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AHA SCIENTIFIC STATEMENT

Interventional Therapies for Acute Pulmonary
Embolism: Current Status and Principles for
the Development of Novel Evidence

A Scientific Statement From the American Heart Association

ABSTRACT: Pulmonary embolism (PE) represents the third leading

cause of cardiovascular mortality. The technological landscape for
management of acute intermediate- and high-risk PE is rapidly evolving.
Two interventional devices using pharmacomechanical means to recanalize
the pulmonary arteries have recently been cleared by the US Food and
Drug Administration for marketing, and several others are in various stages
of development. The purpose of this document is to clarify the current
state of endovascular interventional therapy for acute PE and to provide
considerations for evidence development for new devices that will define
which patients with PE would derive the greatest net benefit from their use
in various clinical settings. First, definitions and limitations of commonly
used risk stratification tools for PE are reviewed. An adjudication of risks
and benefits of available interventional therapies for PE follows. Next,
considerations for optimal future evidence development in.this field are
presented in the context of the current US'regulatory/framewark. Finally,
the document concludes with a discussion. of the pros and cons of the
rapidly expanding PE-response team model of care delivery.

mortality.” Compared with the top 2 causes, myocardial infarction and stroke,
comparatively little research has focused on novel technologies aimed at re-
ducing morbidity and mortality from this disease. Over the past 5 years, this has
begun to change as a result of a renewed interest in optimizing acute PE manage-
ment, particularly among those patients presenting with severe disease. Signs of
the shifting landscape for acute PE care can be seen in the rapid promulgation of
the PE response team (PERT) concept? and the development of novel endovascular
technologies to treat acute PE.>4
This document seeks to clarify the current state of endovascular interventional
therapy for acute PE and to provide considerations for evidence development for new
devices that will define which patients with PE would derive the greatest net benefit
from their use in various clinical settings. In this document, we first to define and dis-
cuss the limitations of current PE risk stratification that influence when endovascular
therapies are used. Next, we review potential benefits and risks of endovascular PE
intervention and then provide suggestions for which patient subgroups might benefit
from various interventional therapies. Then, we offer considerations for interventional
PE therapeutic evidence development (eg, trial designs, end points) and an assessment
of the influence of the current US regulatory structure on this process. Finally, we assess
the role of the PERT delivery-of-care model on the use of interventional PE therapies.

Pulmonary embolism (PE) represents the third leading cause of cardiovascular
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PE RISK STRATIFICATION

PE presentation is heterogeneous, ranging from asymp-
tomatic to sudden death. Therefore, it is important to
assess the severity of PE at initial presentation, which is
based on its acute hemodynamic effects and short-term
prognosis (Table 1).6-1

Patients with a low risk of complications have been
shown to do well when treated with anticoagulation
alone." Current evidence indicates that most patients
with right ventricular (RV) dysfunction should also be
treated with anticoagulation alone.'>'* The benefits of
active thrombus removal increase with the severity of
PE. The harms of thrombolytic-based active thrombus
removal strategies, particularly bleeding, increase with
patient-specific risk factors for bleeding. The harms as-
sociated with catheter-based embolectomy and surgical
embolectomy may be driven more by patient comor-
bidities than bleeding risk. The decision to use active
thrombus removal is therefore driven primarily by the
severity of the PE and is secondarily influenced by the
presence of patient-specific risk factors for bleeding
and comorbidities that might raise the risk of catheter-
based embolectomy or surgery.

The most commonly used schemes for the classifica-
tion of PE severity are those previously proposed by the
American Heart Association (AHA)'? and the European
Society of Cardiology.(ESC)."* These 2 schemes, which
have much in common, divide PE severity into 3 main
categories.

e Massive (AHA) or high risk' (ESC): Hypotension,

defined as a'systolic/blood pressure <90 mm Hg,
a drop of >40 mmHg for at least 15 minutes (this
latter criterion may be difficult to ascertain in some
clinical circumstances), or need for vasopressor
support, identifies these patients. They account for
=5% of hospitalized patients with PE and have an
average mortality of x30% within 1 month.>1>-"

e Submassive (AHA) or intermediate risk (ESC): RV

strain without hypotension (see above) primar-
ily identifies these patients. RV strain includes RV
dysfunction on computed tomography pulmonary
angiography or echocardiography (RV/left ven-
tricular [LV] ratio >0.9)%7 or RV injury and pres-
sure overload detected by an increase in cardiac
biomarkers such as troponins or brain natriuretic
hormone. There are differences in the patients that
the AHA and ESC include in this risk category. The
AHA criterion for submassive PE is RV strain with-
out hypotension.'? The ESC criteria for intermedi-
ate-risk PE are broader and include patients who
have a simplified Pulmonary Embolism Severity
Index (PESI) score >1 (ie, age >80 years; cancer,
chronic respiratory disease, or cardiac disease;
heart rate >110 bpm; systolic blood pressure <100
mm Hg; or oxygen saturation <90%), regardless of
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whether there is RV strain.” The ESC then subdi-
vides intermediate-risk patients into 2 subgroups
according to whether patients have both RV dys-
function and RV injury (intermediate risk—high) or
only one or neither of these findings (intermediate
risk—low). As a group, patients with submassive or
intermediate-risk PE account for 35% to 55% of
hospitalized patients with PE.>'>"7 Data are con-
flicting on short- to intermediate-term mortality
rates in these patients. In prospective randomized
trials, patients treated with anticoagulation alone
have 2% to 3% mortality rates over follow-up
periods of 7 to 30 days.'® Observational cohorts,
both prospective and retrospective, have identi-
fied higher mortality rates in this population, with
the range being 3% to 15% over a period of 7
to 90 days.221922 There are several potential rea-
sons for the discrepancies in these mortality rates.
Randomized trials may enroll selected populations,
excluding patients with significant concomitant
comorbidities and patients at the higher end of
the intermediate-risk spectrum. In addition, obser-
vational studies, unlike most randomized trials,
often include patients who sustain non-PE-related

mortality, which may accp@taiynup to half of all
deaths in these cohorts.?? ™

e Low risk (ESC and AHA): These patients do not

meet criteria; for submassive (AHA) or intermedi-
ate-risk (ESC) PE. They account.for 40% to 60% of
hospitalized patients with PE and have an average
mortality of 1% within 1 month.?

For_simplicity, the remainder of this document uses
the terms high risk, intermediate risk, and low risk
when describing data on risk profiles of patients with
PE. The term intermediate risk encompasses all patients
meeting criteria for this designation by ESC guidelines
and thus necessarily includes all patients classified as
submassive in prior AHA scientific statements.

Association.

Distinctions Between the AHA/ESC and
PESI Stratification Schemes

Although the AHA/ESC and the PESI stratification
schemes assess risk in patients with acute PE, they as-
sess somewhat different aspects of risk.'?13.2425 PES]
(and its frequently used simplified version) estimates
the risk of death resulting from any cause within 30
days, and its usual clinical application is to help identify
patients with low-risk PE who can be treated without
admission to the hospital. The AHA and ESC PE risk
stratification schemes categorize patients as having a
high, intermediate, or low risk of death within 1 month,
with an emphasis on death resulting from PE, and their
usual clinical application is to help identify higher-risk
patients who may benefit from more intensive monitor-
ing and treatment. Therefore, differences in risk stratifi-
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Table 1. Current Factors Used for Categorizing PE Severity

Factor Comment

History* Age, cancer, heart and lung disease, dyspnea,

shock,t mental confusiont

Interventional Therapies for Acute PE

Table 2. Risk Factors for Bleeding With and Contraindications to Use
of Thrombolytic Therapy (Both Systemic and Locally Administered)

Major contraindications

Structural intracranial disease

Physical examination*

Previous ICH

Heart ratet

Ischemic stroke within 3 mo

Elevated jugular venous pressuret

Active bleeding

Sao,t

Recent brain or spinal surgery

Respiratory rate

Recent head trauma with fracture or brain injury

Hypotensiont Sustained hypotension (or need for inotropic/
vasopressor support) denotes high-risk PE
Laboratory testing
NT-BNPt
Troponint Elevation is associated with RV dysfunction and

with adverse short-term outcomes®

Serum lactate

Imaging

RV dilatationt Can be assessed by CT or by echocardiography;
care must be taken to choose the appropriate

imaging plane®’

RV dysfunctiont Associated with poor short- and long-term

prognoses®?

CT indicates computed tomography; NT-BNP, N-terminal pro-B-type
natriuretic peptide; PE, pulmonary embolism; RV, right ventricular; and Sao,,
arterial oxygen saturation.

*History and physical examination findings make up the Pulmonary
Embolism Severity Index score.

tFactors associated with PE-refated death.

cation are to be expected when the AHA/ESC.schemes
and PESI are used in the same patients.> Studies that
have assessed the prognestic value of these’stratifica-
tion schemes or have used them to guide practice have
used in-hospital, 1-month, or 3-month time frames for
follow-up.™

Qualifying Remarks Relating to PE
Severity Classifications Schemes

First, PE severity is a continuum, and its separation into
risk categories is an artificial construct.” Therefore, the
risk of dying of PE varies within, as well as between,
risk categories. For example, the risk will be higher in
patients with high-risk PE who have more severe shock
and in patients with intermediate-risk PE who have
more severely compromised RV function and cardiac
output.’'® Second, the risk of dying of PE may be in-
fluenced by factors other than those used by the risk
models such as severe concomitant comorbidities, pres-
ence of deep vein thrombosis, or a history of syncope
(see the Limitations of Current Risk Stratification Meth-
ods and Future Directions section).'?'32627 Therefore,
the risk of dying for an individual patient may not be
accurately reflected by the risk category into which the
patient falls. Third, the proportion of deaths attribut-
able to PE is higher with shorter (eg, in hospital or 30

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707

Bleeding diathesis

Relative contraindications

Systolic blood pressure >180 mmHg

Diastolic bleed pressure >110 mmHg

Recent bleeding (nonintracranial)

Recent surgery

Recent invasive procedure

Ischemic stroke >3 mo previously

Anticoagulated (eg, VKA therapy)

Traumatic cardiopulmonary resuscitation

Pericarditis or pericardial fluid

Diabetic retinopathy

Pregnancy

American
Hoart

WV Association

Age >65 y and particularly >75y

Low body weight (eg, <60 kg)

