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Abstract: This analysis investigated the prognostic value of hospitalisation in chronic thromboem-
bolic pulmonary hypertension (CTEPH) using data from the Czech Republic, wherein pulmonary
endarterectomy (PEA) was the only targeted treatment option until 2015. Using a landmark method,
this analysis quantified the association between a first CTEPH-related hospitalisation event occurring
before 3-, 6-, 9-, and 12-month landmark timepoints and subsequent all-cause mortality in adult
CTEPH patients diagnosed between 2003 and 2016 in the Czech Republic. Patients were stratified
into operable and inoperable, according to PEA eligibility. CTEPH-related hospitalisations were
defined as non-elective. Hospitalisations related to CTEPH diagnosis, PEA, balloon pulmonary
angioplasty, or clinical trial participation were excluded. Of 436 patients who survived to ≥3 months
post diagnosis, 309 were operable, and 127 were inoperable. Sex- and age-adjusted hazard ratios
(HRs) showed CTEPH-related hospitalisation was a statistically significant prognostic indicator of
mortality at 3, 9, and 12 months in inoperable patients, with an approximately 2-fold increased risk of
death in the hospitalisation group (HRs [95% CI] ranging from 1.98 [1.06–3.70] to 2.17 [1.01–4.63]).
There was also a trend of worse survival probabilities in the hospitalisation groups for operable
patients, with the difference most pronounced at 3 months, with a 76% increased risk of death
(adjusted HR [95% CI] 1.76 [1.15–2.68]). This first analysis on the prognostic value of CTEPH-related
hospitalisations demonstrates that a first CTEPH-related hospitalisation is prognostic of mortality
in CTEPH, particularly for inoperable patients. These patients may benefit from medical and/or
interventional therapy.

Keywords: pulmonary hypertension; mortality; prognosis; CTEPH-related morbidity; hospitalisation;
pulmonary endarterectomy

1. Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare and life-threatening
complication of acute pulmonary embolism [1–3]. The treatment of choice for eligible
CTEPH patients is pulmonary endarterectomy (PEA) since it can achieve near-normal
haemodynamics [1] and is associated with improved survival rates [4,5]. However, PEA
is not feasible in all patients either for technical (distal disease) or medical reasons (un-
favourable risk-benefit ratio of PEA or patient’s refusal) [1,6,7]. In these inoperable patients,
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management relies on medical therapy, such as riociguat [6] with or without balloon pul-
monary angioplasty (BPA), an interventional procedure [2,6]. The 2015 European Society of
Cardiology (ESC)/European Respiratory Society (ERS) guidelines recommend multimodal
treatment, which combines surgical, interventional, and medical therapy [1]. This approach
was reinforced at the 6th World Symposium on Pulmonary Hypertension [6] and in the
2020 ERS consensus statement on CTEPH [2], and it has now been confirmed in the 2022
ESC/ERS guidelines [8].

A better understanding of prognostic factors could help improve CTEPH management,
particularly for those who do not benefit from PEA. In pulmonary arterial hypertension
(PAH), PAH-related morbidity has been shown to be prognostic for subsequent survival
using data from the event-driven SERAPHIN and GRIPHON clinical trials [9]. The analysis
of these two trials used a landmarking-based method [10,11] to assess the prognostic value
of morbidity events prior to the landmark timepoints on the risk of subsequent mortality.
A prior PAH-related hospitalisation event was a strong prognostic indicator of mortality at
landmark months 3, 6, and 12 of the GRIPHON trial, with hazard ratios (HRs) indicating
a 3- to 6-fold increased risk of mortality for patients who experienced a PAH-related
hospitalisation compared with those who did not [10]. However, the prognostic value
of CTEPH-related hospitalisations for earlier mortality has not, to our knowledge, been
investigated in CTEPH.

The objective of this current analysis was to investigate the prognostic role of CTEPH-
related hospitalisation for the survival of patients in the Czech registry of CTEPH patients
using the same landmark method described above. PEA was the only treatment option
available to this population until 2015, when both riociguat and BPA became available.
Importantly, diagnosis and management of CTEPH are centralised in a single expert centre
in Prague, and comprehensive data on hospitalisations and vital status are available from
national governmental registry databases [12].

2. Materials and Methods
2.1. Patients

This observational cohort from the General University Hospital in Prague is described
in detail elsewhere [12]. Briefly, this registry included adults (≥18 years) with Czech citizen-
ship who were newly diagnosed with CTEPH at the General University Hospital in Prague
between 1 January 2003 and 31 December 2016. Observation continued until 31 December
2018. Diagnostic criteria were mean pulmonary arterial pressure (mPAP) ≥ 25 mm Hg;
mismatched perfusion defects on lung ventilation perfusion scintigraphy; and imaging
results consistent with CTEPH (diagnostic signs for CTEPH found using multi-detector
computed tomography pulmonary angiography or conventional pulmonary angiogra-
phy). Only patients who survived until the first 3-month landmark were included in the
present analyses. The study was approved by the Prague General University Hospital’s
research ethics committee. As this was a retrospectively defined observational cohort, and
only anonymous data were processed (including mortality data, which were received in
anonymised form), individual informed consent was not required.

