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Abstract

Over the past 20 years, despite significant advancements in pulmonary arterial
hypertension (PAH) medical therapy, many patients require admission to the
hospital and are at risk for in-hospital cardiac arrest (IHCA). Prior data found
poor survival in PAH patients after cardiac arrest. The purpose of this study
was to explore post-IHCA outcomes in PAH patients receiving advanced
medical therapies. This is a single-center retrospective study of PAH patients
who underwent cardiopulmonary resuscitation for IHCA between July 2005
and May 2021. Patients were identified through an internal cardiac arrest
database. Twenty six patients were included. Half of the cohort had idiopathic
PAH, with 54% of patients on combination therapy, 27% on monotherapy, and
19% of patients on no therapy. Mean right atrial pressure, mean pulmonary
artery pressure, cardiac index, and pulmonary vascular resistance were
13 + 6 mmHg, 57 + 13 mmHg, 2.0 + 0.7 L/min/m?, and 14.5 + 7.6 Wood units,
respectively. Most common etiology of cardiac arrest was circulatory collapse.
Initial arrest rhythm in all but one patient was pulseless electrical activity. Six
patients (23%) achieved return of spontaneous circulation (ROSC) and one
patient (4%) survived to hospital discharge. Rates of ROSC and survival to
discharge after IHCA are poor in patients with PAH. Even patients with mild
hemodynamics had low likelihood of survival. In patients who are lung
transplant candidates, there should be early consideration of extracorporeal
support before cardiac arrest.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare
progressive and incurable disease, with an estimated
incidence of 5-15 cases per 1 million adults."” The
underlying pathophysiology of PAH includes vaso-
constriction, remodeling, and obliteration of the pulmo-
nary vasculature. This leads to elevated pulmonary
arterial pressures, increased pulmonary vascular resist-
ance (PVR) and ultimately results in right ventricular
(RV) failure and death. Patients with PAH are vulnerable
to decompensated right heart failure resulting in hospital
admission, with over 40% requiring the intensive care
unit (ICU).” Furthermore, mortality is high, with 30%
dying during the ICU stay and only 60% surviving at
6 months.” Death usually results from progressive right
heart failure, hypoxemia, arrhythmias, and multiorgan
failure.

There are ~300,000 in-hospital cardiac arrests (IHCA)
in the United States annually,” with a median survival to
discharge that has slowly increased over the last two
decades from 15% to 25%.” Survival for patients with
PAH, who suffer IHCA, however, is very poor with a
90-day survival rate of only 6% based on data published
in 2002.° Since then, there have been considerable
developments in PAH-targeted therapies. Therefore, we
aim to examine survival of PAH patients after IHCA in
our institution in the era of advanced PAH-targeted
medical therapies.

METHODS
Study population

This was a single-center retrospective analysis of PAH
patients who had an IHCA. Our institution has main-
tained an institutional review board (IRB)-approved (UC
San Diego Human Protections Program, IRB 161121)
quality improvement database of all cardiac arrests since
2005. All patients admitted or evaluated in the emer-
gency department at the University of California (UC)
San Diego Health System between July 2005 and May
2021, who had a diagnosis of “pulmonary hypertension
(PH)” or “PAH,” and experienced a cardiac arrest, were
reviewed. Patients were identified by searching the
cardiac arrest database for “pulmonary hypertension”
or “pulmonary arterial hypertension,” and then con-
firmed by review of the electronic health record. Patients
with an active do not resuscitate (DNR) order, non-World
Health Organization (WHO) Group 1 PH, PH diagnosis
by transthoracic echocardiography alone without confir-
mation by the pulmonary vascular medicine (PVM)

service, and those who were status postlung transplanta-
tion for PAH were excluded. All out-of-hospital cardiac
arrest patients were also excluded. Only index cardiac
arrest episodes were included in the analysis.
Demographic variables, comorbidities, most
recent right heart catheterization results, and PAH-
targeted therapies were abstracted from the electronic
health record. Detailed cardiopulmonary resuscita-
tion (CPR) data are recorded on Zoll monitors (Zoll E
Series, Zoll Medical Inc.), including depth and rate of
compressions, underlying rhythm, capnography, and
timing of defibrillations when applicable. This CPR
data and outcomes were extracted from the internal
IHCA database and confirmed by chart review.