Female

Black race

|ICHsindicates intracranial hemorrhage; and VKA, vitamin K antagonist.
Adapted from Kearon et al™ with permission from the American College of
Chest-Physicians. Copyright © 2016;/American College of Chest Physicians.

days) than with longer follow-up. At the 90-day fol-
low-up, about half of observed deaths among patients
hospitalized for PE are the result of causes other than
PE.>151628 Fourth, within risk categories, the risk of dy-
ing of PE may differ enough among patients to war-
rant different approaches to treatment. Fifth, patients
may shift between risk categories over time. For these
reasons, we suggest that risk stratification is a valuable
aid to decision-making but should not dictate manage-
ment separately from sound clinical assessment of the
patient. Furthermore, treatment decisions will be influ-
enced by a patient’s risk of bleeding (Table 2; see the
Risks of Interventional PE Therapies section), the extent
and location of thrombus, operator expertise, and in-
dividual patient preferences.''42° Specifically, among
patients with intermediate-risk PE, there is no set of
clinical, physiological, or imaging criteria that, when
assessed on a single occasion, can be used to decide
whether a patient requires an advanced therapy. In ad-
dition, when a catheter-based intervention is selected,
it may be appropriate to modify plans for interventional
therapy after accessing the pulmonary arteries (PAs),
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Table 3. Future Directions of Research for Risk Stratification

Current AHA/
ESC Focus

Assessment

Modality Future Directions

Clinical assessment | Systolic blood Diastolic blood pressure

pressure Mean blood pressure

Syncope Heart rate

Cardiac arrest Oxygen saturation and partial
pressure

Respiratory rate

Objective functional capacity
Patient-reported distress
Acute cognitive impairment

Biomarker Troponin Lactate
assessment Brain natriuretic | Arterial pH
peptide Worsened glomerular filtration
rate
Echocardiographic | RV dysfunction Tricuspid annular plane systolic
assessment excursion

RV fractional area change

RV cardiac performance index
RV outflow track acceleration/
deceleration times

RV outflow track Doppler
notching

Cardiac stroke volume

AHAV/ESC indicates American Heart Association/European Society of
Cardiology; and RV, right ventricular.

either because catheter placement was difficult and is
expected to increase the risks of complications or be-
cause hemodynamic measurements or imaging via PA
catheterization revealssunexpected findings.

Limitations of Current Risk Stratification
Methods and Future Directions

The shortcomings of current risk stratification schemes
have the potential to be corrected by further rigor-
ous study. Table 3 highlights a number of variables
that we think have the potential to improve predic-
tion models for death resulting from PE and warrant
further study. These include variables associated with
clinical, biomarker, and imaging assessments of the
patient. Some have already been studied in a limited
fashion_10,25,30,31

Summary

e Many schemes have been proposed for assessing
the severity of PE and stratifying the patient’s asso-
ciated risk of hemodynamic decompensation and
mortality.

e The goals of risk stratification schemes are not
always the same; some focus on predicting all-
cause mortality, whereas other focus on predicting
death resulting from PE.

e All currently available risk stratification schemes
have important limitations, including that their use
for guiding clinical decision-making has not been
shown to improve patient outcomes.

ed TBD TBD, 2019
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¢ Research dedicated to clarifying the patient-spe-
cific risks of decompensation within the popula-
tion currently called submassive or intermediate
risk is needed.

DEFINITION OF INTERVENTIONAL
THERAPIES FOR PE

The cornerstone for treatment of PE is anticoagulation.
However, adverse outcomes in patients with high-risk
and intermediate-risk PE despite anticoagulation have
prompted many physicians to consider therapeutic
escalation through systemic thrombolysis, catheter-di-
rected therapies, or surgical embolectomy. In patients
with evidence of hemodynamic compromise, these
technigues may be used in conjunction with invasive
hemodynamic support devices such as extracorporeal
membranous oxygenation or isolated percutaneous RV
support.3233

Percutaneous or catheter-based approaches have gar-
nered interest because of the limitations of both antico-
agulation and systemic thrombolysis and the complexity
and risk associated with open surgical embolectomy in
some patients with PE. Howeyeﬁﬁihge,igyidence support-
ing the effectiveness and safety. of “these approaches is
much less robust than that examining systemic throm-
bolysis.’®3* Broadly speaking, these devices attempt to
rapidly decrease thrombus burden via pharmacome-
chanicalmeans. They/can be classified\into 2 categories:
catheter-directed thrombolysis (CDL) and catheter-based
embolectomy. Current use/of these therapies is predi-
cated on thrombus burden, hemodynamics, overall pa-
tient condition, bleeding risk, and operator/institutional
preferences and experience. In some instances, embo-
lectomy may be performed concurrently or in series with
CDL. Data on these techniques are limited. Tables 4 and
5 summarize technical characteristics of these devices as
well as the most important studies assessing their use.

Catheter-Directed Thrombolysis

This refers to the administration of pharmacological
thrombolysis via catheter-directed injection of a throm-
bolytic drug directly into the PA circulation (as opposed
to via peripheral intravenous administration). The goals
of CDL are to achieve similar or improved effectiveness
compared with systemic thrombolysis and to decrease
the rate of major and intracranial bleeding by delivering
a significantly lower total dose of thrombolytic drug di-
rectly into the thrombus through a multi-sidehole infu-
sion catheter. Most publications of CDL have reported
a thrombolytic dose of approximately one-fourth that
usually given systemically (for instance, 20-24 mg al-
teplase),**> although the optimal dosing strategy is
being actively investigated.*® In addition, CDL aims to

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707
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Table 4. Characteristics of Interventional Pulmonary Embolism Devices

Interventional Therapies for Acute PE

Regulatory Status in United

Device Mechanism Technical Considerations States
EKOSonic USAT 5F catheter 510(k) Clearance for infusion for
treatment of PE
Unifuse CDL AF-5F catheter 510(k) Clearance for treatment of
peripheral vasculature
Cragg-McNamara CDL AF-5F catheter 510(k) Clearance for treatment of

peripheral vasculature

Bashir Endovascular
Catheter

Pharmacomechanical CDL

7F catheter with a nitinol-supported
infusion basket that is expanded within the

510(k) Clearance for use in
peripheral vasculature

with adjunctive nitinol disks engage and
mechanically retrieve clot

associated with large-bore aspiration

thrombus
AngioVac Veno-veno bypass; funnel-shaped inflow tip 26F access for inflow, 16F-20F access for 510(k) Clearance for removal of
to engage thrombi outflow; requires perfusion team undesirable intravascular material
FlowTreiver Mechanical clot engagement with aspiration 20F catheter; must manage blood loss 510(k) Clearance for treatment of PE

Indigo System

Mechanical clot engagement with

8F catheter; large size of some proximal PE

510(k) Clearance for peripheral

mechanized aspiration

renders en bloc aspiration difficult with 8F

artery and venous systems

designed handheld aspirator

device
Angiolet Rheolytic thrombectomy with option of 6F-8F catheters for venous thrombus; can 510(k) Clearance for peripheral
thrombolytic vs saline spray cause hypotension and bradycardia thrombectomy; black-box warning
against use in PAs
Aspire Max Suction thrombectomy with specially SF-6F catheters 510(k) Clearance for removal of

fresh, soft thrombi, and emboli
from the peripheral and coronary
vasculature

\ :ecrt
CDL indicates catheter-directed thrombolysis; PA, pulmonary artery; PE, pulmonary embolism; and USAT, ultrasound-assisted thtg’)mlﬁfiﬁiﬁ‘é?“

overcome a theorgtical limitation of peripherally infused
systemic thrombolysis in which blood may be shunted
toward unobstructed PA segments rather than those
with thrombus.3”Two commonly used. CDL/catheters
are Uni-Fuse (AngioDynamics Inc, Latham, NY) and
Cragg-McNamara (ev3 Inc, Plymouth, MN) catheters.
Both carry an indication from the US Food and Drug
Administration (FDA) for infusion of thrombolytics into
the peripheral vasculature without a specific indication
for PE. Operators typically use 4F to 5F catheters with
an infusion length of 5 to 10 cm, depending on throm-
bus burden.

An alternative to these simple infusion catheters
is ultrasound-assisted thrombolysis (USAT) with the
EKOSonic endovascular system (EKOS Corp, Bothell,
WA), a specialized catheter with 2 lumens (Figure 1).
One lumen houses a filament with multiple ultrasound
transducers that emit high-frequency, low-energy ultra-
sound, whereas the other allows local thrombolytic de-
livery through multiple ports along its length. Low-en-
ergy ultrasound is claimed to facilitate the dissociation
of fibrin strands, theoretically allowing more effective
thrombolysis at lower doses by opening the thrombus
ultrastructure to thrombolytic binding.*® As with simple
CDL catheters, these catheters may be placed in 1 or
both PAs. This platform allows a gradual targeted infu-
sion of thrombolytic typically over 12 hours, although
more recent data suggest that as little as 2 to 4 hours

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707

may have comparable effectiveness.?® The biggest the-
orgtical'advantage of USAT over standard CDL is more
effective penetration of the thromboalytic agent over a
shorter duration of time. There are no completed ran-
domized comparison trials between standard CDL and
USAT in the pulmonary circulation. A randomized trial
of these 2 modalities in the iliofemoral venous circula-
tion did not show differences in early venographic or
1-year disease-specific quality-of-life (QOL) measures.®

Although CDL, whether standard or USAT, offers
theoretical benefits in patients with PE, there are im-
portant limitations. First, the risk of hemorrhagic com-
plications inherent to thrombolytic administration is not
obviated with the use of these modalities (see the Risks
of Interventional PE Therapies section). Most important,
although there is a fair amount of enthusiasm for CDL,
the evidence base in support of its use is limited.*°

CDL may be used in conjunction with mechanical
thrombus fragmentation, aspiration, or maceration to
further promote thrombus disaggregation by exposing
a greater surface area of thrombus to endogenous or
locally infused fibrinolytics. Complete thrombus remov-
al is not the goal of these percutaneous methods; in-
stead, downstaging from high-risk to intermediate-risk
PE suffices. In intermediate-risk PE, mechanical debulk-
ing is unproven and is potentially risky because throm-
bus fragmentation may lead to distal embolization, re-
sulting in an immediate increase in PA resistance and RV

TBD TBD, 2019 e5

(]
—
==
S8
o
S w
(=
S
Cm
—

oo
Co—
|
(7]