2.2. Study Design and Outcome Measures

A landmark analysis was applied to retrospective data from this registry. This land-
mark analysis quantifies the association of a first hospitalisation event occurring before
the landmark timepoint with a subsequent all-cause mortality event [10]. Hospitalisations
subsequent to the first are not included in this analysis. Hospitalisation and vital status
data were extracted from national registries led by the Institute of Health Information and
Statistics of the Czech Republic (IHIS CR) [13].

CTEPH-related hospitalisations were defined as non-elective and excluded hospital-
isations due to CTEPH diagnosis, PEA, BPA, or clinical trial participation. PEA-related
hospitalisations were those that occurred at the same time as PEA and/or started or ended
within 1 day before or after PEA. BPA-related hospitalisations were those that occurred
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at the same time as BPA. Hospitalisation due to clinical trial participation included all
hospitalisations that occurred at the same time as study protocol procedures that required
hospitalisation. CTEPH-related hospitalisations were identified based on International
Statistical Classification of Diseases (ICD) codes, and each reason (ICD code) was reviewed
and adjudicated by Prof. P. Jansa (Department of Cardiovascular Medicine, General Uni-
versity Hospital, Prague, Czech Republic) to ensure CTEPH-related hospitalisations were
correctly identified.

Each patient was followed from CTEPH diagnosis to death, loss to follow-up, or
31 December 2018 (data cut-off), whichever came first. The index date analysis was the
date of CTEPH diagnosis confirmation, and the landmarking timepoints were: 3, 6, 9, and
12 months after CTEPH diagnosis.

In the main analysis, patients were stratified into operable and inoperable groups
according to whether they were eligible for PEA at index date. Patients’ operability sta-
tus was determined at diagnosis by an interdisciplinary team including a PEA surgeon,
pulmonary hypertension (PH) specialist, cardiac anaesthesiologist, and radiologist. Inop-
erable patients were those who were technically inoperable (due to distal disease). Not
all operable patients were operated, as some were medically inoperable, due to either an
unfavourable benefit-risk ratio (patients considered unfit for surgery or had comorbidities
or other contributors to symptoms, in addition to clot burden, that precluded PEA) or
patient refusal.

In a supplementary landmark analysis, patients were stratified into operated (those
who underwent PEA surgery during the observation period) and not-operated. These two
cohorts overlap with operable and non-operable cohorts. Operable patients were further
stratified into operable and already operated patients (hereafter termed “already-operated
patients”) and those who had not yet undergone PEA (“not-currently-operated patients”).

Cause of death was reported for all patients included in this analysis (those who
survived to ≥3 months post diagnosis), by operability status and by whether they were
operated on. Cause of death was identified from ICD codes in the national death registry,
and each reason (ICD code) was reviewed and adjudicated by Prof. P. Jansa (Department
of Cardiovascular Medicine, General University Hospital, Prague, Czech Republic).

2.3. Statistical Analysis

Survival was estimated based on Kaplan–Meier curves. All patients reaching the
landmark timepoint were evaluated for survival up to death, loss to follow-up, or data
cut-off (31 December 2018). If a patient was alive at the end of follow-up, their survival
was censored. Kaplan–Meier curves are cut at the point when less than 10% of patients
are at risk [14]. A Cox proportional hazard model (model M1, not adjusted) was used
to assess the HR for patients with CTEPH-related hospitalisation versus patients with
no hospitalisation at defined timepoints (patients with no hospitalisation were used as
reference). Adjusted HRs were also computed using another model (M2) adjusted by age
at diagnosis and sex. Forest plots for visualisation of models, and computed HRs were
adopted. HRs were reported for subgroups only if they had at least 50 observations and
at least 10 events per group (this is a subjective cut-off that maintains the interpretability
of results).

3. Results
3.1. Patient Characteristics

In total, 453 patients were diagnosed between 2003 and 2016 and followed up for
a median of 6.1 (range 0; 16) years. The median age at diagnosis was 65.2 (range 19–85)
years, and 45.5% of patients were female [12]. During observation, 236 patients (52.1%)
underwent PEA; the median time from diagnosis to PEA was 2.9 (range 0.0–101.2) months.
Most (65.9%) of the 208 patients who were assessed had no residual PH 6 months after PEA.
Sixty-eight (28.8%) operated patients died, and of these, twenty-three (33.8%) died within
3 months of PEA. Two hundred and seventeen patients did not undergo PEA, most (59.4%)
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due to distal disease. Most had severe disease at diagnosis as shown by the New York
Heart Association functional classification (NYHA FC), 6-minute walk distance (6MWD),
and haemodynamic parameters [12,15].

