
rabbits, and mice have been the most intensively studied

animal models. However, studies have found that repeated
administration of thromboembolic substances does not cause
CTEPH [16] in animal models; the embolization of large
thrombi through catheters to the pulmonary artery causes only
a mild increase in pulmonary arterial pressure and does not
cause long-term cardiovascular effects, with the exception of
hypoxemia. This phenomenon was reversed when methotrex-
ate was used to inhibit thrombotic fibrin dissolution or ligation
of the lateral pulmonary artery [17]. Further studies of pigs
have found that only the use of spring rings with tissue adhe-
sives to embolize their pulmonary arteries can produce histo-
logical features similar to those in humans with CTEPH [17].
Combined with the reports that lysis of pulmonary emboli is
much faster in dogs [18] and pigs [19] than in human beings
due to the higher activity of u-PA as well as a closer associa-
tion of u-PA activity with animals’ platelets and pulmonary
artery endothelial cells, it is clear that unresolved pulmonary
thrombi play an essential role in the development of CTEPH.
CTEPH arises from unresolved pulmonary thrombi, which
lead to chronic obstruction of the pulmonary artery tree,
small-vessel arteriopathy, and high pulmonary vascular resis-
tance [20]. Clinical observation also confirmed that patients
suffering from residual pulmonary obstruction after acute pul-
monary embolism have a significantly higher risk of CTEPH
than who do not [21].

Pulmonary residual thrombosis after acute PTE is com-
mon, but it is uncommon for acute thrombosis rich in fibrin
to transform into intravascular scars, which leads to persistent
obstruction of the pulmonary artery and increased pulmonary
vascular resistance, which in turn further develops into
CTEPH [22]. In previous studies, the incidence rates of
CTEPH in patients with symptomatic PTE were 0.1% to
0.5% [20]; however, recent studies have shown that the inci-
dence rates of CTEPH in these patients are higher, ranging
from 0.1% to 9.1% [23]. CTEPH as a direct consequence of
a symptomatic PTE is relatively rare, with a large number of
clearly diagnosed CTEPH patients not having a symptomatic
history of PTE [24]. The incidence rates of CTEPH in a pro-
spective study of 614 patients in China who were followed up
for 3.3 years after the onset of acute PE were 0.8%, 1.3%, and
1.7% in years 1, 2, and 3, respectively; 3 years later, there were
no CTEPH patients [7]. In this study, conducted by Yang in
China, patients diagnosed with a first episode of acute PE
were included, patients with previously confirmed CTEPH
or PH at the time of acute PE were excluded, and patients with
other medical conditions that could have caused non-
thromboembolic PH were excluded. Patients with transient
risk factors (including trauma, recent surgery, > 3 days of im-
mobilization for medical reasons, recent prolonged immobil-
ity, deep venous catheterization, pregnancy or being in the
peripartum period, and the use of oral contraceptives or hor-
mone replacement therapy) or permanent risk factors (includ-
ing obesity, active malignancy, chronic heart or respiratory
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failure, thrombophilia, cerebrovascular disease, and varicose
veins) for PE were classified as having Bprovoked^ PE. PE
occurring in the absence of risk factors was defined as
Bunprovoked^ PE. The numbers of cases of unprovoked PE,
PE with transient PE risk factors, and PE with permanent PE
risk factors were 204 (33.2%), 125 (20.4%), 285 (46.4%), and
316 (51.5%) patients who had concomitant DVT. History of
varicose veins of the lower limbs (HR = 4.3, 95% CI = 1.2–
15.4; p = 0.024), SPAP > 50 mmHg when acute PE occurs
(HR = 23.5, 95% CI = 2.7–207.6; p = 0.005), moderately dan-
gerous PE (HR = 1.2, 95% CI = 1.0–1.4; p = 0.030), and a CT
blocking index of more than 30% after 3 months of acute PE
(HR = 42.5, 95%CI = 4.4–409.8; p = 0.001) increased the risk
of CTEPH. In another prospective cohort study by Miniati,
834 patients were prospectively evaluated for suspected PE
for a median period of 2.1 years (range, 0–4.8 years); the
survival rates of patients with PE (n = 320) were compared
with those of patients without PE (n = 514) [25], and all pa-
tients underwent continuous lung scans. The incidence of
CTEPHwas 1.3%, 60% of patients with CTEPH had a history
of moderate PE, and no recurrence of PE was found in con-
tinuous lung scans. Thus, it is suggested that PTE is not the
only cause of CTEPH (Table 1).