AND GUIDELINES

(22
—
—
Ll
=
=
=
[7,)
—
<t
=
=
—
o

6T0Z ‘G $20q0100 uo Aq Blio'sfeuinofeye//:dny woly pspeojumogd

Giri et al

Table 5. Summary of Key Studies

Interventional Therapies for Acute PE

Major Low- |Intermediate-| High- Mean Age
Randomized Bleeding Follow- | Risk PE, | Risk PE, n | Risk PE, | (Range or Male, n
Trial n Treatment | Comparator Criteria Up, d n (%) (%) n (%) SD), y (%) Efficacy Safety
ULTIMA, % 59 tPA-USAT Heparin ICH, spinal, 90 0 (0) 59 (100) 0(0) 63.01(13.51) | 28 (47.46) | RV/LV ratio 1 Death, 0
2013 (20 mg) joint, reduced from major bleeds, 3
retroperitoneal, 1.28+0.19 to minor bleeds, 0
pericardial, 0.99+0.17 at 24 | recurrent VTE
hemoglobin h (P<0.001)
drop >2 g/
dL with
transfusion
SEATTLE 150 tPA-USAT Single arm | ICH, 30 0 (0) 119 (79) 31(21) 59 (16.1) 73(48.7) | RV/LV ratio 1 GUSTO major
11542015 (24 mg) hemodynamic reduced bleed, 16 GUSTO
compromise, from 1.55 to moderate bleed,
need for 1.13at48h 0 ICH/death
intervention (P<0.0001),
PASP 51.4
reduced to
36.9 mmHg
(P<0.0001) at
48 h
PERFECT,*® | 101 tPA or Single arm | ICH, fatal bleed 30 0(0) 73(72) 28(28) 60.3 (14.9) 53(52.5) | PASP 0 Major
2015 urokinase, 51.17+14.06 to | procedure-related
CDL 37.23+£15.81 complications,
(variable mmHg major
dosing; (P<0.0001) hemorrhages,
mean, 28 mg or hemorrhagic
tPA) strokes
OPTALYSE 101 tPA-USAT Compared | Fatal, ICH, 3 0 (0) 101 (100) 0(0) 60.0 (29-77) 53(52.5) | RV/LV ratio 4 Major bleeding,
PE,* (8-24 mg) 4 tPA bleeding in reduced in all 1 recurrent PE,
2018 protocols critical organ, arms and 1 death at
dropof2 g 30 d; 1 additional
hemoglobin or American deathat 1y
need for 2 U Association.
RBC treatment
FLARE,? 106 FlowTriever Single arm | VARC-2 30 0(0) 104 (100) 0 (0) 55.6 (13.6) 58 (54.7) | RV/LV ratio 1.53 | 1 Hemoptysis,
2018 definition to 1.15in48 h 1 clinical
deterioration,
1 cardiogenic
shock, 1
ventricular
fibrillation, 1
death
PEITHO,* 1006 | Tenecteplase, Heparin/ ICH, life- 30 0(0) 1005 (100) 0(0) 66.15(15.29) | 473 (47.06) | Death/ Tenecteplase
2014 systemic LMWH/ threatening, decompensation | arm: 2% ICH,
(30-50 mg) | fondaparinux | fatal, need for at7d:2.6% 6.3% extracranial
transfusion tenecteplase vs | bleeding
5.6% placebo
(odds ratio,
0.44; 95% Cl,
0.23-0.87;
P=0.02)

CDL indicates catheter-directed thrombolysis; FLARE, FlowTriever Pulmonary Embolectomy; GUSTO, Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded
Coronary Arteries Trial; ICH, intracranial hemorrhage; LMWH, low-molecular-weight heparin; OPTALYSE-PE, A Randomized Trial of the Optimum Duration of Acoustic Pulse Thrombolysis
Procedure in Acute Intermediate-Risk Pulmonary Embolism; PASP, pulmonary artery systolic pressure; PE, pulmonary embolism; PEITHO, Pulmonary Embolism International Thrombolysis Trial;
PERFECT, Pulmonary Embolism Response to Fragmentation, Embolectomy, and Catheter Thrombolysis; RBC, red blood cell; RV/LV, right ventricular/left ventricular; SEATTLE II, A Prospective,
Single-Arm, Multi-Center Trial of EkoSonic® Endovascular System and Activase for Treatment of Acute Pulmonary Embolism (PE) II; tPA, tissue plasminogen activator; ULTIMA, Ultrasound
Accelerated Thrombolysis of Pulmonary Embolism; USAT, ultrasound-assisted thrombolysis; VARC-2, Valve Academic Research Consortium; and VTE, venous thromboembolism.

afterload.*'*? Notably, the advent of devices specifically
designed for PE thrombus removal (addressed later in
the current document) is intended to make these crud-
er debulking techniques obsolete.

Catheter-Based Embolectomy

Several techniques and catheters have been used for
this purpose.®® Only the more promising or commonly
used techniques are discussed here. Although a prepro-
cedural computed tomography angiogram is often the
only guidance needed for placement of CDL catheters,

e6 TBD TBD, 2019

selective pulmonary angiograms are typically used in
embolectomy cases to carefully assess the location
of thrombi, potential targets for treatment, choice of
thrombectomy device, and best projection during angi-
ography to optimize catheter navigation.

Catheter-Based Thrombus Maceration

Thrombus maceration may be performed with a modi-
fied pigtail catheter with a guide wire or, more com-
monly, with peripheral balloons, which are typically
sized smaller than the true arterial lumen diameter.
These techniques may be helpful in hypotensive pa-

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707
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Figure 1. EKOSonic ultrasound-assisted thrombolysis system.
Used with permission of EKOS Corporation, Bothell, WA.

tients with totally occluded proximal PA branches, in
which maceration can establish some forward flow and
partially decompress the RV until further treatment,
for example, local thrombolysis, takes effect. However,
distal embolization may inadvertently result in patient
deterioration. Published evidence on these technigues
is limited to case reports and series. The development
of specific pulmonary-embolectomy tools aims to make
this technigue obsolete.

Rheolytic Thrombectomy

Rheolytic thrombectomy with the Angioletrcatheter
(Boston Scientific,-Marlborough; MA)-has been used
for PE thrombus removal with variable success. Techni-
cally, its use in the PA is similar to its use in the deep
veins. High-speed saline jets travel backward from the
tip of the catheter, creating vacuum and thrombus frag-
mentation effects. The catheter can also be used for
intraprocedural pulse delivery of a low-dose thrombo-
lytic agent (eg, alteplase 10-20 mg, reteplase 2.5-5 U,
or tenecteplase 5-10 mg). Because of safety concerns,
the AngioJet device should not be used as the initial
treatment in patients with acute PE (see the Risks of
Interventional PE Therapies section).

Large- and Small-Bore Embolectomy

Mechanical thrombectomy refers to actual extraction
of thrombus from the pulmonary vasculature. Manual
aspiration thrombectomy, a form of mechanical throm-
bectomy, can be performed by means of a large sheath
or a straight guide catheter advanced directly into the
thrombus or by way of specialized catheters that are de-
signed to facilitate greater vacuum effects (eg, Pronto
XL 14F Extraction Catheter, Vascular Solutions, Minne-
apolis, MN). It is often challenging to remove a signifi-
cant amount of thrombus with manual aspiration alone
because thrombi are frequently large and partially or-
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ganized, making them hard to aspirate into a compara-
bly small catheter/sheath. The Aspirex catheter (Straub
Medical AG, Wangs, Switzerland) is an 11F device that
aspirates thrombus through a flexible catheter tip. The
catheter shaft contains a high-speed rotating coil that
creates negative pressure for aspiration and serves to
macerate thrombus that is brought into the catheter.
There are limited data on the effectiveness and safety
of this device, and it is not under current investigation
for PE in the United States.* The FlowTriever system
(Inari Medical, Irvine, CA) is a large-bore device that
mechanically engages thrombus in the PAs through
deployment of 3 self-expanding nitinol disks (Figure 2).
The disks are retracted back into the catheter with en-
trapped thrombus while the large-bore guiding cath-
eter is aspirated. In current practice, the device is often
used as a simple large-bore suction catheter without
the use of the associated nitinol disks. In either case,
the device is designed to remove thrombus without the
use of adjunctive thrombolytics. Results of the single-
arm FLARE study (FlowTriever Pulmonary Embolectomy)
were reported recently (Table 5).3 The Indigo Thrombec-
tomy System (Penumbra, Inc, Alameda, CA) is a smaller-
bore aspiration catheter designed to engage thrombus
and extract it with a continu\,,\i;\@guum pump. Data
on effectiveness are limited to retfopective case se-
ries, although a prospective single-arm study is ongo-
ing (EXTRACT-PEy[Evaluating the Safety and Efficacy
of the Indigo® Aspiration System.in Acute Pulmonary
Embolism]; URL: ClinicalTrials.gov. Unique identifier:
NCT03218566). The Aspire Max mechanical throm-
bectomy system (Control Medical Technology, Salt Lake
City, UT) also aims to increase suction force through
5F to 6F catheters via a uniquely designed handheld
aspirator. Although cleared by the FDA for removal of
fresh, soft thrombi and emboli from the peripheral and
coronary vasculature, the device has not been specifi-
cally evaluated in patients with PE. The AngioVac can-
nula (AngioDynamics, Inc) is a veno-veno bypass sys-
tem designed to remove intravascular material via the
application of suction. The veno-veno bypass circuit is
initiated with a filter between the inflow (blood going
from the patient to the extracorporeal pump) and out-
flow (blood going from the extracorporeal pump back
to the patient) cannulas to trap unwanted intravascular

Figure 2. Flowtriever catheter-based embolectomy device.
Used with permission of Inari Medical, Irvine CA.
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material. The inflow cannula is a 22F suction catheter,
accessed via femoral or internal jugular veins, featuring
a funnel tip to engage intravascular material, including
thrombi. The outflow cannula (16F-20F, at the opera-
tor's discretion) returns blood to the body via a separate
femoral or internal jugular vein. An oxygenator can be
added to the circuit if needed. Data on effectiveness
are limited, particularly in the pulmonary circulation.*
Table 4 summarizes technical information on all inter-
ventional PE therapies.

Summary

e Current interventional therapies for acute PE
include devices that facilitate CDL or catheter-
based embolectomy.

e Two interventional devices, the EKOSonic endo-
vascular system and the FlowTriever embolectomy
device, have been cleared by the FDA for use in
acute PE, with other devices pursuing clearance.