Overall, 436 patients survived until ≥3 months post diagnosis and were included in
this analysis. Of those, 309 were operable, of whom 229 underwent PEA (operated patients),
while 127 patients were inoperable, and 207 patients did not undergo PEA (not-operated
patients). These groups were overlapping (Figure S1). For the landmark analysis, each
of these four cohorts was further stratified by whether patients had experienced a first
hospitalisation event prior to the 3-, 6-, 9,m and 12-month landmarks. The characteristics of
these patient subgroups at diagnosis are shown in Table 1 (inoperable), Table 2 (operable),
Table S1 (not-operated), and Table S2 (operated).

3.2. Landmark Analysis: Operable vs. Inoperable

The disposition of the inoperable group is summarised in Figure 1a. Of those who
reached month 3, 6, 9, and 12, the percentages of patients who experienced a first hospitali-
sation event prior to each respective landmark timepoint were 11.0%, 15.6%, 22.3%, and
25.2% (Figure 1a). The Kaplan–Meier curves in Figure 2a illustrate the trend for worse sur-
vival in patients who experienced a first CTEPH-related hospitalisation across all landmark
timepoints. Sex- and age-adjusted HRs show a statistically significant and approximate
2-fold increased risk of death in the hospitalisation group (versus no hospitalisation) at 3, 9,
and 12 months (Figure 3a).

In the operable group, 20.1%, 27.5%, 32.9%, and 36.6% of patients who reached months
3, 6, 9, and 12 experienced a first hospitalisation event (Figure 1b). There was a trend for
worse survival probabilities with hospitalisation, and the difference was more pronounced
at the month 3 landmark (Figure 2b), with a 76% increased risk of death compared with
those who were not hospitalised by month 3 (Figure 3b). The risk of death was not
statistically significantly different between the hospitalisation and no-hospitalisation groups
at later landmarks (Figure 3b).

Table S3 shows the cause of death for all the patients used in this analysis (those who
survived to the 3-month landmark timepoint) by operability status. The cause of death
is based on ICD codes from the national death registry. Pulmonary embolism was the
most common cause of death, as identified by ICD codes. However, it is important to note
that there were no CTEPH-specific ICD codes available until October 2017 [16]. Therefore,
“pulmonary embolism” likely reflects progression of CTEPH rather than a subsequent acute
PE. The next most common causes of death included the comorbidities of ischaemic heart
disease (in operable, inoperable [Table S3], and not-operated cohorts [Table S4]) followed
by malignancy (in operable, inoperable [Table S3], and operated patients [Table S4]).

3.3. Landmark Analysis: Operated vs. Not-Operated

Patient disposition for the operated and not-operated cohorts is shown in Figure S2,
and the cause of death among these cohorts is summarized in Table S4. Among not-
operated patients, an increased risk of death (between 58% and 144% increase) was observed
in those who experienced a first hospitalisation event prior to the landmark timepoints
(Figures S3a and S4a). All HRs calculated, except for the 6-month unadjusted analysis, were
statistically significant (Figure S4a). The same trend was observed in operated patients, with
the increased risk of death for the hospitalised group being between 35% and 93% although
only the 3-month landmark result was statistically significant (Figures S3b and S4b). To
note, this analysis is impacted by immortal time bias, as patients who were hospitalised
and then died before being operated on were not included in the operated group.
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Table 1. Baseline characteristics of inoperable patients at landmark timepoints.

Month 3 Landmark Month 6 Landmark Month 9 Landmark Month 12 Landmark

Parameter
Prior Hospitalisation

Event
(n = 14)

No Prior
Hospitalisation Event

(n = 113)

Prior Hospitalisation
Event

(n = 19)

No Prior
Hospitalisation Event

(n = 103)

Prior Hospitalisation
Event

(n = 27)

No Prior
Hospitalisation Event

(n = 94)

Prior Hospitalisation
Event

(n = 30)

No Prior
Hospitalisation Event

(n = 89)

Age, mean (SD), years 65.7 (10.04) 66.7 (13.05) 64.6 (13.11) 66.8 (12.89) 64.2 (12.53) 67.1 (13.06) 64.1 (12.80) 67.2 (13.12)

Sex, n (%), female 9 (64.3%) 61 (54.0%) 12 (63.2%) 56 (54.4%) 13 (48.1%) 55 (58.5%) 16 (53.3%) 51 (57.3%)

BMI, mean (SD), kg/m2 [n] 28.1 (5.67) [13] 28.3 (5.08) [105] 28.7 (5.11) [17] 28.4 (5.08) [97] 28.9 (4.49) [25] 28.4 (5.20) [88] 29.7 (4.03) [28] 28.2 (5.24) [84]

DVT history, n (%) 3 (21.4%) 40 (36.0%) 5 (27.8%) 37 (36.3%) 7 (26.9%) 35 (37.6%) 9 (31.0%) 32 (36.4%)

PE history, n (%) 10 (71.4%) 82 (72.6%) 11 (57.9%) 77 (74.8%) 18 (66.7%) 69 (73.4%) 21 (70.0%) 66 (74.2%)