Pathogenesis of CTEPH

CTEPH is mainly caused by undissolved thrombosis or re-
peated embolism of the pulmonary vasculature, which results
in the dysfunction of the pulmonary vascular endothelium,
secretory imbalance of vascular active substances and cyto-
kines, and pulmonary vascular constriction, causing increased
pulmonary vascular resistance, pulmonary vascular remodel-
ing, and an irreversible increase in pulmonary artery pressure.
This process eventually results in severe right heart failure.
Unlike pulmonary arterial hypertension (PAH), which mainly
involves blood vessels that are less than 300 μm, CTEPH

mainly involves large vessels. In this process, the variety of
factors involved in the formation of CTEPH mainly includes
the following: risk factors related to patient history, abnormal
coagulation and fibrinolytic mechanisms, inflammatory
mechanisms, genetic susceptibility factors, angiogenesis, in
situ thrombosis, and vascular remodeling. This article summa-
rizes the current research progress on the pathogenesis of
CTEPH from these aspects.

Risk factors related to medical history

Non-type O blood

A study found that the occurrence of CTEPH is related to
blood type, and CTEPH is more common in non-type O
blood. Bonderman found that the prevalence of non-type O
blood is significantly higher than that of type O blood in
CTEPH patients (OR = 2.09, 95% CI = 1.12~3.94). The study
confirmed that non-type O blood increases the risk of VTE
and CTEPH. The possible mechanistic factors, including von
Willebrand factor, factor VIII, P-selectin, and tumor necrosis
factor (TNF), were elevated in non-type O blood, and these
factors were associated with the occurrence of VTE [9].

Chronic inflammatory diseases

Studies have confirmed that chronic inflammatory diseases
including inflammatory bowel disease, osteomyelitis and
anticardiolipin antibody syndrome (APS), chronic venous ul-
cers, and chronic infections of indwelling venous catheters
may increase the risk of CTEPH [33–35].

Malignant tumors

A history of cancer is more common in CTEPH patients than
in patients with other types of PH [9]. It is well known that
cancer results in a high coagulation state that increases the risk

Table 1 Summary of previous studies on the incidence of CTEPH after PE in China and abroad

Authors Country N Criteria for inclusion Criteria for diagnosis Median follow-up time (months)
Incidence of CTEPH(%)