RATIONALE FOR INTERVENTIONAL
THERAPIES FOR ACUTE PE

The rationale for interventional therapies for reperfu-
sion in patients with PE depends on the severity of the
presentation. In acute.high-risk PE, the primary goal
is to reduce acute PE-related mortality by rapidly re-
versing hemodynamic compromise and gas exchange
abnormalities. In. contrast, intermediate-risk ' PE is
characterized by preserved hemaodynamic status with
evidence of RV dysfunction on imaging or cardiac bio-
marker determination. In these patients, the primary
aims of advanced therapies are to avert possible he-
modynamic collapse and death resulting from progres-
sive right-sided heart failure and to expedite symptom
resolution. Although these represent the rationale for
device use, to date, no prospective study has demon-
strated a mortality benefit associated with the use of
any interventional therapy in any population of pa-
tients with PE.

Other potential but unproven benefits include pre-
vention of recurrent PE by reducing thrombotic bur-
den in the lower extremities via a systemic fibrinolytic
effect and prevention of chronic thromboembolic pul-
monary hypertension (CTEPH) and preservation of the
normal hemodynamic response to exercise over the
long term.

Prospective Studies of Systemic
Thrombolysis

Much of the evidence supporting the use of interven-
tional therapies for PE is extrapolated from clinical trials
and meta-analyses of studies of systemic thrombolysis.

ed TBD TBD, 2019
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The Europe-based PEITHO (Pulmonary Embolism Inter-
national Thrombolysis Trial) is the largest randomized
controlled trial of systemic thrombolysis in intermediate-
risk PE, enrolling 1006 patients.*® The study evaluated
the impact of systemic thrombolysis with tenecteplase
versus anticoagulation alone on all-cause mortality or
hemodynamic collapse within 7 days of randomiza-
tion. Thrombolysis decreased the frequency of the pri-
mary outcome (2.6% versus 5.6%; P=0.015), with the
majority of the benefit driven by a lower incidence of
hemodynamic collapse among patients treated with te-
necteplase (1.6% versus 5.0%; P=0.002). However, the
benefit of thrombolysis was incurred at the cost of in-
creased major bleeding (6.3% versus 1.5%; P<0.001).
Two percent of the tenecteplase-treated patients had
intracranial hemorrhage (ICH) compared with 0.2% in
the anticoagulation alone group. In addition, there was
no impact on overall mortality at 7 days (2.4% in the
tenecteplase group versus 3.2% in the placebo group;
P=0.42). Long-term follow-up of the PEITHO trial
among a selected subgroup of patients with informa-
tion available (n=709) demonstrated no difference in
3-year mortality (20.3% versus 18.0%; P=0.43) or per-
sistent symptoms or functional limitation (36.0% ver-
sus 30.1%; P=0.23), althouglfp:fermal assessments
of functional capacity or QOL Wwefé“pérformed.*” The
frequency of CTEPH did not differ significantly among a
more selected group of patients (n=290) with echocar-
diographic_data available over_variable follow-up time
(2(1% versus 3.2%;/P=0.79).

Meta-analyses of trials| of systemic thrombolysis
for. acute PE_have demonstrated both benefits and
critical limitations of the therapy.'®4 Chatterjee and
colleagues™ compared 1061 patients treated with
thrombolytic therapy with 1054 patients treated with
anticoagulation alone. Thrombolytic therapy was as-
sociated with a decrease in all-cause mortality (2.2%
versus 3.9%; adjusted odds ratio [OR], 0.53 [95% CI,
0.32-0.88]; number needed to treat=59) and recurrent
PE (1.2% versus 3.0%; adjusted OR, 0.40 [95% Cl,
0.22-0.74]) compared with anticoagulation alone. The
associated reduction in all-cause mortality with throm-
bolytic therapy was observed even when additional
analysis was restricted to trials of patients with interme-
diate-risk PE (adjusted OR, 0.48 [95% Cl, 0.25-0.92].
Similar to the findings of PEITHO, the benefit of systemic
thrombolysis was offset by an increase in ICH (1.5%
versus 0.2%; adjusted OR, 4.78 [95% Cl, 1.78-12.04]).
Another meta-analysis by Marti and colleagues*® con-
firmed the finding of a reduction in all-cause mortality
with thrombolytic therapy for acute PE (adjusted OR,
0.59 [95% Cl, 0.36-0.96]). Similarly, increased major
bleeding (adjusted OR, 2.91 [95% Cl, 1.95-4.36]) and
fatal hemorrhage or ICH (adjusted OR, 3.18 [95% CI,
1.25-8.11]) limited the benefit of thrombolysis. Persis-
tent concern over the risk of ICH, which approaches
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2% in clinical trials*® and 3% to 5% outside of clinical
trials,’™#° has diminished enthusiasm for full-dose sys-
temic thrombolysis and has driven the development of
alternative systemic thrombolytic strategies with poten-
tially lower bleeding risk.

One alternative strategy has focused on alteplase 50
mg IV over 2 hours compared with the FDA-approved
regimen of 100 mg IV over 2 hours. This strategy has
been investigated in 2 modest-sized randomized trials
comparing its safety and effectiveness with anticoagula-
tion alone (n=121) and full-dose thrombolysis (n=118),
respectively.*>" Although neither study provides defini-
tive evidence of the purported improved safety profile
with this strategy, both studies demonstrated signifi-
cant improvements in surrogate end points of RV per-
formance. Most important, the studies demonstrated
that the optimal dosing strategy for peripheral adminis-
tration of thrombolysis remains unknown.

Summary

e Systemic thrombolysis has been studied against
anticoagulation in several randomized trials,
including studies focused on intermediate-risk
patients.

¢ The risks and benefits of systemic thrombolysis are
closely counterbalanced in the intermediate-risk PE
population.

e The optimal dose and duration of systemic throm-
bolysis are unknown.

Interventional Therapies for PE:
Theoretical Benefits

Interventional therapies for PE that use local throm-
bolysis offer the potential advantages of increased ef-
fectiveness of thrombus dissolution and the possibility
of an enhanced safety profile with respect to systemic
bleeding. Those that use mechanical thrombectomy of-
fer direct and immediate mechanical relief of pulmo-
nary obstruction without the need for thrombolytics.
The data for catheter-based intervention for PE are re-
stricted to small randomized controlled trials and sin-
gle-arm prospective studies focused on the short-term
surrogate end points of improvement in RV function,
reduction in PA systolic pressure, and decreased angio-
graphic thrombotic burden. To date, USAT is the most
extensively studied of these techniques. The remainder
of this section assesses the potential benefits of CDL
and catheter-based embolectomy for the following out-
comes: improving short-term surrogate outcomes, pre-
venting recurrent PE, expediting symptom and return of
functional status, and preventing CTEPH.

Improving Short-Term Surrogate Outcomes

Randomized trials of systemic thrombolysis carried
out in intermediate-risk PE populations have demon-
strated 3% to 4% rates of death over the short term
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(7-30 days) among patients treated with anticoagula-
tion alone.' To date, no trials have been carried out
that have had the power to assess potential benefits
in short-term mortality or hemodynamic decompensa-
tion with the use of CDL or catheter-based embolec-
tomy devices.

Given the difficulty with powering trials for these
clinically important outcomes, the majority of trials of
catheter-based interventional therapies have focused
on surrogate markers. Most notably, prior observational
studies have demonstrated that a computed tomogra-
phy— or ultrasound-measured ratio of RV diameter to
LV diameter >0.9 is independently associated with mor-
tality at 30 days.>>> Hence, improvement in the RV/LV
ratio has become an outcome of choice for assessing
the effectiveness of interventional PE therapies.

In a randomized controlled trial of 59 patients
with intermediate-risk PE and an RV/LV ratio >1.0 on
transthoracic echocardiography (ULTIMA [Ultrasound
Accelerated Thrombolysis of Pulmonary Embolism]),
USAT (alteplase 20 mg total) plus anticoagulation re-
duced the RV/LV ratio from baseline to 24 hours to a
greater extent than anticoagulation alone.* At 90 days,
this difference was no longer significant. In a single-
arm multicenter trial of 150 pa‘@et‘m‘wth acute high-
risk (n=31) or intermediate-risk (n=119) PE undergoing
USAT (SEATTLE Il [A Prospective, Single-Arm, Multi-
Center Trialyof EKOSonic® Endovascular System and
Activase. for Treatment=of. Acute-Pulmonary Embolism
(PE)]), the mean RV/LV ratioimproved by 25% from be-
fore to 48 hours after the procedure (1.55 versus 1.13;
mean~difference, —0.42;7P<0.0001).>> A subsequent
trial, OPTALYSE-PE (A Randomized Trial of the Optimum
Duration of Acoustic Pulse Thrombolysis Procedure in
Acute Intermediate-Risk Pulmonary Embolism), dem-
onstrated a comparable reduction in the RV/LV ratio
among patients with intermediate-risk PE randomized
to 4 different infusion regimens of ultrasound-facilitat-
ed, catheter-directed fibrinolysis (8 mg/2 h, 8 mg/4 h,
12 mg/6 h, 24 mg/6 h).3¢ A prospective, multicenter,
single-arm study (FLARE) evaluated the FlowTriever Sys-
tem in 106 patients with acute PE.? Patients with proxi-
mal PE and RV/ ratio >0.9 were eligible for enrollment.
The RV/LV ratio was reduced by 0.39 from baseline to
48 hours after the start of the procedure. The Penum-
bra device is a suction aspiration system initially devel-
oped for endovascular treatment of embolic stroke that
is being actively studied in patients with PE and an RV/
LV ratio >0.9 (EXTRACT-PE). Table 5 reviews key ele-
ments of completed studies.?436:46.54.56

Summary
e Trials to date evaluating catheter-based approaches
for treatment of acute PE have focused on the
evaluation of imaging surrogates for improved
short-term outcomes.
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e CDL more rapidly reverses RV dysfunction in
patients with acute PE than anticoagulation alone.
The comparative effectiveness of CDL versus sys-
temic thrombolysis for this end point is unknown.

e limited available data on catheter-based embo-
lectomy devices also demonstrate immediate
improvements in RV dysfunction. The compara-
tive effectiveness of these approaches versus any
thrombolysis-based approach for this end point is
unknown.

e Currently, no data support a short-term mortality
benefit with catheter-based approaches for the
treatment of PE.