Time from first PE to
diagnosis, mean (SD), years 5.4 (8.22) 5.2 (7.03) 6.0 (7.55) 5.1 (7.20) 6.7 (7.76) 4.9 (7.09) 6.5 (7.63) 4.9 (7.10)

NYHA FC, n (%) [n]

FC I/II – 4 (4.0%) [101] – 4 (4.3%) [92] – 4 (4.8%) [84] – 4 (5.1%) [79]

FC III/IV 12 (100%) [12] 97 (96.0%) [101] 16 (100%) [16] 88 (95.7%) [92] 24 (100%) [24] 80 (95.2%) [84] 27 (100%) [27] 75 (94.9%) [79]

6MWT, mean (SD),
metres [n] 269.7 (104.9) [11] 337.8 (112.4) [82] 279.8 (133.5) [14] 343.8 (107.7) [75] 309.6 (127.7) [21] 341.1 (109.0) [68] 308.8 (121.7) [24] 348.0 (107.9) [63]

RHC

mPAP, mean (SD),
mmHg [n] 50.1 (12.60) [13] 43.2 (11.69) [108] 51.3 (14.65) [18] 42.5 (11.03) [99] 50.2 (12.89) [25] 42.0 (11.29) [91] 50.1 (13.03) [28] 41.5 (11.09) [86]

PVR, mean (SD),
dyn s/cm5 [n] 905.1 (381.1) [12] 629.2 (325.5) [107] 822.6 (430.6) [17] 613.0 (311.6) [98] 765.3 (389.7) [24] 604.7 (311.8) [90] 716.4 (365.3) [27] 601.5 (314.6) [85]

CI, mean (SD),
L/min/m2 [n] 2.0 (0.40) [12] 2.3 (0.58) [106] 2.3 (0.64) [17] 2.3 (0.56) [97] 2.3 (0.60) [24] 2.3 (0.56) [89] 2.4 (0.64) [27] 2.3 (0.54) [84]

BNP, mean (SD), pg/mL [n] 745.0 (475.7) [6] 284.4 (322.9) [49] 445.5 (312.1) [8] 289.4 (332.2) [46] 350.0 (276.1) [13] 300.6 (349.1) [41] 264.8 (251.4) [15] 294.0 (323.9) [37]

Anticoagulation, n (%)

NOAC 1 (7.1%) 4 (3.5%) 1 (5.3%) 4 (3.9%) 1 (3.7%) 4 (4.3%) 1 (3.3%) 4 (4.5%)

Vitamin K antagonist 11 (78.6%) 99 (87.6%) 15 (78.9%) 91 (88.3%) 23 (85.2%) 82 (87.2%) 26 (86.7%) 78 (87.6%)

Other anticoagulants 2 (14.3%) 10 (8.8%) 3 (15.8%) 8 (7.8%) 3 (11.1%) 8 (8.5%) 3 (10.0%) 7 (7.9%)

Time to diagnosis from study
start 1, mean (SD), years 8.91 (3.631) 7.66 (3.103) 8.02 (3.372) 7.78 (3.143) 7.69 (2.871) 7.79 (3.218) 7.98 (2.887) 7.68 (3.253)

1. 1 January 2003. BNP, brain natriuretic peptide; CI, cardiac index; DVT, deep vein thrombosis; mPAP, mean pulmonary artery pressure; NOAC, non-vitamin K antagonist oral
anticoagulants; NYHA FC, New York Heart Association functional class; PE, pulmonary embolism; PVR, pulmonary vascular resistance; RHC, right heart catheterisation parameters; SD,
standard deviation; 6MWT, 6-minute walk test.
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Table 2. Baseline characteristics of operable patients at landmark timepoints.

Month 3 Landmark Month 6 Landmark Month 9 Landmark Month 12 Landmark

Parameter
Prior Hospitalisation

Event
(n = 62)

No Prior
Hospitalisation Event

(n = 247)

Prior Hospitalisation
Event

(n = 81)

No Prior
Hospitalisation Event

(n = 214)

Prior Hospitalisation
Event

(n = 96)

No Prior
Hospitalisation Event

(n = 196)

Prior Hospitalisation
Event

(n = 105)

No Prior
Hospitalisation Event

(n = 182)

Age, mean (SD), years 64.4 (10.59) 60.7 (12.65) 62.8 (11.54) 60.7 (12.84) 61.3 (12.08) 61.3 (12.72) 60.8 (13.06) 61.5 (12.28)

Sex, n (%), female 28 (45.2%) 100 (40.5%) 39 (48.1%) 84 (39.3%) 46 (47.9%) 76 (38.8%) 51 (48.6%) 70 (38.5%)

BMI, mean (SD), kg/m2 [n] 28.5 (6.08) [53] 28.4 (5.54) [208] 28.1 (5.12) [66] 28.5 (5.65) [184] 28.5 (5.27) [79] 28.3 (5.65) [168] 28.4 (5.30) [89] 28.4 (5.59) [154]

