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Abstract

Background: Balloon pulmonary angioplasty is an evolving, interventional treatment option for inoperable patients with chronic
thromboembolic pulmonary hypertension (CTEPH). Pulmonary hypertension at rest as well as exercise capacity is considered to
be relevant outcome parameters. The aim of the present study was to determine whether measurement of pulmonary hemo-
dynamics during exercise before and six months after balloon pulmonary angioplasty have an added value.

Methods: From March 2014 to July 2018, 172 consecutive patients underwent balloon pulmonary angioplasty. Of these, 64
consecutive patients with inoperable CTEPH underwent a comprehensive diagnostic workup that included right heart catheter-
ization at rest and during exercise before balloon pulmonary angioplasty treatments and six months after the last intervention.

Results: Improvements in pulmonary hemodynamics at rest and during exercise, in quality of life, and in exercise capacity were
observed six months after balloon pulmonary angioplasty: WHO functional class improved in 78% of patients. The mean pulmon-
ary arterial pressure (mPAP) at rest was reduced from 41 +9 to 31 £9mmHg (p <0.0001). The mPAP/cardiac output slope
decreased after balloon pulmonary angioplasty (11.2+25.6 WU to 7.7+ 4.1 WU; p <0.0001), and correlated with N-terminal
fragment of pro-brain natriuretic peptide (p =0.035) and 6-minute walking distance (p=0.01).

Conclusions: Exercise right heart catheterization provides valuable information on the changes of pulmonary hemodynamics after
balloon pulmonary angioplasty in inoperable CTEPH patients that are not obtainable by measuring resting hemodynamics.
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Introduction

An increasing number of inoperable patients with chronic
thromboembolic pulmonary hypertension (CTEPH) are
being treated with balloon pulmonary angioplasty (BPA)
with or without targeted medication."”’” As the level of evi-
dence for BPA remains limited, with a lack of controlled
clinical trials and very few long-term studies, this interven-
tional therapy is not strongly recommended by current
guidelines.®’

Improvements in pulmonary hemodynamics are often
used as the main outcome variable of BPA; the actual
concept of the intervention, which is meanwhile used
worldwide, has been reinvented and developed mainly in
Japanese centers with reported normalization or near-nor-
malization of pulmonary hemodynamics at rest in up to
50% of the patients.> *'° In European centers, outcomes
of BPA have also been promising, with auspicious changes
in physical capacity,™”!" although the improvements in
pulmonary hemodynamics at rest were less pronounced
than in the Japanese cohorts. These differences have been
discussed,”'>!® but it seems obvious that there is a need
for a more thorough evaluation of hemodynamics. The
assessment of pulmonary hemodynamics during exercise
may provide additional information'® and has not yet
been demonstrated in inoperable CTEPH patients
after BPA.

The aim of the present study was to evaluate the changes
in pulmonary hemodynamics at rest and during exercise due
to BPA in patients with inoperable CTEPH.

Methods
Patient selection for BPA

Our hospital serves as an international reference center for
CTEPH, with more than 150 pulmonary endarterectomies
(PEA) and more than 200 BPA interventions per year.
Patients are routinely evaluated in a multidisciplinary
CTEPH conference. Between March 2014 and July 2018,
technically inoperable patients were included in the present
prospective, observational cohort study. CTEPH was diag-
nosed in symptomatic patients after three months of antic-
oagulation who presented in at least WHO functional class
(WHO FCQC) II, with a mean pulmonary arterial pressure
(mPAP) of at least 25mmHg at rest and with persistent
pulmonary vascular lesions on computed tomography and/
or conventional biplanar pulmonary artery angiography.
Patients were deemed technically inoperable by experienced
PEA surgeons based on a comprehensive assessment of
imaging findings; they were included in the study if
target lesions for BPA (i.e. subsegmentally located short-
term stenosis or a long-segment network forming orga-
nized thrombi) were found in pulmonary angiography.
Patients were usually treated with targeted medication,
and BPA was planned to be performed after a period of
at least three months of drug therapy if WHO FC was still

>II. Targeted medication was left unchanged until the six-
month follow-up.