Yang et al. [7] China 614 First time occurrence PE RHC, PA 39

Pengo et al. [6] Italy 223 First time occurrence PE RHC, PA 94.3

Becattini et al. [26] Italy 259 First time occurrence PE RHC, PA 46

Miniati et al. [25] Italy 320 PE RHC, PA 25.2

Klok et al. [27] Holland 866 PE RHC, V/Q scan 36

Poli et al. [28] Italy 239 First time occurrence PE RHC, V/Q scan 36

Guérin et al. [29] France 146 PE RHC, V/Q scan 26

Otero et al. [30] Spain 744 PE SPAP > 50 mmHg 14

Dentali et al. [31] Italy 91 First time occurrence PE SPAP ≥ 40 mmHg 6–12

Korkmaz et al. [32] Turkey 259 First time occurrence PE SPAP > 30 mmHg 16.3
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of thrombosis, which is associated with the type of cancer and
anticancer regimen (including the choice of chemotherapy
drugs, the use of high-dose steroids, and the application of
exogenous erythropoietin) [9]. The mechanism of cancer-
induced thrombosis remains unclear and may include the fol-
lowing: [1] The patient has no corresponding clinical symp-
toms, resulting in a delay between the occurrence of PTE and
the standard anticoagulant. Cronin found that asymptomatic
PTE occurs in 3.3% of cancer patients evaluated using en-
hanced CT scans. [2] Verso found that 27~67% of patients
have asymptomatic catheter-related DVT because cancer pa-
tients often need to have an indwelling vein catheter. [3]
Neutrophils play an important role in the initial thrombosis,
and the reduction in neutrophils delays the removal of throm-
bosis and causes up to three times the normal deposition of
collagen fibers in the wall of blood vessels, which was found
through a rat thrombosis model. Due to chemotherapy, neu-
tropenia is common in cancer patients, and it is speculated that
cancer patients may have a delay in the removal of thrombi
due to neutropenia [9]. Bonderman et al. [34] studied 433
patients with CTEPH and 254 patients without CTEPH and
confirmed the correlation between CTEPH and malignancy
(OR = 3.76, 95% CI = 1.47–10.43, p = 0.005).

Hypothyroidism

In the general population, hypothyroidism and thyroid hor-
mone replacement therapy account for approximately 9.5%
of patients, but the incidence of hypothyroidism and thyroid
hormone replacement is significantly increased in CTEPH
patients [9]. The series results of three European multicenter
studies showed that 19.9% of CTEPH patients had simulta-
neous thyroid hormone replacement therapy and that 6.2% of
CTEPH patients had a history of hypothyroidism [9].Whether
thyroid dysfunction or thyroid hormone replacement therapy
increases the r isk of CTEPH remains unknown.
Hypothyroidism may be a high coagulation state, with an
increased risk of venous thrombosis in patients with hypothy-
roidism compared that in the control group (RR = 1.64, 95%
CI = 1.59~1.60) [9].

Special medical history

Many studies have evaluated the incidence and related risk
factors of CTEPH after acute PTE. Studies have shown that
merging certain medical histories increases the risk of CTEPH
in patients. A history of combined splenectomy is related to
the occurrence of CTEPH, which may be due to the abnormal
red blood cells not being filtered by the spleen or to the in-
crease in reactive platelets causing the occurrence of chronic
embolism [36]. Pengo et al. [6] have shown that the risk fac-
tors for the occurrence of CTEPH include a history of PTE,
the greater perfusion defect in patients with acute PTE, and

idiopathic PTE. The evidence is particularly strong between
the risk factors associated with medical history and CTEPH.

Abnormal coagulation and fibrinolysis in CTEPH

Increased coagulation factor VIII levels in CTEPH

One study showed that elevated plasma levels of coagulation
factor VIII are a risk factor for VTE [37]. Bonderman et al.
[38] showed that the coagulation factor VIII levels in CTEPH
patients (n = 122) were elevated and lasted 1 year after PEA
compared to those in patients with PTE (n = 88) and healthy
controls (n = 82). A coagulation factor VIII level > 230 IU/dl
was significantly correlated with recurrent VTE and occurred
in 41% of CTEPH patients. These findings suggest another
potential mechanism for the development of CTEPH; howev-
er, not all patients have a significant increase in coagulation
factor VIII levels. The causal relationship between the in-
crease in coagulation factor VIII levels and CTEPH is not
clear. These data suggest that elevated coagulation factor
VIII levels may be one of the possible causes of disease pro-
gression in CTEPH patients.

Fibrinolysis abnormalities

Fibrinolysis is the initial stage of embolus decomposition, and
fibrinolytic defects are considered to be the pathophysiologi-
cal process of CTEPH. A decreased potential of plasma fibrin
dissolution is a risk factor for VTE, and some research indi-
cates that this risk factor is similar to CTEPH [39]. In patients
with CTEPH, there may be a deficiency in or dysfunction of
the fibrinolytic enzyme or a resistance to fibrinolysis [40].