DVT history, n (%) 27 (45.8%) 106 (43.1%) 35 (44.3%) 93 (43.7%) 40 (42.6%) 85 (43.6%) 45 (43.7%) 79 (43.6%)

PE history, n (%) 50 (80.6%) 196 (79.4%) 66 (81.5%) 170 (79.4%) 75 (78.1%) 158 (80.6%) 84 (80.0%) 146 (80.2%)

Time from first PE to
diagnosis, mean (SD), years 7.1 (8.70) 4.9 (7.19) 5.5 (6.54) 5.0 (7.49) 5.8 (7.77) 4.7 (6.94) 5.7 (7.57) 4.8 (7.07)

NYHA FC, n (%) [n]

FC I/II 2 (3.2%) [62] 30 (12.2%) [246] 5 (6.2%) [81] 26 (12.2%) [213] 5 (5.2%) [96] 25 (12.8%) [195] 6 (5.8%) [104] 24 (13.2%) [182]

FC III/IV 60 (96.8%) [62] 216 (87.8%) [246] 76 (93.8%) [81] 187 (87.8%) [213] 91 (94.8%) [96] 170 (87.2%) [195] 98 (94.2%) [104] 158 (86.8%) [182]

6MWT, mean (SD),
metres [n] 305.6 (102.3) [49] 354.0 (107.4) [217] 309.5 (94.79) [67] 361.4 (108.4) [186] 309.0 (98.60) [83] 365.9 (106.5) [169] 316.7 (102.4) [90] 366.5 (106.0) [157]

RHC

mPAP, mean (SD),
mmHg [n] 52.0 (12.97) [62] 47.8 (12.58) [240] 50.7 (12.50) [79] 47.5 (12.63) [209] 50.8 (12.30) [94] 47.1 (12.71) [191] 50.4 (12.45) [102] 47.0 (12.63) [178]

PVR, mean (SD),
dyn s/cm5 [n] 802.2 (319.2) [62] 730.2 (347.3) [239] 807.3 (344.8) [79] 714.4 (333.0) [208] 783.9 (324.7) [94] 714.3 (341.4) [190] 780.4 (336.4) [101] 704.5 (319.7) [179]

CI, mean (SD),
L/min/m2 [n] 2.2 (0.45) [61] 2.3 (0.53) [234] 2.2 (0.46) [78] 2.3 (0.52) [203] 2.2 (0.46) [93] 2.3 (0.52) [185] 2.2 (0.50) [101] 2.3 (0.50) [172]

BNP, mean (SD), pg/mL [n] 313.5 (251.7) [18] 392.9 (597.1) [113] 267.0 (234.1) [25] 397.8 (601.8) [102] 311.4 (341.4) [34] 395.8 (613.0) [92] 316.6 (349.4) [36] 373.8 (605.5) [88]

Anticoagulation, n (%) [n]

NOAC – 7 (2.9%) [244] – 7 (3.3%) [214] – 7 (3.6%) [196] – 7 (3.8%) [182]

Vitamin K antagonist 47 (75.8%) [62] 208 (85.2%) [244] 68 (84.0%) [81] 179 (83.6%) [214] 81 (84.4%) [96] 164 (83.7%) [196] 90 (85.7%) [105] 150 (82.4%) [182]

Other anticoagulants 15 (24.2%) [62] 29 (11.9%) [244] 13 (16.0%) [81] 28 (13.1%) [214] 15 (15.6%) [96] 25 (12.8%) [196] 15 (14.3%) [105] 25 (13.7%) [182]

Time to diagnosis from study
start 1, mean (SD), years 6.60 (3.253) 7.58 (3.434) 6.21 (3.179) 7.87 (3.395) 6.41 (3.273) 7.88 (3.393) 6.51 (3.472) 7.90 (3.333)

1. 1 January 2003. BNP, brain natriuretic peptide; CI, cardiac index; DVT, deep vein thrombosis; mPAP, mean pulmonary artery pressure; NOAC, non-vitamin K antagonist oral
anticoagulants; NYHA FC, New York Heart Association functional class; PE, pulmonary embolism; PVR, pulmonary vascular resistance; RHC, right heart catheterisation parameters; SD,
standard deviation; 6MWT, 6-minute walk test.
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Figure 1. Landmark analysis patient disposition for (a) inoperable and (b) operable patients. The
number of patients listed as “Died” in each group refers to the status at the data cut-off of 31 December
2018; all patients who did not die by this date were classified as “censored”. Percentages may not
total to 100%, as the denominator is number of patients; however, patients may have had more than
one hospitalisation. Reasons for hospitalisation are summarised in the final row. HF, heart failure; PE,
pulmonary embolism; RF, respiratory failure; VT, venous thromboembolism.
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Figure 2. Kaplan–Meier analysis: survival probability at each landmark timepoint (model M1) for
(a) inoperable patients and (b) operable patients.
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Figure 3. Forest plot showing hazard ratios (HRs) for non-adjusted and adjusted models at landmark
timepoints for (a) inoperable patients and (b) operable patients.