All patients were informed in detail about the investiga-
tional nature of the study, including potential risks and
benefits, and gave written informed consent to participate.
The local ethics committee approved this prospective obser-
vational study (AZ 43/14, Giessen University Ethics
Committee). All CTEPH patients included were also
enrolled in the New International CTEPH Database of the
International CTEPH Association (NCT02656238).

Clinical assessment

All patients underwent standardized assessment contempor-
ary prior to the first BPA, and six months after the last inter-
vention. Assessment included WHO FC, Cambridge
Pulmonary Hypertension Outcome Review (CAMPHOR),'?
6-minute walking distance (6MWD), serum levels of the
N-terminal fragment of pro-brain natriuretic peptide
(NT-proBNP), and right heart catheterization (RHC) at
rest and during exercise.

Exercise right heart catheterization

RHC was performed using a Swan-Ganz catheter via bra-
chial or jugular access under local anesthesia. The mid-thor-
acic level was used as zero reference in all supine
measurements. Pressures (right atrial pressure (RAP); sys-
tolic pulmonary arterial pressure (PAPs); diastolic pulmon-
ary arterial pressure (PAPd); mean pulmonary arterial
pressure (mPAP); pulmonary arterial wedge pressure
(PAWP)) were measured directly, and cardiac output (CO)
was measured by the thermodilution technique, averaging
three of five output determinations. Baseline parameters
were assessed 30min after insertion of the catheter.'®
PAWP measurement at rest was performed by digitized
mean at end-expiratory breathhold and during exercise
without breathhold. Exercise was performed using a cycle
ergometer in the supine position. Exercise was prolonged in
a steady-state manner for at least 8 min, depending on the
clinical condition of the patient, usually corresponding to a
workload between 1 and 50 W.""'® If the patient was able to
continue cycling, the workload was increased to an adjusted
higher level to reach at least submaximal exercise.
SvO, < 30% at the end of exercise was regarded as valid
maximal effort. During a constant workload, hemodynamic
parameters were measured for a duration of 5-7 min begin-
ning 3min after the initiation of exercise.'®*° Pulmonary
pressures were averaged over several respiratory cycles.'®°
Mixed venous oxygen saturation (SvO,) was obtained via
blood gas analysis at rest and at the end of exercise. The
following hemodynamic parameters were calculated: pul-
monary vascular resistance (PVR) =(mPAP — PAWP)/CO;
cardiac index (CI) = CO/body surface area; total pulmonary
resistance (TPR) =mPAP/CO; pulmonary arterial compli-
ance  (PAC)=(CO/heart rate)/(PAPs - PAPd);
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transpulmonary gradient (TPG) = mPAP — PAWP; diastolic
pulmonary gradient (DPG)=PAPd — PAWP; slope of the
mPAP/CO relationship; and the stroke volume=CO/
heart rate.”!

Balloon pulmonary angioplasty

BPA was performed as a staged procedure, with a limited
number of pulmonary segments being treated during each
session. All procedures were performed in conscious patients
under local anesthesia. The standard procedure has been
described previously in detail.”**** Briefly, using femoral
or jugular access, a sheath was placed in the pulmonary
artery and a guiding catheter was inserted into the targeted
segmental arteries. The guidewire was then advanced into
the target subsegmental branches, which were subsequently
dilated by multiple balloon inflations. Pulmonary angiog-
raphy documented the final post-procedural morphological
result. Antegrade flow with improved parenchymal perfu-
sion and quick venous return was interpreted as successful
treatment.

Statistical analysis

All data for continuous variables are expressed as
mean + SD or as median and interquartile range (IQR), as
appropriate. Categorical variables are reported as number
and percentage. Continuous variables were compared using
the Wilcoxon signed-rank test. The cohort data were distrib-
uted parametrically, as determined by the Kolmogorov-
Smirnov test. All statistical tests were performed with SPSS
software, version 22.0. A two-tailed p value <0.05 was con-
sidered to indicate statistical significance. The reported p
values are to be interpreted in the exploratory sense.