Setting

The UC San Diego Health System includes two urban
academic hospitals. The primary hospital is a quaternary
care referral center, with 418 beds, and includes a
cardiovascular institute, transplant center, and compre-
hensive cancer care center. The sister campus is a 390-
bed facility that is a Level 1 trauma center and serves as
the regional county hospital.

UC San Diego Health is a worldwide referral center
for chronic thromboembolic PH (CTEPH) and PAH.
Patients with CTEPH and PAH are primarily managed by
the PVM service, which consists of a core group of
pulmonologists who specialize in pulmonary vascular
disease. This includes both inpatient and outpatient
management.

Cardiac arrest protocol

A “code blue” is called for a medical emergency, most
commonly due to cardiopulmonary arrest. The respond-
ing code blue team consists of a critical care physician
(ICU attending, ICU fellow, and/or senior internal
medicine resident), anesthesiologist, critical care nurse,
pharmacist, and respiratory therapist.

A cardiac arrest is defined by the absence of a palpable
pulse, the performance of chest compressions, and/or a
defibrillation attempt. As per Utstein criteria, sustained
return of spontaneous circulation (ROSC) is defined as the
return of a perfusing rhythm for at least 20 min.” If the pulse
was lost before 20 min passed, the ensuing CPR would be
included as part of the initial index event. If ROSC was
sustained for more than 20 min, a subsequent cardiac arrest
was recorded as a second or separate arrest.

All UC San Diego critical care providers are trained in
Advanced Resuscitation Training (ART).'” ART is an
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institutional treatment algorithm derived from continuous
data review for cardiac arrest resuscitation, which incorpo-
rates real-time resuscitation feedback to guide continued
efforts. It utilizes quantitative capnography, electrocardio-
graphy filtering during compressions, and measures of CPR
quality (e.g., chest compression rate and recoil and depth), to
facilitate high-quality CPR performance. Filtered rhythm
technology (e.g., “See-through CPR”) is used to filter out
chest compression artifact during CPR and therefore
minimize time without chest compressions for rhythm
analysis.

Data collection

Following a code blue or CPR event, the responding ICU
nurse submits an electronic report of the event, which
contains demographic and clinical data, code blue etiology,
interventions, outcomes, and a brief narrative of events.
Compression and capnography data are exported from the
defibrillators when available. A multidisciplinary committee
of critical care providers reviews all resuscitation events for
accuracy and process issues.

The UC San Diego Health internal IHCA database is a
prospectively collected, quality improvement database,
which contains demographic, clinical, and outcomes data
from all in-hospital arrests since 2005. All cardiac arrest
resuscitation events are categorized by presenting rhythm
(shockable or nonshockable) and by etiology of arrest using a
priori criteria (detailed definitions in supplement; Figure S1).
The arrests are categorized into four basic pathophysiological
processes as follows: (1) circulatory, (2) respiratory, (3)
dysrhythmic, and (4) neurological. This database is reviewed
for accuracy and tracked through the institutional Code Blue
committee.

RESULTS
Study population

From June 1, 2005, through May 31, 2021, there were a total
of 96 THCA in patients with a diagnosis of PH. Five CPR
events were a second or subsequent arrest during the
hospital stay and were excluded, leaving 91 patients with an
index THCA to review (Figure 1). We excluded 19 patients
with a diagnosis of PH by transthoracic echocardiogram only
(e.g., without invasive hemodynamic measurements), 25
patients with CTEPH, and 19 patients with WHO Group 2,
3, or 5 PH. The remaining 28 patients had a diagnosis of
PAH by right heart catheterization or confirmation by the
PVM service after reviewing outside records. Of the 28
patients with PAH, two were excluded. One patient had

ulmonary Circulation
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96 in-hospital
cardiac arrests