3.4. Landmark Analysis of Operable Subgroups: Already-Operated vs. Not-Currently-Operated

Operable patients were stratified into those already-operated versus those not-currently-
operated, and this analysis involved very few events. The not-currently-operated findings
were similar to those of the overall operable group; a trend for increased risk of death with
hospitalisation was observed (Figure S5), and the difference was statistically significant
at the 3-month landmark (Figure S6a). Prior hospitalisation events appeared to have very
little effect on mortality in the already-operated patients at the 3-month landmark although
HRs for all later landmarks were in favour of no hospitalisation (Figures S6b and S7).
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4. Discussion

To our knowledge, this landmark analysis of a national registry is the first to assess
the prognostic value of CTEPH-related hospitalisations on mortality. Across all patient
cohorts and landmark points, there was a consistent trend for increased mortality associated
with CTEPH-related hospitalisation, demonstrating the importance of preventing disease
progression in CTEPH. Moreover, the data from inoperable patients show a significant
increase in mortality risk by adjusted HRs and Kaplan–Meier analysis when patients
experienced a first CTEPH-related hospitalisation within 3, 9, and 12 months after diagnosis.

The magnitude and statistical significance of HRs differed according to the patients’
operability status, whether patients ultimately underwent PEA, and the landmark time-
point. Regarding operability status, there was a stronger indication that hospitalisation
is prognostic in inoperable patients (versus operable), highlighting the importance of
preventing hospitalisations in this cohort. As such, these patients may benefit from ac-
tive treatment with BPA and/or medical therapy though further studies are required.
Moreover, there is currently no consensus on which patients would benefit most from
each of the combinations of multimodal therapy [2,8], and research could investigate
which patient cohorts would be good candidates for certain combinations. Of note, the
percentage of patients who were hospitalised was higher in the operable group (versus
inoperable). This finding may be related to the study definition of CTEPH-related hos-
pitalisation: PEA-related hospitalisations could have occurred outside the window used
in the definition (starting or ending within 1 day before or after PEA) and contributed to
CTEPH-related hospitalisations.

The prognostic value of hospitalisations was greater in not-operated patients compared
with operated patients, who benefitted from PEA and may be less likely to experience a
hospitalisation with a fatal outcome. However, it is worth repeating that this analysis could
be impacted by immortal time bias. Operable patients were further sub-grouped: findings
from not-currently-operated patients were similar to those from the overall operable group
(trend for lower survival probability in hospitalised patients, with the 3-month landmark
showing the strongest signal), whereas in already-operated patients, the same trend was
observed for all except the 3-month landmark. The lack of effect at 3 months could be due
to hospitalisations in these patients representing PEA-related complications and/or the
most severe patients dying shortly after PEA (one-third of operated patients who died did
so within 3 months of PEA).

The largest HRs were consistently observed at the 3-month landmark. This is the
earliest timepoint, and therefore, the number of operable/operated patients who have
undergone PEA is lower compared with later timepoints, and this landmark is less affected
by the benefit of PEA. The impact of immortal time bias on the operated cohort is also likely
to be smaller at the earliest landmark. The lower HRs in later landmarks may also be due
to the death of patients with the most severe condition within 3 months of diagnosis, with
the number of patients at risk becoming smaller as more patients die over time. This makes
the interpretation of these data less straightforward. There may also be other factors that
change between landmark timepoints that this analysis does not capture (e.g., subsequent
hospitalisations, decline in general health).

Data from PH clinical trials also highlight the importance of preventing
hospitalisations [17–20] though there is more evidence in PAH than in CTEPH. For ex-
ample, in the GRIPHON trial of PAH patients, the treatment effect (selexipag versus
placebo) for the primary composite end-point of PAH-related morbidity or mortality (HR
0.60 [99% CI 0.46–0.78], p < 0.001) was driven by differences in PAH-related hospitalisation
(47% of worsening events) and disease progression (35% of events) [21]. In CTEPH, the
number of clinical worsening events in the CHEST-1, BENEFiT, MERIT-1, and CTREPH
trials were low in each treatment arm, and no significant treatment differences were
observed [18–20,22]. However, it should be noted that these are short-term trials with rela-
tively small sample sizes [18–20,22] compared with event-driven trials, such as
GRIPHON [21], and that the definition of clinical worsening (and its hospitalisation compo-
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nent) differs across trials. The ongoing event-driven MACiTEPH trial of macitentan 75 mg
(versus placebo) in inoperable or recurrent CTEPH includes time to clinical worsening up to
the end of double-blind treatment as the key secondary end-point and captures unplanned
PH-related hospitalisation as part of this composite outcome [23]. The double-blind treat-
ment period comprises an initial 28-week fixed-duration period and a subsequent period
of variable duration depending on when patients entered the study, as patients remain on
double-blind treatment until all participants have completed week 28 (primary end-point
assessment) [23]. Therefore, this study design will better capture hospitalisations and
clinical worsening than the shorter-term trials. The prognostic value of PH-related hospital-
isations for mortality has been demonstrated for PAH in clinical trials [9] and in clinical
practice [24]. The findings of the present real-world study suggest that a first CTEPH-
related hospitalisation could be prognostic for mortality in CTEPH patients, particularly in
inoperable patients.