Preventing Recurrent PE

The PEITHO trial was likely underpowered to detect a
difference in recurrent PE between systemic fibrinoly-
sis with tenecteplase and anticoagulation alone (0.2%
versus 1%; P=0.12).¢ However, in a meta-analysis of
systemic thrombolytic therapy for acute PE, thromboly-
sis was associated with a 60% reduction in recurrent
PE compared with anticoagulation alone (OR, 0.4 [95%
Cl, 0.22-0.74])."® Lack of statistical power and single-
arm trial design have limited the ability of trials to de-
tect a difference in recurrent PE between CDL and anti-
coagulation alone.

Summary

e Currently, no.data support a benefit in prevention
of recurrent /PE with catheter=based-approaches.

e |t is unclear whether CDL carries a similar mag-
nitude of benefit for/ recurrent PE prevention as
has been suggested by prior studies-of systemic
thrombolysis.

e Recurrent PE has not been an adequately evalu-
ated end point in any published study of catheter-
based embolectomy.

Expediting Symptom Resolution and Return of
Functional Status

A subset of patients with PE will develop persistent
symptoms, including chest pain and dyspnea, func-
tional limitation, and exercise intolerance, which some
have called the post-PE syndrome.>” Several observa-
tional analyses and subanalyses of randomized trials
have demonstrated elevated PA pressures (PAPs) among
patients with PE treated with anticoagulation at 6 to 28
months of follow-up.*®>° In a prospective observational
study of 254 patients with PE, 29% had residual perfu-
sion defects on a lung scan after a median of 12 months.
Compared with those without perfusion defects, these
patients were more often dyspneic (60% versus 36%;
P=0.004) and had a shorter 6-minute walk distance
(374 m versus 427 m; P=0.004). In a meta-analysis of
long-term complications after PE, after a mean of 18
months, 33% of patients manifested New York Heart
Association class Il or greater dyspnea symptoms, and
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patients had a mean 6-minute walk distance of 415 m
(95% Cl, 372-458), which is at the fourth percentile
compared with age- and sex-matched norms.® The rel-
ative contribution of deconditioning versus the role of
persistent physiological abnormalities of the lungs and
RV in explaining these findings remains an active area
of investigation.®"62

Although reperfusion therapies in patients with PE
may be hypothesized to be associated with expedited
symptom resolution, existing data supporting the su-
periority of reperfusion over anticoagulation alone for
restoring exercise capacity and QOL to pre-PE levels are
mixed. In a study by Sharma et al,®* subjects with acute
PE (n=40) treated with systemic thrombolysis had higher
pulmonary capillary blood volume (45 mm/m? versus 30
mm/m?; P<0.001) and diffusion capacity (93% versus
72% predicted; P<0.001) after 1 year compared with
those treated with anticoagulation alone. In the same
study, after 7.4 years, subjects who received anticoagu-
lation alone had higher PAPs and pulmonary vascular
resistance both at rest and during exercise compared
with those treated with systemic thrombolysis (PAP at
rest: 22 mmHg versus 17 mmHg, P<0.02; PAP during
exercise: 32 mmHg versus 19ymmHg, P<0.01; pul-
monary vascular resistance: fesg-sexercise: 351437
dynes-s~'-cm=° [P<0.01] versus 171—179 dynes-s~'-cm=
[P=NS]).5* Three modest-sized randomized trials have
demonstrated that RV dysfunction was less common
at 3ston6 months:in patients treated.with thrombolysis
than in those treated with' anticoagulation alone.*6566
In‘contrast, the PEITHO long-term follow-up study did
not-find a_difference in-resting_echocardiography be-
tween a select group of patients treated with systemic
thrombolysis and those treated with placebo.*’ In ad-
dition, in long-term follow-up from PEITHO, systemic
thrombolytic therapy did not result in reduced dyspnea
or functional limitation (36% versus 30.1%; P=0.23).4’
In a systematic review of 26 studies including 3651 pa-
tients receiving at least 3 months of follow-up, those
undergoing systemic thrombolytic therapy had no
statistically significant difference in the risk of at least
moderate functional impairment compared with those
treated with anticoagulation alone (OR, 0.48 [95% (I,
0.15-1.49]; P=0.2).5° No clinical trial data are available
yet to suggest that CDL or catheter-based embolecto-
my has greater effectiveness than systemic thrombolytic
therapy or anticoagulation alone in reducing long-term
symptom burden or functional limitation.

Summary
e Observational data indicate that a substantial
proportion of patients with PE develop persistent
symptoms that include dyspnea on exertion and
functional limitation after an incident PE. Similarly,
a minority of patients demonstrate persistent clini-
cal signs of their incident PE months to years after
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diagnosis, including persistent lung perfusion
defects and abnormal echocardiographic findings
without frank pulmonary hypertension.

e |t is uncertain whether systemic thrombolysis or
interventional approaches to acute PE are associ-
ated with a decreased incidence of the post-PE
syndrome.

¢ The relative contributions of deconditioning versus
the role of persistent physiologic abnormalities of
the lungs and RV in explaining the post-PE syn-
drome requires further research.

Preventing CTEPH

CTEPH, classified as World Health Organization group 4
pulmonary hypertension, is characterized by persistent
macrovascular obstruction, pulmonary vasoconstric-
tion, and a secondary small-vessel arteriopathy eventu-
ally resulting in right-sided heart failure.®” The incidence
of CTEPH after an acute PE at 2 years has been identi-
fied as 2% to 5% in various observational cohorts.>:68
Although smaller studies suggested that systemic
thrombolysis could reduce the risk of CTEPH,0%° 3-year
follow-up data of a highly selected subset of patients
from PEITHO demonstrated similar rates of CTEPH
(2.1% versus 3.2%; P=0.79) in patients undergoing
systemic thrombolysis compared with those receiving
anticoagulation alone.*’

Studies of CDL have demonstrated short-term re-
ductions in PA systolic pressures with intervention.*3>6°
In the ULTIMA trial, USAT resulted"in @ greater short-
term reduction in the RV/right atrial pressure gradient
(a surrogate for PA\systoli¢ pressure) than anticoagula-
tion alone.* However, there was no difference in the
RV/right atrial pressure gradient at 90 days between the
2 groups.

On the basis of these observations, there is inade-
guate evidence to suggest that systemic thrombolysis
and interventional therapies reduce the risk of CTEPH
in patients with acute PE compared with anticoagulant
therapy alone.58,59,61,62,70—72

Summary
e |t is unknown whether CDL or catheter-based
embolectomy reduces the incidence of CTEPH
in any population of patients presenting with
acute PE.

RISKS OF INTERVENTIONAL PE
THERAPIES

Clinicians must weigh the risk of potential harm of per-
forming invasive PE therapies against the risk of omit-
ting a potentially beneficial procedure. The greatest
challenge in balancing these risks is a dearth of rigorous-
ly designed and adequately powered studies examining
therapeutic safety. The current literature reporting inter-

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707

Interventional Therapies for Acute PE

ventional therapies largely comprises small, single-arm
trials with significant heterogeneity in patient presen-
tation characteristics, techniques of procedural perfor-
mance, and reporting of outcomes. Hence, categoriza-
tion of adverse events associated with interventional PE
therapies must account for both known and predicted
complications of invasive catheter-based therapies.

This section aims to describe specific risks associated
with performing catheter-based interventions in the
patient with acute intermediate- or high-risk PE. More
general complications associated with catheter-based
intervention, including access-related vascular compli-
cations, infection, and acute kidney injury, are not spe-
cifically addressed but also need to be considered when
individual clinical decisions are made.

This section evaluates interventional PE therapies by
examining the published literature and the FDA Manu-
facturer and User Facility Device Experience (MAUDE)
database. MAUDE is a searchable online database of
medical device reports received by the FDA. Medical
device reports are submitted by both mandatory (man-
ufacturers) and voluntary (physicians) reporters. These
medical device reports serve as a passive surveillance
tool to monitor device performance and to detect ad-
verse events associated with d ice=use. The informa-
tion submitted by reporters has limitations, including
the possibility of inaccurate or incomplete data. In ad-
dition, most_reports are not verified through objective,
independent assessment.mechanisms. The prevalence
and incidence of adyerse events cannot be determined
thréughithe MAUDE database because events may be
underreported.and the total number of devices used in
US practice is not known.

The following categories of adverse events as they re-
late to CDL and catheter-based embolectomy are sum-
marized in the next sections: acute respiratory collapse,
acute hemodynamic decompensation, pulmonary hem-
orrhage, ICH, and nonintracranial major bleeding.

Catheter-Directed Thrombolysis

With CDL, risks of hemodynamic decompensation trig-
gered by rapid changes in RV afterload with passage of
intrapulmonary wires and catheters exist, but the dearth
of reported complications likely is a result of the small-
bore nature of infusion catheters and the relative sim-
plicity of wire and catheter navigation for placement.
Additional theoretical causes of hemodynamic decom-
pensation with isolated CDL include cardiac perforation
and resultant tamponade or prolonged ventricular ar-
rhythmias with catheter advancement through the RV.
Both of these issues are not, to the best of our knowl-
edge, reported in the literature. We found 3 total cases
of hemodynamic compensation associated with CDL
reported in the MAUDE database. Overall, this is a quite
rare complication given the relatively atraumatic nature
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of wires and catheters used for PA catheter placement.
However, the most hemodynamically tenuous patients
are probably at highest risk for it given their absence of
hemodynamic reserve.

Acute respiratory collapse can theoretically be pre-
cipitated by sudden changes in ventilation/perfusion
caused by disruption/distal embolization of thrombi
with wires or catheters. It can also be caused by pul-
monary hemorrhage resulting from PA rupture associ-
ated with the placement of CDL devices. One instance
of pulmonary hemorrhage has been reported in the
literature with USAT,”® as well as 4 instances reported
in the FDA MAUDE database (Table 6).74 The largest ret-
rospective study of pulmonary hemorrhage associated
with PA catheter placement for hemodynamic moni-
toring (n=32422) identified an incidence of 0.03%.”°
Although not widely reported in the literature, several
aspects of the CDL procedure may predispose rare pa-
tients to experience this complication. These include
the possibility of perforation of friable, smaller PAs with
the wire used for catheter placement, the presence of
pulmonary infarction in a subset of patients, and the
use of thrombolytic therapy after placement.