Fibrinolytic system damage The dissolution of thrombi de-
pends on a normal fibrinolytic system, and fibrinolytic defects
may be an important pathological link in the incomplete dis-
solution of thrombi in CTEPH patients. Physiological fibrino-
lysis is a very complex process that requires fibrinolytic en-
zymes, tissue plasminogen activators (t-PA), plasminogen ac-
tivator inhibitor-1 (PAI-1), other regulatory proteins, and en-
dothelial interactions at the site of vascular injury, where fibrin
dissolves eventually; PAI-1 is the main inhibitor of T-PA and
regulates the activity of the fibrinolytic system in vivo by
combining with T-PA; PAI-1 can excessively stabilize throm-
bosis and promote the accumulation of collagen and other
extracellular matrix proteins, which causes scar formation
[41]. Vuylsteke et al. [42] found that the plasma levels of T-
PA and PAI-1 were significantly increased in CTEPH patients,
but there was no statistically significant difference between
the T-PA and PAI-1 activity levels and those in the control
group. Lang et al. [43] showed that there was no statistically
significant difference in the basic levels of T-PA and PAI-1 in
pulmonary endothelial cells in CTEPH patients compared
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with the control group. Therefore, the reduction in fibrinolysis
caused by the activity or functional abnormalities of T-PA; and
PAI-1 cannot fully explain the pathogenesis of CTEPH.

Thrombosis resistance to fibrin dissolution Fibrin is the main
component of acute thrombosis, and it is speculated that de-
fective fibrin further affects the fibrinolytic process, which
leads to CTEPH. Studies have shown that incomplete throm-
bosis can stimulate the remodeling of blood vessels into scar
tissue. Morris et al. [40, 44] showed that fibrin extracted from
CTEPH patients is resistant to fibrinolytic enzyme-mediated
cleavage compared with that in the healthy control group.
Morris et al. [45] speculated that this abnormal fibrinogen
may impair fibrinolysis, promoting the development of
CTEPH. However, not all CTEPH patients have abnormal
fibrin. Since fibrin β chains are the most susceptible to resis-
tance, Miniati et al. [46] compared the degradation rate of
fibrin β chains by fibrinolytic enzymes in four groups of pa-
tients: normal control populations, CTEPH, other types of PH,
and previous PTE history (not concurrent CTEPH); the re-
searchers found that compared with normal control groups,
the degradation rate of the fibrinβ chain decreased in the other
three groups of patients and that the CTEPH group and other
types of PH patients showed more significant differences.
These studies not only verify the conclusion of Morris that
fibrin has resistance to fibrinolytic enzymes in CTEPH pa-
tients but also prove that fibrin resistance to fibrinolytic en-
zyme is not unique in CTEPH. In addition, Suntharalingam
et al. [47] showed that fibrinogen AαThr312A1α allele mu-
tations significantly increase the risk of CTEPH and that these
alleles participate in regulating fibrin α-α crosslinking, which
not only increases the risk of thromboembolism but also
causes fibrinolytic resistance. Investigations by Standeven
et al. [48] and other in vitro experimental studies have also
confirmed the abovementioned point of view: human Aα312
bit Thr mutation to A1α, fibrin thickening, and elasticity en-
hancement. In summary, although damage to the fibrin disso-
lution system is an important pathogenetic mechanism of
CTEPH, it can explain the etiology in only some CTEPH
patients.

Inflammatory mechanisms

Under normal physiological conditions, endothelial cells
mainly promote vasodilation and local fibrin dissolution by
inhibiting the coagulation pathway and the activity of white
blood cells and platelets. After thrombosis, white blood cells
migrate into the region, initiating fibrinolytic systems and an-
giogenesis. Although the mechanism is not yet clear, it is
currently recognized that platelet endothelial cell adhesion
molecule 1 (PECAM-1) plays an important role. Kellermair
et al. [49] found that the venous thrombosis was extensive and
stable in PECAM-1 defective mice, and macrophage

aggregation and neovascularization decreased, but the fibrosis
composition increased obviously, which showed that a tran-
sient inflammatory response was beneficial to the dissolution
of normal physiological thrombosis but that an excessive in-
flammatory response was not conducive to thrombosis.