The strengths of this study include the use of comprehensive hospitalisation and mor-
tality data from the national databases, allowing a thorough assessment of the prognostic
value of hospitalisations. All ICD codes for hospitalisation events were adjudicated by the
lead author to ensure all events were related to CTEPH. These ICD codes had been assigned
by the treating physician, and retrospective adjudication of clinical data was not possible.
Another unique feature of this registry population is that it includes well-defined patient
cohorts, as they have primarily had their CTEPH managed with PEA since neither riociguat
nor BPA were available in the Czech Republic until 2015. As with all landmark analyses,
the number of patients at risk is greater at earlier landmarks, and the number of patients
who have died and are removed from analysis increases as time goes on. Additional limi-
tations of this analysis include that (i) our analysis was only adjusted for age and sex but
not other factors that are known to be prognostic in CTEPH; (ii) only first hospitalisation
events were accounted for in this analysis; and (iii) the proportional hazard assumption
was not always maintained through all timepoints, which suggests potential interference of
time-varying effects. For the analysis of operated versus not-operated patients, the analysis
does not capture whether PEA in operated patients took place before or after the landmark
timepoints, and these data are impacted by immortal time bias.

5. Conclusions

This is the first study to assess the prognostic value of CTEPH-related hospitalisations
on mortality. These data, from an era in which there was limited use of BPA and medical
therapy for CTEPH, show that experiencing a non-elective CTEPH-related hospitalisation
within 1 year of diagnosis is prognostic for worse survival in patients with this condition,
particularly for inoperable patients. Inoperable patients may benefit from active treatment
with medical therapy and/or BPA to prevent hospitalisations and potentially improve
their outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11206189/s1, Figure S1: Included patients (those who sur-
vived for at least 3 months post diagnosis) by operability status and whether they underwent PEA;
Figure S2: Landmark analysis patient disposition for (a) not-operated (b) operated patients. All
patients who did not die by the data cut-off on 31 December 2018 were classified as “censored”.
Percentages may not total to 100%, as the denominator is number of patients; however, patients may
have had more than one hospitalisation. Reasons for hospitalisation are summarised in the final row;
Figure S3: Kaplan–Meier analysis: survival probability at each landmark timepoint (model M1) in
(a) not-operated patients and (b) operated patients; Figure S4: Forest plot showing hazard ratios
(HRs) for non-adjusted and adjusted models at landmark timepoints in (a) not-operated patients and
(b) operated patients; Figure S5: Kaplan–Meier analysis in operable patients who were not-currently-
operated patients: survival probability at each landmark timepoint (model M1); Figure S6: Forest
plot showing hazard ratios (HRs) for non-adjusted and adjusted models at landmark timepoints in
(a) operable patients who were not-currently-operated and (b) operable patients who were already-
operated; Figure S7: Kaplan–Meier analysis in operable patients who were already-operated patients:
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survival probability at each landmark timepoint (model M1); Table S1: Baseline characteristics of
not-operated patients at landmark timepoints; Table S2: Baseline characteristics of operated patients
at landmark timepoints; Table S3: Cause of death in study cohort, by operability status; Table S4:
Cause of death in study cohort, by whether patients were operated on.
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Epidemiology of chronic thromboembolic pulmonary hypertension (CTEPH) in the Czech Republic. Pulm. Circ. 2022, 12, e12038.
[CrossRef] [PubMed]

13. IHIS CR. Institute of Health Information and Statistics. Available online: https://www.uzis.cz/index-en.php (accessed on 19 July 2022).
14. Pocock, S.J.; Clayton, T.C.; Altman, D.G. Survival plots of time-to-event outcomes in clinical trials: Good practice and pitfalls.

Lancet 2002, 359, 1686–1689. [CrossRef]
15. Hoeper, M.M.; Kramer, T.; Pan, Z.; Eichstaedt, C.A.; Spiesshoefer, J.; Benjamin, N.; Olsson, K.M.; Meyer, K.; Vizza, C.D.; Vonk-

Noordegraaf, A.; et al. Mortality in pulmonary arterial hypertension: Prediction by the 2015 European pulmonary hypertension
guidelines risk stratification model. Eur. Respir. J. 2017, 50, 1700740. [CrossRef] [PubMed]

16. Mathai, S.C.; Mathew, S. Breathing (and coding?) a bit easier: Changes to international classification of disease coding for
pulmonary hypertension. Chest 2018, 154, 207–218. [CrossRef]

17. Peacock, A.; Keogh, A.; Humbert, M. Endpoints in pulmonary arterial hypertension: The role of clinical worsening. Curr. Opin.
Pulm. Med. 2010, 16 (Suppl. S1), S1–S9. [CrossRef] [PubMed]