Results
Cohort selection and baseline characteristics

A total of 172 consecutive patients underwent BPA between
March 2014 and July 2018. Of these, 64 patients with
CTEPH had completed a full series of BPA interventions
and underwent exercise RHC before the first intervention
and six months after the last BPA procedure. Another 41
patients were still undergoing BPA treatments, 23 patients
were waiting for the six-month follow-up, in four patients
exercise RHC was contraindicated due to orthopedic disease
or paraplegia, 15 patients were examined using very different
exercise levels at baseline and at follow-up, 16 patients
underwent their follow-up at another center (without exer-
cise RHC), and 2 patients died in the early postinterventional
phase. Seven patients were diagnosed with chronic thrombo-
embolic disease (CTED; no PH at rest). Data from six of
these CTED patients were already presented in a previous
publication.!! The demographics and baseline characteristics
of the present study cohort are given in Table 1.

Table |. Baseline characteristics and medication.

Number of patients, n 64

Age, years 6113
Female, n (%) 30 (47)
Body mass index, kg/m? 25437
History of PEA, n (%) 5(7.8)
Anticoagulation with vitamin K antagonists, n (%) 9 (14)
PDE 5 inhibitor, n (%) 8 (12.5)
ERA, n (%) 10 (15.6)
sGC, n (%) 40 (62.5)
Inhaled analogue of prostacyclin, n (%) 2 (3.1)
No medication, n (%) 14 (21.9)
Monotherapy, n (%) 41 (64.1)
Combination therapy, n (%) 9 (14.1)

Note: Values are given as mean = SD unless otherwise indicated.

CTEPH: chronic thromboembolic pulmonary hypertensions; VTE: venous
thromboembolism; PEA: pulmonary endarterectomy; PDE: phosphodiesterase;
ERA: endothelin receptor antagonist; sGC: stimulator of soluble guanylate
cyclase.

BPA procedures and effects on physical capacity
and quality of life

The mean number of BPA sessions per patient was 5.6 + 1.3.
There were 11 £ 3 pulmonary segments targeted in all inter-
ventions. The mean time from diagnosis (=presentation in
CTEPH conference) to first BPA was 3.5 (IQR 3.0-6.0)
months. The effects of BPA on quality of life based on the
CAMPHOR questionnaire (Table 2) showed improvement
of scores for symptoms (10.1 +5.2 at baseline vs. 5.9 £3.8
after treatment, p <0.0001), activity limitations (8.544.6
vs. 5.34+3.6, p<0.0001), and quality of life (6.1 +4.5 vs.
34+29, p<0.0001). The WHO FC improved in 50
(78%) patients and was unchanged in 14 (22%). The
6MWD improved after BPA by an average of 47m (10%).

Hemodynamic responses before and six months
after BPA

In CTEPH patients, mPAP at rest was reduced from 41 +9
to 31 9 mmHg (p <0.0001) (Table 2 and Figure 1), with 14
(22%) patients having an mPAP <25mmHg six months
after BPA. Of these patients, 10 had a PVR <3.0 WU at
rest. All patients with mPAP <25mmHg at rest six months
after BPA had a substantial decrease of NT-proBNP values
(baseline: median 298 ng/L. (IQR 79-1048 ng/L) vs. six
months after BPA: median 53ng/L (IQR 31-189ng/L);
p<0.001) and increase of 6MWD (bascline: mean
4339m=+SD 69.8m vs. 6 months after BPA: mean
4809m=SD 68.2m; p=0.003). At exercise, SvO, was
44+ 10 %, in seven patients SvO, was below 30%.

Before BPA, the slope of the mPAP/CO relationship was
above 3 WU in all patients (range: 4.0-24.5 WU), and the
TPR was also above 3 WU. After BPA, the mPAP/CO slope
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Table 2. Results of BPA.