2nd IHCA for same
—» patient during
A . hospitalization, n=5

91 patients with
PH and IHCA

»| PH diagnosed only by
TTE, n=19

= CTEPH, n=25

»| Other PH (groups 2, 3,
5), n=19

\

28 patients with
PAH

> Status post lung
transplant for PAH, n=1

*1  Active DNR/DNI, n=1

26 patients with

PAH included

FIGURE 1 Flowchart of patients who were screened,
excluded, and included in the final analysis. CTEPH, chronic
thromboembolic pulmonary hypertension; DNR/DNI, do not
resuscitate/do not intubate; IHCA, in-hospital cardiac arrest;
PAH, pulmonary arterial hypertension; PH, pulmonary
hypertension; TTE, transthoracic echocardiography.

received a double lung transplant for PAH at the time of
cardiac arrest and one patient did not undergo CPR, because
a DNR order was entered just before the event. Twenty-six
patients were ultimately included in this study for analysis.

Patient characteristics

Baseline demographic information is shown in Table 1.
Twenty patients (77%) were female with a mean age of
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TABLE 1 Demographic characteristics

All patients ROSC
Total number of patients, n 26 6
Age (years) 48.2+15.7 53.0+16.9
Female, n (%) 20 (77%) 5 (83%)
BMI (kg/m?) 27.0+5.9 25.7 £2.2
Race/ethnicity, n (%)
White 16 (61%) 2 (33%)
Hispanic 7 (27%) 4 (67%)
Asian/Pacific Islander 2 (8%) 0
Black 1 (4%) 0
PAH diagnosis, n (%)
Idiopathic PAH 13 (50%) 3 (50%)
PAH associated with connective 6 (23%) 3 (50%)
tissue disease
PAH associated with drug/toxin 3 (11%) 0
PAH associated with congenital 1 (4%) 0
heart disease
PAH associated with HIV 1 (4%) 0
PAH associated with cirrhosis 1 (4%) 0
Pulmonary veno-occlusive 1 (4%) 0
disease
Medical PAH therapy, n (%)
Triple therapy 9 (35%) 3 (50%)
Double therapy 5 (19%) 2 (33%)
Monotherapy 7 (27%) 0
None 5 (19%) 1 (17%)
Breakdown of PAH-targeted therapies, n
PDES5 inhibitors 14 3
ERA 17 5
sGC stimulator 1 0
Oral prostacyclin 2 1
IV prostacyclin 5 2
Subcutaneous prostacyclin 1 1
Inhaled prostacyclin 3 1

Note: Baseline demographics and PAH characteristics of the cohort.
Abbreviations: BMI, body mass index; ERA, endothelin receptor antagonist;
HIV, human immunodeficiency virus; IV, intravenous; PAH, pulmonary
arterial hypertension; PDES5, phosphodiesterase type 5; ROSC, return of
spontaneous circulation; sGC, soluble guanylate cyclase.

48.2+15.7 years and mean body mass index of
27.0 + 5.8 kg/m*. The most common reason for admis-
sion was volume overload and/or cardiogenic shock with
RV failure (65%). There were no admissions for sepsis

and three admissions were for elective procedures. Of the
three admissions for planned procedures, one patient had
a cardiac arrest within 24 h after surgery, one patient was
admitted for lung transplant but the lungs were declined
after the patient was intubated in the operating room and
cardiac arrest ensued within 24 h after extubation, and
the final patient was admitted for tunneled central line
removal with interventional radiology (IR) and cardiac
arrest occurred immediately postprocedure in the IR
suite.

PAH characteristics

Etiology of PAH was idiopathic in 13 patients (50%; Table 1).
Six patients (23%) had connective tissue disease-associated
PAH, three patients (11%) had drug or toxin-associated PAH,
and one patient (4%) each had PAH associated with
congenital heart disease, human immunodeficiency virus,
porto-PH, and pulmonary veno-occlusive disease.

Nine patients (35%) were on triple therapy, five (19%)
were on double therapy, and seven (27%) on mono-
therapy for PAH (Table 1). Most patients were on
phosphodiesterase type 5 (PDES5) inhibitors and/or
endothelin receptor antagonists (ERAs). The most
common PDES5 inhibitor was sildenafil (n =11) and the
most common ERAs were bosentan and macitentan
(n=15). Five patients were on intravenous (IV) prosta-
cyclin therapy, with three of those patients on IV
epoprostenol and two on IV Treprostinil.