18. Ghofrani, H.A.; D’Armini, A.M.; Grimminger, F.; Hoeper, M.M.; Jansa, P.; Kim, N.H.; Mayer, E.; Simonneau, G.; Wilkins, M.R.;
Fritsch, A.; et al. Riociguat for the treatment of chronic thromboembolic pulmonary hypertension. N. Engl. J. Med. 2013, 369,
319–329. [CrossRef]

19. Jaïs, X.; D’Armini, A.M.; Jansa, P.; Torbicki, A.; Delcroix, M.; Ghofrani, H.A.; Hoeper, M.M.; Lang, I.M.; Mayer, E.; Pepke-Zaba, J.;
et al. Bosentan for treatment of inoperable chronic thromboembolic pulmonary hypertension: BENEFiT (Bosentan Effects in
iNopErable Forms of chronIc Thromboembolic pulmonary hypertension), a randomized, placebo-controlled trial. J. Am. Coll.
Cardiol. 2008, 52, 2127–2134. [CrossRef]

20. Sadushi-Kolici, R.; Jansa, P.; Kopec, G.; Torbicki, A.; Skoro-Sajer, N.; Campean, I.-A.; Halank, M.; Simkova, I.; Karlocai, K.;
Steringer-Mascherbauer, R.; et al. Subcutaneous treprostinil for the treatment of severe non-operable chronic thromboembolic
pulmonary hypertension (CTREPH): A double-blind, phase 3, randomised controlled trial. Lancet Respir. Med. 2019, 7, 239–248.
[CrossRef]

21. Sitbon, O.; Channick, R.; Chin, K.M.; Frey, A.; Gaine, S.; Galiè, N.; Ghofrani, H.-A.; Hoeper, M.M.; Lang, I.M.; Preiss, R.; et al.
Selexipag for the treatment of pulmonary arterial hypertension. N. Engl. J. Med. 2015, 373, 2522–2533. [CrossRef]

22. Ghofrani, H.-A.; Simonneau, G.; D’Armini, A.M.; Fedullo, P.; Howard, L.S.; Jaïs, X.; Jenkins, D.P.; Jing, Z.-C.; Madani, M.M.;
Martin, N.; et al. Macitentan for the treatment of inoperable chronic thromboembolic pulmonary hypertension (MERIT-1):
Results from the multicentre, phase 2, randomised, double-blind, placebo-controlled study. Lancet Respir. Med. 2017, 5, 785–794.
[CrossRef]

23. CT.gov. NCT04271475. A Study to Evaluate Efficacy and Safety of Macitentan 75 mg in Inoperable or Persistent/Recurrent Chronic
Thromboembolic Pulmonary Hypertension (MACiTEPH). Available online: https://clinicaltrials.gov/ct2/show/NCT04271475
(accessed on 19 July 2022).

24. Burger, C.D.; Long, P.K.; Shah, M.R.; McGoon, M.D.; Miller, D.P.; Romero, A.J.; Benton, W.W.; Safford, R.E. Characterization of
first-time hospitalizations in patients with newly diagnosed pulmonary arterial hypertension in the REVEAL registry. Chest 2014,
146, 1263–1273. [CrossRef] [PubMed]

http://doi.org/10.1093/eurheartj/ehac237
http://doi.org/10.1016/j.jacc.2017.12.010
http://doi.org/10.1161/CIRCOUTCOMES.110.957951
http://doi.org/10.1200/JCO.1983.1.11.710
http://www.ncbi.nlm.nih.gov/pubmed/6668489
http://doi.org/10.1002/pul2.12038
http://www.ncbi.nlm.nih.gov/pubmed/35506113
https://www.uzis.cz/index-en.php
http://doi.org/10.1016/S0140-6736(02)08594-X
http://doi.org/10.1183/13993003.00740-2017
http://www.ncbi.nlm.nih.gov/pubmed/28775047
http://doi.org/10.1016/j.chest.2018.04.004
http://doi.org/10.1097/01.mcp.0000370205.22885.98
http://www.ncbi.nlm.nih.gov/pubmed/20375659
http://doi.org/10.1056/NEJMoa1209657
http://doi.org/10.1016/j.jacc.2008.08.059
http://doi.org/10.1016/S2213-2600(18)30367-9
http://doi.org/10.1056/NEJMoa1503184
http://doi.org/10.1016/S2213-2600(17)30305-3
https://clinicaltrials.gov/ct2/show/NCT04271475
http://doi.org/10.1378/chest.14-0193
http://www.ncbi.nlm.nih.gov/pubmed/24901386

	Introduction 
	Materials and Methods 
	Patients 
	Study Design and Outcome Measures 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Landmark Analysis: Operable vs. Inoperable 
	Landmark Analysis: Operated vs. Not-Operated 
	Landmark Analysis of Operable Subgroups: Already-Operated vs. Not-Currently-Operated 

	Discussion 
	Conclusions 
	References