Clinical studies [9] have found that staphylococcal infec-
tion, pacemaker infection, ventricular-atrial shunts, and other
factors are related to the occurrence of CTEPH, that is, the
infection mentioned above is not conducive to thrombosis.
One study found that 3.7% of CTEPH patients had a previous
history of intravascular implant infection; compared with oth-
er types of PH, those who had a history of previous intravas-
cular implant devices were more likely have CTEPH (up to
76.4 times) (96%CI = 7.76~10.351) [9]. Through the study of
seven patients with CTEPH combined with hydrocephalus
and a parallel ventricular-atrial shunt, it was found that staph-
ylococcal infection was detected in six cases of pulmonary
endometrial exfoliation. Further animal experiments con-
firmed that the level of transforming growth factor β
(TGF-β) in a mouse model of staphylococcal infections in-
creased and led to delayed thrombosis. Bacterial infections
can increase TGF-β and connective tissue growth factors that
promote fibrosis, thus promoting collagen synthesis and
thrombosis [50].

A number of studies have found that after other factors
were corrected, the levels of peripheral blood interleukin 6
(IL-6), IL-8, IL-10, and γ interferon-induced protein 10 (IP-
10), monocyte chemotactic protein-1 (MCP-1), monocyte in-
terferon gamma inducing factor (MIG), and macrophage in-
flammatory protein-9 (MMP-9) were significantly increased
in the CTEPH patients group compared to the levels in the
healthy control group [51]. IP-10 can induce the proliferation
of fibroblasts and may play important roles in thrombosis and
the formation of chronic intravascular scars. Zabini et al. [51]
found that compared with lung tissue in the healthy control
group, the lung tissue harvested from PEA in CTEPH patients
showed significantly higher levels of inflammatory markers
(including IL-6, MCP-1, IP-10, Mip1α, and chemokine li-
gand-5). The level of C-reactive protein (CRP) in CTEPH
patients was also higher than that in other PH patients [52].

Genetic susceptibility factors

The specific genes associated with CTEPH have not been
identified in the present study.

The Leiden genetic mutation of coagulation factor V (FV
Leiden), prothrombin gene, protein S, protein C, and
thrombin-resistant mutations can increase the risk of VTE
[53]. The roles of these mutations in the occurrence and de-
velopment of CTEPH are still not clear. Wolf et al. [54] stud-
ied 46 cases of CTEPH and 64 patients with idiopathic pul-
monary arterial hypertension (IPAH). The hereditary high co-
agulation state was evaluated; however, there were no
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significant increases in coagulation levels in patients with the
mutations compared with the coagulation level in the healthy
control group. Wong et al. [55] studied 45 patients with
CTEPH and 200 other types of PH patients with detection of
the abovementioned mutations; the FV Leiden mutation was
increased only in the CTEPH Caucasians group (29% vs
7.8%, p = 0.001). These studies show that there is a lack of a
clear causal relationship between genetic mutation and the
development of CTEPH.