N Prior to BPA N After BPA p-value (exploratory)
Exercise capacity
WHO functional class, n (%) 64 64
| 0 (0) 38 (59.4)
Il 2 (32) 23 (35.9)
11l 49 (76.6) 3(47)
v 13 (20.3) 0 (0)
6MWD, m 53 416 +94 60 463 +96 <0.0001
Hemodynamics at rest
Right atrial pressure, mmHg 64 7+4 64 5+2 <0.0001
mPAP, mmHg 64 41 +9 64 31£9 <0.0001
PAPsyst, mmHg 64 7016 64 52+16 <0.0001
PAPdiast, mmHg 63 23+6 64 166 <0.0001
PAWP, mmHg 63 10+2 64 9+£3 0.335
DPG, mmHg 62 13.6+6.2 57 6.6+538 <0.0001
TPG, mmHg 63 31.8+89 64 21.3+84 <0.0001
CO, L/min 63 49+1.2 64 501+1.0 0.068
Cl, L/min/m? 64 26406 64 27405 0.138
PVR, WU 63 6.8+23 64 43+1.9 <0.0001
TPR, WU 63 89+25 64 62421 <0.0001
PAC, ml/mmHg 63 1.5+0.6 64 23409 <0.0001
HR, bpm 63 77+13 64 71+£12 <0.0001
stroke volume, ml 63 66+ 19 64 73+ 15 <0.0001
Hemodynamics during exercise
Work load, W 64 27 £ 14 64 28+ 15 0.187
Right atrial pressure, mmHg 64 I5+£7 64 I1£5 <0.0001
mPAP, mmHg 64 62+t 11 64 52411 <0.0001
PAPsyst, mmHg 64 102+22 64 86 +20 <0.0001
PAPdiast, mmHg 63 33+8 64 264 <0.0001
PAWP, mmHg 58 14+7 63 15+4 0.164
DPG, mmHg 57 185+10.7 63 11.5+£7.0 <0.0001
TPG, mmHg 58 48.1 £13.7 63 373+ 113 <0.0001
CO, L/min 62 7.0+20 63 83420 <0.0001
Cl, L/min/m? 62 38+ 1.1 63 44+1.1 <0.0001
PVR, WU 56 8.0+4.4 63 5+24 <0.0001
TPR, WU 62 9.6+3.0 63 6.7+25 <0.0001
PAC, ml/mmHg 62 09+0.8 63 1.5+0.6 <0.0001
HR, bpm 63 104+ 15 64 10115 0.022
mPAP/CO slope, WU 62 11.2+25.6 63 7.7 +4.1 <0.0001
stroke volume, ml 62 69+£22 64 83+21 <0.0001
Laboratory findings
NT-proBNP, ng/L, median (IQR) 63 741 (192-1425) 64 139 (60-266) <0.0001
CAMPHOR scores
Symptoms 47 10.1 £5.2 34 59+38 <0.0001
Activity 46 85+4.6 38 53+3.6 <0.0001
Quality of life 39 6.1 £45 34 34+29 <0.0001

Note: Values are given as mean £ SD unless otherwise indicated.

WHO: World Health Organization; 6MWD: 6-min walking distance; mPAP: mean pulmonary arterial pressure; PAPsyst: systolic pulmonary arterial pressure;
PAPdiast: diastolic pulmonary arterial pressure; PAWP: pulmonary arterial wedge pressure; DPG: diastolic pressure gradient; TPG: transpulmonary gradient; CO:
cardiac output; Cl: cardiac index; PVR: pulmonary vascular resistance; TPR: total pulmonary resistance; PAC: pulmonary arterial compliance; HR: heart rate; NT-
proBNP: N-terminal fragment of pro-brain natriuretic peptide; CAMPHOR: Cambridge Pulmonary Hypertension Outcome Review; BPA: balloon pulmonary
angioplasty.
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Figure 1. The effects of BPA on pulmonary hemodynamics.

decreased in all patients (range: 2.5-26.7 WU), although it
was still above 3 WU in all but one patient. In the subgroup
of patients having an mPAP < 25 mmHg after BPA (n=14),
the mPAP/CO slope decreased from median 8.6 WU (IQR

6.3-11.3 WU) to median 5.7 WU (IQR 4.8-8.1 WU).
With that, after BPA all patients still fulfilled the proposed
criteria of exercise PH, with mPAP>30mmHg and
TPR >3 WU at the six-month follow-up.'* Both the TPR
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Figure 2. Changes in mPAP/CO slope before and after BPA in inoperable CTEPH patients.
mPAP: mean pulmonary arterial pressure; CO: cardiac output.
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Figure 3. Changes in mPAP/CO slope before and after BPA in patients with mPAP < 25 mmHg at rest six months after BPA.
mPAP: mean pulmonary arterial pressure; CO: cardiac output.

and the mPAP/CO slope decreased after BPA (p <0.0001) compliance at rest and during exercise increased after BPA
(Table 2; Figures 1 to 3) and correlated significantly with  (p <0.0001) and also did the stroke volume at rest and at
NT-proBNP (TPR 0.462 (p<0.0001); mPAP/CO slope exercise (p <0.0001).