The most commonly reported complications with iso-
lated CDL involve bleeding. CDL aims to mitigate these
risks through local drug delivery with lower total doses
than systemic thrombolysis. There have been 566 pa-
tients treated in prospective studies of isolated CDL that
have reported results over the past 5 years.*353669.76.77
Before this era, there was a dearth/of prospective stud-
ies of CDL, and when reported, thrombolytic dose and
duration and outcome reporting were highly variable.
Overall doses of CDL administered in the 6 recent pro-
spective studies ranged from =8 to 25 mg alteplase,
with the majority of studied patients receiving 20 to
24 mg of the drug. Among the 566 patients treated in
these studies, in-hospital nonintracranial major bleed-
ing occurred in 33 patients (5.8%). The definition of
major bleeding in these studies was variable but largely
included drops in hemoglobin of >2 g/dL, the need for
transfusion, or the need for medical or procedural in-
tervention. ICH occurred in 5 patients (0.9%) treated
in these studies. In the MAUDE database, 1 patient has
been reported to sustain fatal nonintracranial major
bleeding in conjunction with the use of USAT, and 1
instance of ICH has been reported with CDL in MAUDE.

Interventional Therapies for Acute PE

Figures 3 and 4 depict observational meta-analyses
that demonstrate weighted point estimates and Cls for
nonintracranial major bleeding and ICH among patients
treated with isolated CDL. The weighted aggregate rate
of nonintracranial major bleeding in these studies is 4.5%
(95% Cl, 1.1-7.4) with an ICH rate of 0.7% (95% ClI,
0.0-1.3). In a meta-analysis of 15 prospective random-
ized controlled trials conducted between 1970 and 2014
of various systemic thrombolytic regimens (n=1061),
nonintracranial major bleeding occurred in 9.2% of pa-
tients, and ICH occurred in 1.5% of patients.'® There-
fore, indirect comparisons suggest that CDL may be as-
sociated with about half the risk of nonintracranial and
intracranial bleeding compared with systemic thromboly-
sis. However, no prospective comparative study of sys-
temic versus catheter-directed thrombolytic approaches
has been performed. Given the low numbers of patients
with CDL analyzed prospectively thus far, the heteroge-
neity of study patients treated with systemic thromboly-
sis versus CDL, and observed rates and Cls of non-ICH
major bleeding and ICH, it remains unclear whether this
mode of therapy poses lower risks of major bleeding or
ICH than systemic thrombolysis.

American

Summary P

e Isolated CDL has not been‘assoéiated with intrapro-
cedural acute hemodynamic or respiratory decom-
pensation in the published literature, although
rare instances of these complications have been
reported in the FDA MAUDE database.

e.Pulmonary hemorrhage represents a rare, but
important, intraprocedural complication associ-
ated with isolated CDL.

e |[CH and non-ICH major bleeding are important
complications of CDL. Although indirect evidence
supports lower rates of these complications with
CDL than systemic thrombolysis, currently available
data do not allow clear delineation of the expected
rates of these complications and whether they
truly have a lower expected frequency than that
associated with systemic thrombolysis.

Catheter-Based Embolectomy

As opposed to the passive thrombolytic infusion as-
sociated with CDL, thrombectomy devices seek to ac-

Table 6. FDA MAUDE-Reported Adverse Events of Interventional PE Therapies

Hemodynamic Respiratory Pulmonary Major
Events, n Death, n Decompensation, n Decompensation, n Hemorrhage, n ICH, n Bleeding, n
USAT 271 12 3 3 4 1 2
FlowTriever 1" 5 6 1 4 0 1
Angiovac 52 22 36 15 0 1 3

FDA indicates US Food and Drug Administration; ICH, intracranial hemorrhage; MAUDE, Manufacturer and User Facility Device Experience; PE, pulmonary

embolism; and USAT, ultrasound-assisted thrombolysis.

Source: US Food and Drug Administration MAUDE: Manufacturer and User Facility Device Experience.”* Accessed February 26, 2019.
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Studies Estimate (95% C.I.) Ev/Trt

Piazza G.SEATTLE [35] 2015 0.100 (0.052, 0.148) 15/150 =

Kucher N. ULTIMA [4] 2013 0.016 (0.000, 0.060) 0/30 = :

Tapson VF.OPTALYSE-PE [36] 2018 0.020 (0.000, 0.047) 2/101 — @ ——

Kuo WT. PERFECT Registry [69] 2015 0.005 (0.000, 0.019) o/100 J—— |

Ozcinar et al. [76] 2017 0.079 (0.000, 0.165) 3/38 -

Bloomer TL et al. [77] 2017 0.080 (0.035, 0.126) 11/137 -

Overall (1*2=79.03 % , P< 0.001) 0.043 (0.011, 0.075) 31/556 —_—
r : T T 1
[} 0.05 01 0.15

Proportion

Figure 3. The figure depicts a random-effects observational meta-analysis of nonintracranial major bleeding in 6 prospective studies of catheter-
directed thrombolysis.

The weighted pooled proportion of major bleeding events is 4.3% with a 95% confidence interval of 1.1% to 7.5%. The I-squared metric, the percentage of
variation across studies that is attributable to heterogeneity rather than chance, demonstrates high heterogeneity across the studies for this outcome.*3>36.69.76.77
Ev/Trt indicates event/treatment; OPTALYSE-PE, A Randomized Trial of the Optimum Duration of Acoustic Pulse Thrombolysis Procedure in Acute Intermediate-Risk
Pulmonary Embolism; PERFECT, Pulmonary Embolism Response to Fragmentation, Embolectomy, and Catheter Thrombolysis; SEATTLE, A Prospective, Single-Arm,
Multi-Center Trial of EKOSonic® Endovascular System and Activase for Treatment of Acute Pulmonary Embolism (PE); and ULTIMA, Ultrasound Accelerated Throm-

bolysis of Pulmonary Embolism.

tively relieve obstruction of the PAs through a variety
of mechanisms. Such devices can be used as a primary
reperfusion therapy, in conjunction with systemic or lo-
calized thrombolysis approaches, or used after failed
thrombolysis. It is likely that devices will be developed
in the future that seek to more seamlessly use con-
comitant pharmacomechanical approaches to relieve
PA obstruction. Unless otherwise specified, the remain-
der of this section.describes the complication risks of
existing thrombectomy devices whensused-without ad-
junctive thrombalysis.

Thrombectomy: devices/may carry 'a higher risk of
intraprocedural complications than CDL.»These devices
are uniformly larger than infusion catheters, and their
purpose is to engage and extract thrombus. Hence,
there is potential for dislodging thrombi distally, thus
worsening ventilation/perfusion mismatch or precipi-
tating acute RV failure resulting from sudden changes

in RV afterload. In addition, the wires and catheters
needed to deliver these devices are often stiffer and less
forgiving than those used for infusion catheter place-
ment. This may increase the frequency of trauma to the
pulmonary vasculature or cardiac structures.

a

) American

Rheolytic Thrombectomy QF s

Experience with rheolytic thrombectomy in PE is limited
to case studies or series, with many patients treated with
an adjunctivé local thrombolytic. In the limited data re-
ported, rheolytic thrombectomyhasbeen associated with
instances of profound bradyarrhythmia-induced hypo-
tension, leading to hemodyhamic collapse or death.*'7®
A proposed. mechanism:-for.these.complications is the
release of adenosine and bradykinin from sheared plate-
lets. Other reported complications include hemoptysis
from presumed pulmonary hemorrhage, worsening hy-
poxia, and major hemorrhage at access and nonaccess
locations. One ICH event has been reported in a patient

Studies Estimate (95% C.I.) Ev/Trt
Piazza G.SEATTLE [35] 2015 0.003 (0.000, 0.012) 0/150
Kucher N. ULTIMA [4] 2013 0.016 (0.000, 0.060) 0/30
Tapson VF.OPTALYSE-PE [36] 2018 0.020 (0.000, 0.047) 2/101
Kuo WT. PERFECT Registry [69] 2015 0.005 (0.000, 0.019) 0/100
Ozcinar et al. [76] 2017 0.026 (0.000, 0.077) 1/38
Bloomer TL et al. [77] 2017 0.015 (0.000, 0.03%5) 2/137
Overall (1*2=0 % , P=0.728) 0.007 (-0.000, 0.013) 5/556

- =
. -
T L
T T T T T T 1
0 001 002 0.03 0.04 0.05 0.06 007
Proportion

Figure 4. The figure depicts a random-effects observational meta-analysis of intracranial hemorrhage in 6 prospective studies of catheter-directed

thrombolysis.

The weighted pooled proportion of major bleeding events is 0.7% with a 95% confidence interval of 0.0% to 1.3%. The I-squared metric, the percentage of
variation across studies that is attributable to heterogeneity rather than chance, demonstrates no heterogeneity across the studies for this outcome, 43%3662.76.77

Ev/Trt indicates event/treatment; OPTALYSE-PE, A Randomized Trial of the Optimum Duration of Acoustic Pulse Thrombolysis Procedure in Acute Intermediate-Risk
Pulmonary Embolism; PERFECT, Pulmonary Embolism Response to Fragmentation, Embolectomy, and Catheter Thrombolysis; SEATTLE, A Prospective, Single-Arm,
Multi-Center Trial of EKOSonic® Endovascular System and Activase for Treatment of Acute Pulmonary Embolism (PE); and ULTIMA, Ultrasound Accelerated Throm-
bolysis of Pulmonary Embolism.
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treated with rheolytic thrombectomy who did not re-
ceive adjunctive thrombolysis. It is difficult to evaluate
the comparative safety of rheolytic thrombectomy versus
other management strategies for PE given the dissimi-
lar baseline characteristics and differing techniques that
may or may not use adjunctive thrombolysis. Regardless,
on the basis of existing reports of adverse events, the
labeling for these devices includes a black-box warning
recommending against use in the PAs.