ADAMTS13 (a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13), also known as
vascular hemophilia factor lysis protease, regulates the size
of vascular hemophilia factor and plays a fundamental role
in hemostasis. A severe lack of ADAMTS13 leads to throm-
botic thrombocytopenic purpura. Large numbers of rare and
low-frequency coded nucleotide variants of ADAMTS13
were found in patients with DVT compared with the control
group. In addition, these patients had a lower plasma level of
ADAMTS13 [56]. Similar to other thrombotic diseases, the
non-O blood groups are common in CTEPH, suggesting a
mechanism by which von Willebrand factor levels are in-
creased. The study of ABO blood type has shown that the
levels of factor VIII and VWF are significantly reduced in
the type O blood population [9]. A large proportion of the
variation in VWF levels is genetically determined, with 30%
due to ABO groups [57]. The ADAMTS13 gene is situated ~
200 kb downstream of ABO and is genetically regulated with
20% of its variance attributable to common variants at the
ADAMTS13 locus [58]. ADAMTS13 is not known to vary
with ABO groups in healthy cohorts [59]. Recently, Toshner
et al. [60] reported that CTEPH patients had decreased
ADAMTS13 (adjusted β (95% CI) = − 23.4 (− 30.9 to −
15.1)%, p < 0.001) and increased VWF levels (β = + 75.5
(44.8 to 113)%, p < 0.001) compared to healthy controls.
After reversal of pulmonary hypertension by pulmonary end-
arterectomy surgery, the ADAMTS13 levels were still low.
The authors identified a genetic variant near the
ADAMTS13 gene associated with ADAMTS13 protein that
accounted for ~ 8% of the variation in levels. The
ADAMTS13-VWF axis is dysregulated in CTEPH. This is
unrelated to pulmonary hypertension, disease severity, or
markers of systemic inflammation and implicates the
ADAMTS13-VWF axis in CTEPH pathobiology.

Feng et al. [61] reported mutations in the bone morphoge-
netic protein II receptor (BMPR2) gene in patients diagnosed
with CTEPH. However, earlier and larger studies did not sup-
port the role of BMPR2 mutations in the pathogenesis of
CTEPH [62].

Vascular regeneration and thrombus dissolution

In CTEPH, angiogenesis relies on blood vessels from the sys-
temic bronchial arteries. After the pulmonary artery is

occluded, these vessels usually spread to the pulmonary arter-
ies and open preexisting collaterals. During the healing pro-
cess, the positive regulatory factors of angiogenesis dominate,
and endothelial cells are activated, penetrating occlusive
thrombosis [63]. Previous animal studies have shown that
recanalization of the venous wall may occur within 24 h of
thrombosis. In the early stages of thrombosis, the thrombus
begins to shrink from the venous wall, resulting in the forma-
tion of intracellular pockets between the thrombus body and
the inner membrane of the venous wall. The presence of vas-
cular channels is associated with the expression of EGF and
bFGF, which are believed to induce thrombosis. In tissue har-
vested from PEA, collagen secretory cells [64] are involved in
the formation of the microenvironment, resulting in dysfunc-
tional endothelial cells that do not support angiogenesis [63].
Previous animal studies have shown that VEGF increases
thrombus dissolution in animal models [65]. Recent experi-
ments suggest that stimulating the levels of hypoxia-inducible
factor-1α in the venous wall will lead to vascular recanaliza-
tion and thrombus dissolution. By differential display analysis
and RT-PCR in CTEPH, we found gene expression defects of
angiogenesis. These studies suggest that pulmonary vascular
obstruction may be associated with defects in angiogenesis.

Platelets and in situ thrombosis

Platelets play a key role in coagulation and hemostasis, but
their role in the development of CTEPH is unclear. A recent
study compared the platelet-activating markers P-selectin and
glycoprotein IIb/IIIa in a CTEPH group, a PAH group, and a
healthy control group. Compared with the control group,
platelets in CTEPH patients were activated, and CTEPH pa-
tients had a higher sensitivity to thrombin stimulation.
However, platelets are also activated in patients with PAH;
thus, it is still unclear whether platelet activation in CTEPH
patients is secondary to PH [66]. Because of the strong corre-
lation between CTEPH and a history of VTE, it is difficult to
conceive of in situ thrombosis as the main pathogenetic mech-
anism in most CTEPH patients. It is suggested that primary
PTE may be one of the causes of chronic large vessel obstruc-
tion and PH, and it is difficult to induce CTEPH in the recur-
rent PTE model, while the risk factors of traditional PTE are
not directly related to CTEPH.