Five patients (19%) were not on any PAH-targeted
therapies before admission. Of those five, four patients were
admitted with a new diagnosis of PAH and underwent right
heart catheterization during the admission. Three patients
started on IV epoprostenol urgently as an inpatient and one
died in the cardiac catheterization lab immediately after the
right heart catheterization before initiation of IV epoproste-
nol. An additional patient with newly diagnosed PAH was
started on sildenafil at an outside hospital before transfer and
rescue IV epoprostenol was initiated on arrival. The
remaining patient had PAH associated with meth-
amphetamine use and was not on therapy due to difficulties
with adherence.

Hemodynamics were available in 23 patients. Although
three patients did not have a documented right heart
catheterization in the electronic health record, they were
included in the final analysis, because they were admitted to
the PVM service and confirmed as having PAH by PVM
faculty based on outside record review. Available hemo-
dynamics are shown in Table 2. Mean values for the group
for right atrial pressure was 13 + 6 mmHg, mean pulmonary
artery pressure was 57 +13mmHg, cardiac index was
2.0+ 0.7 L/min/m?, and PVR was 14.5+ 7.6 Wood units
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(WU). Twelve of the right heart catheterizations were done
within 3 months of the cardiac arrest. Ten of the right heart
catheterizations were done at the time of PAH diagnosis, so
those hemodynamics were obtained without therapy; the
remaining 13 right heart catheterizations were done on PAH
therapy, between 2 and 14 years after initial diagnosis
(Table S2).

Outcomes

The most common etiology of arrest was circulatory collapse,
followed by vagal events and respiratory causes (Table 3).
Circulatory collapse was triggered by cardiogenic shock,
hemorrhage, and anaphylaxis. All cardiac arrests from a
respiratory etiology were associated with preceding hypoxe-
mia that led to pulseless electrical activity (PEA). Six patients
had cardiac arrests triggered by a vasovagal event and
bradyarrhythmia. Of these six arrests, two were associated
with being on the commode, two were associated with
central line placement/removal, one was associated with
nausea and vomiting, and one was immediately after a right
heart catheterization.

The initial arrest rhythm was PEA in 25 patients and
ventricular tachycardia (VT) in one patient. Sixteen of the
cardiac arrests occurred in the ICU (61%), whereas the other
10 cardiac arrests occurred in the emergency department,
ward unit, or the cardiac catheterization lab (Table 3). CPR
parameter data was available for three of the patients with
an average chest compression fraction, rate, and depth of
91%, 121 compressions/min, and 2.59 inches, respectively,
consistent with institutional averages.

Emergent veno-arterial extracorporeal membrane
oxygenation (VA-ECMO) is done selectively during

TABLE 2 Hemodynamics

RA (mmHg)
mPAP (mmHg)
PAWP (mmHg)
CO (L/min)

CI (L/min/m?)
PVR (WU)
TPR (WU)

ulmonary Circulation
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CPR at our institution. It was considered for one patient
with PAH and IHCA, but her vascular access issues
prevented successful cannulation.

Six patients achieved ROSC (23%) and only one
patient survived to hospital discharge (4%). The patient
who survived had an initial arrest rhythm of VT and she
was discharged with a cerebral performance score of 1.

TABLE 3 Cardiopulmonary resuscitation data

All patients, n=26 ROSC,n=6

Etiology of arrest

Circulatory 14 (54%) 2 (33%)

Vasovagal 6 (23%) 2 (33%)

Respiratory 5 (19%) 1 (17%)

Arrhythmia 1 (4%) 1 (17%)
Initial rhythm

PEA 25 (96%) 5 (83%)

VF/VT 1 (4%) 1 (17%)
Location of arrest

Emergency dept 3 (12%) 0

General ward 4 (15%) 1 (17%)

ICU 16 (61%) 4 (67%)

Cath lab/IR suite 3 (12%) 1 (17%)

ROSC 6 (23%)

Survival to discharge 1 (4%)

Note: Characteristics of cardiopulmonary resuscitation efforts in the cohort.
Abbreviations: ICU, intensive care unit; IR, interventional radiology; PEA,
pulseless electrical activity; ROSC, return of spontaneous circulation;
VF/VT, ventricular fibrillation/ventricular tachycardia.