Large- and Small-Bore Embolectomy
Two large-bore thrombectomy devices have been used
to date for PE. The FlowTriever has been evaluated in
the single-arm prospective FLARE study.> The presented,
but as yet unpublished, study reported that 3 of 108 pa-
tients had intraprocedural hemodynamic or respiratory
decompensation. Our MAUDE database search revealed
4 additional reports of hemodynamic decompensation
and 14 cases of respiratory decompensation related
to the FlowTriever device (Table 6). Similarly, AngioVac
thrombectomy in the PAs has been associated with he-
modynamic collapse and RV free wall perforation that re-
quired surgical repair and surgical embolectomy.”*# The
MAUDE database contained reports of an additional 34
cases of hemodynamic collapse related to the AngioVac.
In the FLARE study, no ICH or access-site major
bleeding events were associated with FlowTriever use.?
However, 1 patient experienced acute postprocedural
hemoptysis and hemothorax resulting from either re-
perfusion injury or catheter-based trauma to the pul+
monary circulation. The MAUDE| database reported 3
cases of acute pulmonary hemorrhage associated with
the FlowTriever.device.  The-largest.systematic.review
of AngioVac use (n=57) for various indications, includ-
ing iliocaval thrombus, right atrial thrombus, and PE,
described access-site hematomas in 6 patients, a fatal
retroperitoneal bleed in 1 patient, and 1 case of ICH.®'
Small-bore embolectomy device use in the literature
is thus far limited to the Indigo aspiration system, which
provides continuous suction thrombectomy. Current re-
ported experience with this device is limited to 2 single-
center case series totaling 24 patients.®2# There were
no instances of intraprocedural respiratory or hemody-
namic decompensation in these 2 studies. There were,
however, 3 bleeding events: 1 intra-abdominal hemor-
rhage requiring coil embolization and 2 ICHs. Notably,
all 3 bleeding events were seen in patients who also
received 100 mg of systemically administered alteplase.
It is anticipated that more safety data will be available
after completion of the ongoing prospective trial of the
device (EXTRACT-PE).

Summary
¢ Rheolytic thrombectomy has been associated with
pulmonary hemorrhage and hemodynamic and
respiratory collapse, leading to an FDA black-box
warning related to its use for PE.

el4  TBDTBD, 2019
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e Limited available data on large-bore thrombec-
tomy devices have demonstrated instances of
acute hemodynamic and respiratory collapse, as
well as right-sided heart and PA injury.

¢ Rates of ICH and non—access-site bleeding are likely
lower with devices designed for isolated large-bore
embolectomy than with devices that use throm-
bolytic drugs, including CDL. Comparative rates
of access-site major bleeding between CDL and
large-bore thrombectomy are unknown.

¢ Safety data on small-bore embolectomy devices
are too limited to draw conclusions.

PATIENT SELECTION FOR
INTERVENTIONAL THERAPIES

All patients with PE should receive prompt therapeutic
anticoagulation unless contraindicated.’>14#48 More
intensive therapies are most likely to benefit patients
who are at the highest risk for dying of PE and at the
lowest risk for bleeding (Table 7). Patients whose clini-
cal presentation suggests low-risk PE should be treated
with anticoagulation alone, and about half of patients
with PE, in fact, can be trea;tff’";@s.,,écc:)utpatien’[s.“"86'87
No further testing to stratify ri

is“required in these
patients because there is little evidence that results
should change management.'*8 Selection of patients
for home treatment can be aided by a number of clini-
cal prediction rules, including PESI.?”. On the other end
of the“spectrum, patients presenting/with hypotension
need to be treated in.a critical care setting and often
require prompt aggressive measures such as systemic
thrombolysis, catheter-based therapy, or mechanical
circulatory support. 2148889

Decisions about the treatment of patients who are in
the intermediate-risk category are often the most dif-
ficult.® First, it is uncertain that short-term reperfusion
therapies result in a mortality benefit or reduce long-
term complications such as chronic breathlessness in
these patients.*” Second, it is difficult to identify which
intermediate-risk patient will deteriorate and require
active thrombus removal. Assessment of bleeding risk,
including ICH risk, is also fundamental to decisions
about administering thrombolysis to patients with PE.
However, risk scores developed for other conditions
such as atrial fibrillation have not proved translat-
able to patients with PE, and externally validated PE-
specific scores to predict these complications are lack-
ing.'21418.2988 Taple 8 outlines knowledge gaps relevant
to patient selection for reperfusion therapies.

In line with current guidelines, we discourage routine
administration of thrombolytic therapy (either systemic
or catheter directed) to patients with intermediate-risk
PE. These patients should be promptly anticoagulated,
receive supportive measures, and be closely moni-

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707
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Table 7. Factors Related to Treatment Allocation to Consider Beyond Risk Stratification

Factor Explanation

Patient characteristics

Bleeding risk High bleeding risk is a contraindication to thrombolytic therapy. Inability to anticoagulate may also preclude other

catheter-based therapies, surgical embolectomy, or ECMO.

Symptom severity Severe breathlessness may encourage use of aggressive therapies for more rapid symptom resolution.
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Respiratory status Although not part of the formal risk stratification schemes based on hemodynamic criteria, deteriorating respiratory

status may prompt an immediate intervention.

Functional status before PE Impaired functional status before the PE may encourage more aggressive therapies in patients with otherwise less
significant (eg, hemodynamically) clots. However, patients with very poor preexisting functional status may represent a

group in which interventional therapies are futile.

Cancer and life expectancy Cancer, especially metastatic cancer, is associated with increased bleeding risk and short life expectancy and may

discourage the use of aggressive therapies. Other causes for short life expectancy should also be taken into account.

Clot characteristics

Clot location (ie, distal vs
proximal)

Endovascular therapy and surgical embolectomy are expected to be more effective with proximal clots.

Clot in transit A clot in transit denotes high risk for a “second hit.” Furthermore, if a patent foramen ovale is present, this type of clot

increases the risk for systemic embolization (eg, stroke).

ECMO indicates extracorporeal membrane oxygenation; and PE, pulmonary embolism.
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tored."#8 |f patients deteriorate (hemodynamic, respira-
tory, or RV function), more intensive therapies, including
thrombolysis, catheter-based or surgical embolectomy,
and mechanical circulatory support, should be strongly
considered. Among those who remain hemodynami-
cally stable, a careful assessment for factors that elevate
risk of decompensation should be undertaken, including
elevated PESI or simplified PESI score, severe PE-related
functional impairment, and objective signs_of severely
diminished end-organ perfusion or stroke volume. In
those who meet these criteria and have nonprohibitive
bleeding risk, systemic thrombolysis or CDL may be con-
sidered in orderto achieve the goal of immediately im-
proving RV performance. Catheter-based embolectomy
represents an option for patients in this cohort with el-

Table 8.

evated bleeding risk, with the caveat that concerns for
procedural hemodynamic or respiratory decompensa-
tion exist with these technologies.*'23> Finally, clinicians
must also be aware that the presence of markers of
poor prognosis does not necessa'ﬁlyn@@uate to improved
long-term clinical outcomes with répétflsion therapy.®!

y JHeart

Summary

e Systemic thrombolysis, surgical embolectomy,
interventional PE therapy, and imechanical circu-
latory support should be| strongly considered in
patients with PE"and hemodynamic instability.

e Among patients with intermediate-risk PE, a care-
ful assessment for factors that elevate risk of

Knowledge Gaps Related to Selection of Patients With PE for Treatment

Gap Comment

Bleeding risk assessment

Bleeding risk is often extrapolated from patients without PE.
Patient-specific bleeding risk and potential bleeding location are hard to predict.

Which nonhemodynamic clinical markers
should promote intervention?

Although robust data support the need for aggressive therapy for hemodynamically unstable patients, it is unclear
whether these interventions are indicated for reasons such as respiratory distress.

Prediction of short-term clinical
deterioration in intermediate-risk PE
may be preferable.

Some patients with intermediate-risk PE deteriorate, mandating more aggressive treatment. Close monitoring to
detect and treat deterioration is advised; however, predicting deterioration and offering early preventive measures

What short- and long-term outcomes
are improved by active thrombus
removal at initial presentation?

Current evidence for aggressive therapies in intermediate-risk PE is confined to improvement of short-term
surrogate outcomes (eg, RV dysfunction). Data on clinically important outcomes are lacking.

What is the value of new catheter-based
therapies in intermediate-risk PE?

New interventional technologies are available for the treatment of PE; however, robust, clinically relevant data on
their efficacy, safety, and indications are lacking.

CTEPH prediction and prevention

Most PE patients will not develop CTEPH. It is uncertain which patients will develop CTEPH and whether immediate
intervention prevents it.

Post-PE syndrome prediction and
prevention

Many patients have physical limitations long after the index PE. It is currently not known which patients will recover
and whether immediate intervention prevents these long-term complications.

Which short- and long-term outcomes
matter to patients?

Rare complications such as fatal hemorrhage and ICH must be weighed against the potential to prevent functional
limitation.

CTEPH indicates chronic thromboembolic pulmonary hypertension; ICH, intracranial hemorrhage; PE, pulmonary embolism; and RV, right ventricular.

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707
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decompensation should be undertaken, includ-
ing elevated PESI or simplified PESI score, severe
PE-related functional impairment, and objective signs
of severely diminished end-organ perfusion or stroke
volume. In those who meet these criteria and have
nonprohibitive bleeding risk, systemic thrombolysis
or CDL may be considered. Catheter-based embolec-
tomy represents an option for patients in this cohort
with elevated bleeding risk, with the caveat that
concerns for procedural hemodynamic or respiratory
decompensation exist with these technologies.

e The use of either CDL or catheter-based embo-
lectomy in patients with intermediate-risk PE has,
thus far, been correlated only with more rapid
improvement of RV dysfunction than anticoagula-
tion alone, not short- or long-term clinical or func-
tional outcomes.

Thrombus in Transit

In patients with PE and thrombus in transit, which may
be found in the inferior vena cava, right atrium, or RV,
there is an =5-fold increase in death resulting from
PE.®223 Thrombus in transit is usually identified on sur-
face echocardiography, occurs in *4% of patients with
PE, and can appear to be adherent or free-floating.®2°*
Available treatments include anticoagulation, thrombol-
ysis (either intravenous:or. CDT), catheter-based removal
of the thrombus (eg, suction thrombectomy), and sur-
gical embolectomy. No prospective/data are available to
guide therapy in such cases. An observational pooled
analysis of 328 cases of right=sided heart thrombus in
transit suggested that thrombolysis(OR, 4.8 [95% CI,
1.5-15.4]) and surgical embolectomy (OR, 2.6 [95% CI,
0.9-7.6]) were more often associated with a favorable
outcome than anticoagulation alone.®> Subsequent to
this analysis, an adjusted comparison of 255 cases of

Interventional Therapies for Acute PE

thrombus in transit treated with anticoagulation and 70
cases treated with reperfusion did not find a convincing
difference in all-cause (6.2% versus 14%; P=0.15) or
PE-related (4.7% versus 7.8%; P=0.47) mortality.**
Newer catheter-based techniques for treating throm-
bus in transit exist but have not been rigorously evaluat-
ed.*> Although these findings appear to support active
thrombus removal in patients with thrombus in transit,
this decision is also influenced by the size and nature of
the thrombus and the severity of the initial PE.