0.252 (p=0.035)) and 6MWD (TPR —0,450 (p <0.0001); In the subgroup of patients, that did not receive targeted
mPAP/CO slope —0.313 (p=0.01)). Pulmonary artery medication (n=14), mPAP at rest was reduced from 38 £8
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to 318 mmHg (p=0.007), mPAP at exercise improved
from 60410 to 55+ 10mmHg (p=0.007). CI at rest
remained stable after BPA (mean 2.6+ SD 0.51/min/m? vs.
mean 2.4+SD 0.41/min/m%* p=0.27), while there was
non-significant improvement at exercise (mean 3.9+ SD
1.41/min/m? vs. mean 4.2+SD 1.21/min/m?% p=0.23).
PVR at rest (mean 6.6+SD 2.2 WU vs. mean 5.2+ SD
1.8 WU; p=0.013) and at exercise (mean 8.6£SD 5.6
WU vs. mean 6.0+SD 2.2 WU; p=0.15) improved non-
significantly. These patients further had a substantial
decrease of NT-proBNP values (baseline: median 264 ng/L
(IQR 82-1121ng/L) vs. six months after BPA: median
148 ng/L (IQR 48-371ng/L); p<0.0001) and non-signifi-
cant increase of 6MWD (baseline: mean 398 m =SD 84m
vs. six months after BPA: mean 412m=+SD 101m;
p=0.49).

Complications of BPA and exercise RHC

Twenty-five procedure-related complications occurred
during the 363 interventions (6.9% of all interventions).
These adverse events were mostly caused by wire perforation
of the pulmonary vasculature, resulting in parenchymal
bleeding with mild hemoptysis in some cases. Four patients
developed reperfusion edema with clinical symptoms
(coughing of frothy secretion, desaturation) and consolida-
tions in chest X-rays during the post-procedural period of 6
to 24 h. Non-invasive ventilation was frequently performed
after interventions for complications (mostly as a routinely
performed procedure to avoid dystelectasis following paren-
chymal hemorrhage); invasive ventilation was not necessary.
These complications are in line with our experience in the
whole group of in our center interventionally treated inop-
erable CTEPH patients.”"'""'*?>%3 There were no complica-
tions due to exercise RHC, and there were no deaths in the
study cohort.

Discussion

In the present study, we examined the effects of BPA on
pulmonary hemodynamics at rest and during exercise six
months after completion of the interventions in patients
with inoperable CTEPH. The main findings of this study
are: (1) BPA with or without targeted medication leads to
significant improvements in pulmonary hemodynamics at
rest and during exercise in CTEPH patients; (2) even when
patients no longer presented with PH at rest after BPA, they
still had signs of PH during exercise; (3) BPA leads to sig-
nificant improvements in exercise capacity (WHO FC,
6MWD) and quality of life. To the best of our knowledge,
this is the first study to compare the results of exercise RHC
before and after BPA in CTEPH patients.

There is some evidence from smaller and mid-sized case
series that BPA exerts beneficial effects on pulmonary hemo-
dynamics and physical capacity in inoperable CTEPH
patients, but the results differ from center to center with

reported normalization or near-normalization of pulmonary
hemodynamics in up to 50% of the patients”> *'® and less
pronounced hemodynamic improvements in European cen-
ters.>’ The main reason for variations in the data may be
differing indications for PEA and for BPA in different cen-
ters. In our study, patients selected for BPA comprised only
those with clearly inoperable disease. However, pulmonary
hemodynamics have thus far only been examined
at rest.>>710