All patients, n =23 ROSC, n=6
Mean + SD Range Mean + SD Range
13.2+6.0 6-25 13.8+7.3 7-24
57.2+13.0 33-86 51.2+£12.5 37-70
10.3 +£4.0 3-18 7.8+34 4-12
3.7+1.4 2.0-6.9 39+1.8 2.5-6.9
2.0+0.7 1.1-3.7 2.2+09 1.4-3.7
14.5+7.6 5.7-33.6 11.6 +3.6 7.4-15.6
17.7+£9.0 6.4-38.6 13.7+3.3 10.2-17.5

Note: Available hemodynamic measurements of the cohort before IHCA. Twelve of the right heart
catheterizations were done within 3 months of the IHCA.

Abbreviations: CI, cardiac index; CO, cardiac output; IHCA, in-hospital cardiac arrest; mPAP, mean
pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular
resistance; RA, right atrial pressure; ROSC, return of spontaneous circulation; TPR, total pulmonary
resistance; WU, Wood units.
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She received chest compressions and defibrillation but
did not require emergent endotracheal intubation and
was awake and alert post-ROSC.

DISCUSSION

In this retrospective review of patients with PAH and
IHCA, ROSC occurred in just 23% and in-hospital
mortality was over 95%. For those with PEA arrest,
mortality was 100%. Nationally, the reported ROSC rate is
70% for all-comer, risk-adjusted THCA,'' and the national
median survival to discharge after THCA is ~25%,"
whereas survival to discharge after IHCA for
UC San Diego is 44% (Fiscal year 2020-2021, personal
data). Since the last comprehensive study of outcomes
after THCA in patients with PAH over 20 years ago, an
additional 13 PAH-targeted medications are now approved
(Figure S2). Although 5-year survival of patients with PAH
remains low, it has improved compared with historical
controls before initiation of PAH-targeted therapies.'”'”
Moreover, in the past 7 years, most patients with PAH are
started on upfront combination therapy based on newer
clinical trial data,'” representing another important
treatment paradigm shift midway through our capture
period. This is reflected in our cohort, with more patients
in the recent past seven years (2014-2021) on combination
therapy compared with 2005-2013 (82% vs. 33%; Table S1).
Mean values of mean pulmonary artery pressure, cardiac
index, and PVR for our cohort were mildly better
compared with those reported in the earlier study®
(57+13mmHg vs. 61+16mmHg, 2.0+ 0.7L/min/m*
vs. 1.7+0.4L/min/m’ and 14.5 + 7.6 WU vs. 21.2 +

<>

Blood loss,
@ TRV afterload

IRV contractility

1RV dilatation
1RV wall tension

fRVO;demand |e¢—F— — |

JRV output

TRV ischemia

JRV wall perfusion

—> JLV preload }—'l Jcardiac output }—’

\

perfusion pressure

Jsystemic BP

11.8 WU, respectively), which may reflect the more
available PAH-targeted therapies. However, even patients
with mild hemodynamic disturbances did not survive to
hospital discharge after IHCA.

The majority of patients in our cohort had a cardiac
arrest with nonshockable (PEA) rhythms due to circula-
tory etiologies, such as cardiogenic shock or hemorrhage.
This is similar to the findings in the previous study,” in
which the majority of patients had an initial nonshock-
able rhythm as well. In our cohort, there were also six
patients who had a vasovagal event triggering the IHCA.
Patients with PAH do not tolerate wide swings in
hemodynamics. The sudden hypotension and bradycar-
dia associated with a vasovagal response can lead to a
rapid drop in cardiac preload and cardiac output, further
potentiating RV ischemia and ultimately leading to
cardiac arrest (Figure 2). Valsalva maneuvers, prolonged
breath holds and pain can all potentiate a vagal response,
and patients with PAH are more susceptible to the
resulting hemodynamic changes, having a longer blood
pressure recovery time and do not return to their baseline
mean arterial pressures.]6 In addition, CPR is known to
cause further RV dysfunction as noted on post-ROSC
echocardiography'’ and it can be difficult to achieve
adequate pulmonary blood flow and left ventricular
filling with chest compressions in the setting of
high PVR.