Vascular remodeling and other related factors

According to current knowledge, CTEPH is a Bdouble^ pul-
monary vascular disease accompanied by thrombosis, which
induces large vascular remodeling accompanied by distal pul-
monary small vascular remodeling [67]. In patients with
IPAH, pulmonary vascular lesions are mainly manifested in
the thickening of the membrane smooth muscle cell layer in
the pulmonary artery, the increase in extracellular mechanism
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fibers, and the proliferation of intimal endothelial cells and
intimal smooth muscle cells (SMCs). Pathological examina-
tion results also suggest that some CTEPH patients also have
similar pulmonary vascular remodeling with IPAH.

In the study by Lang et al. [68], endothelial cells and SMCs
were isolated from the yellow and white endometrial tissue by
PEA; the PAI-1 expression levels of the two cells were signif-
icantly higher, the endothelial cells in the thrombi were abnor-
mally phenotypic and functional, and the proliferative capac-
ity was improved, with resistance to apoptosis [69]. In vitro
studies have shown that the fibroblast-like cells harvested
from PEA specimens can induce endothelial cells to transform
into stromal cells, and this change can be effectively inhibited
by rapamycin [70]. Similar proliferative characteristics were
observed in cells isolated and cultured from the proximal pul-
monary artery during PEA, suggesting that, in addition to the
metastasis or transdifferentiation of the extracellular model
fibroblasts, the progenitor cells may be differentiated into
SMC-type enhancement or dysfunctional differentiation in
occluded vessels. Endothelial progenitor cells have been iden-
tified in tissues harvested from PEA in CTEPH patients. Firth
et al. [71] and others reported the presence of pluripotent mes-
enchymal progenitor cells in the tissues of CTEPH patients.
The unique microenvironment caused by a stable thrombus
can promote the differentiation of progenitor cells into muscle
fiber-like cells, while the erroneous differentiation of progen-
itor cells may strengthen the remodeling of the arterial intima;
this field still requires further study.

Abnormal calcium homeostasis (increased calcium con-
centration and increased external calcium flow from the intra-
cellular environment) also plays an important role in pulmo-
nary vascular remodeling in patients with CTEPH [72]. Firth
et al. [73] found that abnormalities in pulmonary artery SMCs
and endothelial cell layers after exposure to fibrin and fibrin-
ogen may be associated with changes in calcium ions in en-
dothelial cells. In addition, similar SMCs can be isolated and
cultured in the PEA tissue of CTEPH patients, while their
voltage-dependent potassium ion channel expression is re-
duced, potassium current decreases, the voltage-gated calcium
channel-mediated calcium flow increases, and intracellular
free calcium ions increase.

Summary

In recent years, we have improved our understanding of
CTEPH; however, the deep molecular mechanisms remain
to be studied. There are many problems that are still unre-
solved; for example, why do only a small proportion of PTE
patients develop CTEPH? Furthermore, genetic or acquired
susceptibility is present in only some CTEPH patients.
Damage to blood vessel regeneration after acute PTE is asso-
ciated with the occurrence and development of CTEPH.

Chronic inflammation and the occurrence and development
of CTEPH play a certain role. In summary, for the vast ma-
jority of patients, a single factor cannot explain the occurrence
and development of CTEPH; other factors, such as thrombosis
risk factors, fibrinolytic abnormalities, chronic inflammation
and other clinical conditions, and multiple mechanisms, par-
ticipate together. It cannot be predicted whether acute PTE
will develop into CTEPH. Moreover, the mechanisms in-
volved in CTEPH development are not the same in different
patients. Clinical symptoms are also changeable, especially
during the Bhoneymoon period^ that occurs in some CTEPH
patients, which increases the difficulty of preventing CTEPH
and predicting the occurrence of CTEPH. Gene chip, RNA
sequencing [74] and proteomic [75] methods contribute to
elucidating the pathogenesis of PAH to varying degrees, and
research shows that these methods may also serve to study the
mechanisms of the development of CTEPH and other types of
PH [76].
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