Exercise pulmonary hemodynamics can reveal patho-
physiological details in patients with PH that are not appar-
ent from measurements made at rest.'"* Our observations
illustrate in particular the influence of BPA on exercise pul-
monary hemodynamics in inoperable patients with CTEPH.
Defining exercise PH is still a matter of debate, but an
mPAP >30mmHg with a TPR or mPAP/CO slope >3.0
WU is a reasonable definition among experts in the
field.!”2"**2> In our cohort, there were 14 patients (22%
of all patients) with an mPAP <25mmHg at rest after
BPA, but all still fulfilled the criteria of exercise PH. The
relevance of these findings for the previously published out-
comes of BPA treatment may be important, as they suggest
that BPA does not necessarily lead to a normalization of
pulmonary hemodynamics. Aside from secondary vasculo-
pathy, an explanation for residual PH during exercise might
be that obstructing material is left behind after BPA, which
is, in fact, one of the major differences between BPA and
surgical treatment by PEA. These findings underline the
clinical relevance of exercise RHC for CTEPH patients, as
advanced targeted medical therapy may be evaluated as an
additional option.

Recently, the results of the World Symposium on
Pulmonary Hypertension from 2018 in Nice were pub-
lished?® that suggest a change in the definition of PH: pre-
capillary PH may be diagnosed in patients with a mPAP of
>20mmHg, a PAWP <15mmHg, and a PVR of >3 WU.
These novel ideas are currently still being critically dis-
cussed, however, and have not yet been transferred to a
guideline recommendation. It is complex to interpret this
shift in the threshold in mPAP, but it seems obvious that
an mPAP in the range between 20 and 25 mmHg indicates a
pathological change in pulmonary hemodynamics. In our
CTEPH patients with a resting mPAP <25mmHg after
BPA, we were nevertheless able to demonstrate pathological
pulmonary hemodynamics during exercise (Figure 3).

Another aspect of the evaluation of a PH patient is the
description of their physical capacity and quality of life. For
BPA, several groups have already shown improvements of
exercise capacity,”’*® but there are no data with regard to
the CAMPHOR questionnaire. This offers much more dis-
criminating information than WHO functional class.'® In
inoperable CTEPH patients, we observed significant
improvements in activity, symptoms, and quality of life
after BPA. Furthermore, NT-proBNP is often used as a
biomarker in the clinical assessment of CTEPH patients,*
which also showed significant improvement in the presented
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cohort and correlated strongly with the changes in exercise
hemodynamics. According to these beneficial changes, also
PAC improved significantly, which is believed to be an
important marker of prognosis in PH patients®’; these find-
ings underline the beneficial effects of BPA for inoperable
CTEPH, but a normalization of all parameters has not been
observed in the study cohort. The meaning of these findings
with regard to the long-term management of this particular
group of patients cannot be answered by the presented data.
But against this background, a continuation of targeted
medical treatment may be reasonable. On the other hand,
Cannon et al. presented data on residual PH after PEA,
showing a worse prognosis of patients with an
mPAP > 38 mmHg and a PVR of >5.3 WU at rest.** But
with actually only rare long-term data for inoperable
CTEPH patients treated with BPA,'" it can only be specu-
lated, whether these data can be extrapolated on this group.

Our study must be evaluated with caution due to several
potential limitations. There was no control group of patients
with no specific treatment or with only targeted medication.
But it is well known, that CTEPH is a progressive disease
with a poor prognosis if left untreated.>' Another important
limitation is that the majority of patients did not undergo
cardiopulmonary exercise testing as a standard examination.

In conclusion, patients with inoperable CTEPH benefit
from BPA treatment as evidenced by measurement of pul-
monary hemodynamics during exercise and assessment of
functional capacity and quality of life. The complication
rate of BPA was low and exercise RHC was without com-
plications. Exercise RHC offers a differentiated insight into
the hemodynamic changes after BPA. It is not easy to out-
line the clinical benefit of exercise hemodynamics, and the
evaluation of a CTEPH patient is based on multiple find-
ings. But our results indicate that improving exercise hemo-
dynamics explain much better the improvement of physical
capacity than mPAP at rest. On the other hand, our findings
demonstrate that inoperable CTEPH is not cured by BPA.
In particular, even in patients without PH at rest after BPA,
signs of exercise PH were detectable.
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