In recent years, emergent cannulation for extra-
corporeal support during CPR (e-CPR) has gained
traction as a management strategy for refractory cardiac
arrest in select patients who have a reversible etiology of
arrest. Although e-CPR remains controversial and is
offered in limited centers, there are studies that suggest

JRV coronary

M) FIGURE 2 Cycle of the right ventricular

Y

Cardiogenic shock
Death

failure leading to cardiovascular collapse. BP,
blood pressure; LV, left ventricle; PAH,
pulmonary arterial hypertension; RV, right
ventricle.
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improved survival and neurological outcomes with e-
CPR during IHCA compared with conventional
CPR.'®'” However, no patients with PAH were included
in these studies so applicability to our population is
unclear. In addition, over the course of 10 years,
survival after e-CPR remains poor’’ and there are
significant complications associated with its use.”’ In
our cohort, none of the patients were cannulated for
VA-ECMO during CPR. Although VA-ECMO may serve
as a bridge to lung transplant in select patients with
PAH, it usually cannot be used successfully as a bridge
to recovery, unless there is a clear acute and reversible
cause to decompensation.”” In a decompensating PAH
patient who is a lung transplant candidate, there should
be early consideration for VA-ECMO, as these patients
are hemodynamically tenuous and, if cardiac arrest
ensues, survival is poor.

Although there are now numerous and effective
advanced medical therapies, PAH remains a progressive
disease with no cure. However, less than half of patients with
PAH have a documented advanced directive and many PAH
patients die in the hospital, with the majority in the ICU.”***
When end-of-life discussions are first broached in the ICU,
patients and family may feel surprised or rushed into
complex conversations, especially as the ICU often warrants
rapid decisions. Therefore, when possible, these discussions
regarding the role of palliative care and potential limitations
in escalating care depending on prognosis and transplant
suitability, should occur before hemodynamic deterioration.
Hospice care can be prohibitive due to the high costs of PAH
medications and the unwillingness to acutely stop continu-
ous prostacyclin therapy, which could lead to rapid
deterioration and RV failure. However, palliative care may
have a role but is rarely involved in the care of PAH
patients.”””> Although a common perception of palliative
care is “giving up,”” it can actually be adjunctive to the
comprehensive care of patients with PAH, allowing patients
to identify and achieve their goals in their own care and end
of life wishes.

The practice of the PVM providers at our institution is
to be proactive in discussing end-of-life care for patients
with advanced PAH. As a result, many patients choose to
allow natural death and avoid non-beneficial resuscita-
tion attempts. We do not have data, however, on these
patients who died while admitted but did not have a
“code blue” activated due to an active DNR status.

We acknowledge there are limitations to this study. First,
this was a retrospective, single-center study and included a
small number of patients. These patients spanned from 2005
to 2021 and PAH management has changed during this
time. Upfront combination PAH-targeted therapy and the
increasing number of available PAH-targeted therapies are
reflected by the management differences in our cohort in

on Access

later years (Table S1). In addition, not all right heart
catheterization data were from within 3 months of the
cardiac arrest and some patients were included without the
right heart catheterization data. However, we limited
patients to those who had been reviewed by PAH specialists,
thus ensuring a high likelihood of PAH. Furthermore, our
cardiac arrest teams follow ART and not advanced
cardiovascular life support algorithms, which many limit
generalizability to other centers. However, using ART, we
have a high institutional survival to hospital discharge rate
for non-PAH patients with ITHCA. Finally, we do not have
data on admitted PAH patients who were not offered CPR
and died without CPR attempts.

CONCLUSION

Despite advancements in PAH therapies, outcomes of
CPR efforts in IHCA remain poor in patients with PAH.
Our data suggests there should be ongoing goals of care
discussions and early consideration for VA-ECMO in
select patients who may be lung transplant candidates.
Additional studies are needed to confirm our findings.
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