Figure 5 attempts to organize an evidence-based ap-
proach to intervention in PE, taking into account areas
of clinical concern for which data are limited.

Summary

¢ Observational data support a role for active throm-
bus removal in patients with thrombus in transit,
although this decision is also influenced by the size
and nature of the thrombus and the severity of the
initial PE.

e High-quality comparative effectiveness analyses
of varying strategies for active thrombus removal,
including systemic thrombolysis, surgical embolec-
tomy, and interventional PE therapies, have not been
performed in patients with.fAirqmbus in transit.

e Patients who have low &tfg%i%”éw#monary reserve
and larger thrombus in transit are expected to gain
most from active thrombus removal.

EVALUATION OF INTERVENTIONAL
PE THERAPIES

High-Risk PE

There is a paucity of data supporting a best interven-
tional approach to manage high-risk PE. Ideally, high-
risk PE studies would randomize patients to 2 active

Figure 5. Suggested principles of manage-

Assess Severity Low Intermediate
~
(&)
I~ Begin Treatment " "
Anticoagulation
Promptly
3)
Choose Optimal Inpatient vs. Floor vs. Intensive
Patient Placement Outpatient Care Unit
(0
\/) Consid Occasionally
nGiael No Favoring Intervention:
Intervention *  lackof improvement /
deterioration”
*  Severe distress
*  Cotintransit

*  Severe/persistent RV
Strain

= Signs of low cardiac
output

+  Lowbleeding risk

*  Good life expectancy

ment for hospitalized acute pulmonary
embolism patients.

*A patient’s status may change over time. Fre-
guent reassessment is advised. **Do not delay
prompt intervention while waiting for patient
placement.
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comparator therapies, with systemic thrombolytics
(AHA Class lla recommendation) being one of the
comparators. However, a large proportion of patients
with high-risk PE are not good candidates for systemic
thrombolysis because of relative or absolute bleed-
ing contraindications. In addition, no preliminary or
pilot data convincingly show intravenous thromboly-
sis to be superior or inferior to endovascular interven-
tions or open surgical techniques, posing a significant
challenge to the estimation of effect size and power
calculations. Moreover, these interventions are often
made in tandem or in a serial fashion in this critically
ill population. The need for flexibility in management
of this patient population would likely lead to a large
numbers of crossovers, biasing results to the null. Fur-
ther complicating trial design is the need for emergent
mechanical circulatory support in a proportion of these
patients, which could confound the assessment of risks
and benefits of an interventional PE device. In addition,
the low incidence (5%) of high-risk PE may make en-
rollment impractical.®® It should also be noted that en-
rollment of patients with life-threatening illnesses has
unique challenges. A 1000-bed hospital may expect 10
to 15 high-risk PEs per year, and only a minority of
these patients would likely enroll in an interventional
study of PE therapy.

Hence, nonrandomized evaluations with prespecified
performance goals-for clinicalleffectiveness are reason-
able in high-risk /PE. Becausepgconservatively. managed
high-risk PE is associated with high mortality, the best
measure of clinical effectiveness in this population is
short-term mortality:Although proceduraksafety should
also be monitored in such analyses, the tolerance for
procedure-related complications is high given the high
short-term mortality associated with anticoagulation
alone. Ideal studies of high-risk PE should prospectively
examine all patients with high-risk PE, including those
not treated with a device under evaluation at participat-
ing institutions, to provide greater insight into present-
ing populations and to maximize generalizability.

Summary

¢ Nonrandomized prospective studies of endovascu-
lar devices with prespecified performance goals for
clinical effectiveness are reasonable for high-risk
PE.

® The best primary measure of clinical effectiveness
is short-term mortality.

¢ Prospective studies of high-risk PE should examine
all patients with high-risk PE at participating insti-
tutions regardless of treatment strategy (anticoag-
ulation alone, systemic lysis, interventional device,
surgical embolectomy, mechanical support, or any
combination of these). This can be accomplished
by concurrent registries for high-risk patients not
treated with a PE device under evaluation.

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707
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Intermediate-Risk PE

Determining the value of catheter-directed interven-
tion for intermediate-risk PE involves a considerably
different calculus. Short-term mortality rates are far
lower than those observed for high-risk PE. In a meta-
analysis of trials evaluating thrombolysis versus isolat-
ed anticoagulation, short-term mortality rates among
patients treated with anticoagulation alone were
<3%." In the largest randomized trial of systemic
thrombolysis versus anticoagulation alone evaluating
intermediate-risk PE, 7-day mortality in the anticoagu-
lation alone group was 1.8%.4¢ Hence, anticoagula-
tion alone prevents mortality for most patients with
intermediate-risk PE. However, patients with interme-
diate-risk PE treated with anticoagulation alone have
clinically significant rates of hemodynamic deteriora-
tion and high rates of longer-term decrements of ex-
ercise capacity and QOL.#¢®" Active thrombus removal
positively affects the former, whereas its effects on the
latter are unknown 4647

Given the minimal short-term risk and low cost asso-
ciated with anticoagulation alone, interventional thera-
pies must prove safety and effectiveness compared with
anticoagulation alone through/fandomized trials. Trial
designs should demonstrate cl\'rrﬁ!’éﬂ%f’ifmceaningful differ-
ences in clinical or patient-centric end points. Assuming
that effect sizes for interventional therapies are similar
to those for systemic thrombolysis in this population,
traditional approaches to powering randomized trials
for-mortality would require 1500 to/ 2000 patients to
demonstrate superiority over a short time period (ie, 7
days). These'samplesize estimates-presume enrollment
of patients who fall into the ESC intermediate-high-risk
category (ie, the population studied in PEITHO).%¢ Mod-
ern mechanisms to overcome difficulties in enrollment
in such a mega-trial include bayesian adaptive trial
designs and embedding pragmatic randomized trials
within a prospective registry.”8 Enriching the popula-
tion with additional markers of disease severity such as
marked tachycardia, relative hypotension, severe func-
tional limitation, serum lactate elevation, or elevated
PESI score may reduce sample size (with the tradeoff
of narrowing the enrollable population). Composite
end points that include short-term safety (eg, bleeding)
and effectiveness could also be used to achieve a more
practical sample size, with the caveat that both effec-
tiveness and bleeding may be higher in the interven-
tional arm, leading to a dilution of the effect size.

Patient-centric outcomes include objective measures
of functional status and subjective patient-reported
measures of QOL. Although CTEPH develops in only
2% to 5% of patients hospitalized with incident PE, up
to 50% of patients with PE develop chronic anatomic
and physiological abnormalities that have been corre-
lated with diminished functional status and QOL.*®
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Although studies validating objective functional and
subjective generic QOL measures in a PE population are
limited, they should still be assessed in clinical trials.
Several functional and QOL measures have been vali-
dated in a variety of cardiopulmonary conditions, and
the Pulmonary Embolism Quality of Life has been vali-
dated in the PE population.'0.101

Heart failure measures may also be translatable to
the PE population given the similarities in symptom-
atology between the 2 diseases. Both the 6-minute
walk distance and the New York Heart Association
dyspnea class have been evaluated in several cohorts
of patients with PE. A meta-analysis revealed that at a
mean of 18 months after incident PE diagnosis, 33%
of patients had New York Heart Association class Il to
IV symptoms, and patients had a mean 6-minute walk
distance of 415 m (95% Cl, 372-458), which is at the
fourth percentile compared with age- and sex-matched
norms.®%'92 Inclusion of these patient-centric end points
in randomized trials ensures that outcomes meaningful
to patients inform the risk/benefit discussion between
physicians and patients.

Current prospective data evaluating interventional
devices for PE have relied on surrogate outcomes for
clinical effectiveness. The specific end point that has
been most favored has been the short-term (24-48
hours) change in the RV/LV ratio as measured by serial

Table 9. Intermediate-Risk PE End Points

Interventional Therapies for Acute PE

CT angiography or echocardiography.>®> The outcome
has become the surrogate of choice based on observa-
tional data indicating significantly elevated 30-day mor-
tality rates when the RV/LV ratio >0.9. This and other
observational data do not prove that rapid reduction of
the RV/LV ratio through interventional means reduces
mortality. Similar critiques can be leveled against other
proposed surrogate end points such as radiographic PA
obstruction scoring indexes and PAP changes. Table 9
summarizes known information about a host of clinical
and surrogate end points for patients with intermedi-
ate-risk PE.

Ideally, device safety would be evaluated in the
context of randomized controlled trials by rates of
non-ICH major bleeding, ICH, hemodynamic decom-
pensation, pulmonary decompensation, and car-
diopulmonary injury. Major bleeding should be des-
ignated and categorized by a consensus, published
bleeding scale. The universal BARC (Bleeding Aca-
demic Research Consortium) definitions, a well-val-
idated tool that allows comparison with many prior
interventional trials across various disease processes, is
a potential option.’® If BARC is used, major bleeding
definitions should include BARC 2, 3a, 3b, and 5 cat-
egories. ICH (also known as BARE Be-bleeding) should
be reported separately, given its oltsized influence on
decision-making for PE. Other bleeding tools that may

Expected Value
or Incidence With
Time Assessed Value or Incidence With an Interventional

End Point After Presentation Anticoagulation Alone Endovascular Therapy
Clinical end points

PE-related death'® =7 d 3% 1.5%

Hemodynamic decompensation® 7d 5% 1.6%*

CTEPH®’ 1y 4% Unknown
Patient-centric end points

6-min walk distance® 1y 415m Unknown

Generic QOL (SF-36 physical component score)'® 1y 42 Unknown

Disease-specific QOL (PEmb-QOL score)* 1y 13 Unknown

NYHA class >1%° 1y 33% Unknown

Impaired CPET (Vo,max <80%)% 1y 46% Unknown
Surrogate end points

RV/LV ratio change®**° 24-48 h 24-h echocardiography: no 24-h echocardiography:

change reduction of 0.3
48 h: unknown 48-h CTA: reduction of 0.4

Perfusion defects by V/Q scintigraphy”® 6 mo 30%-50% Unknown

Residual echocardiographic deficits* 2y 36% Unknown

Change in PASP*® 90d 11.6 (15.1) (ULTIMA) 12.3(12.8)

CPET indicates cardiopulmonary exercise test; CTA, computed tomographic angiography; CTEPH, chronic thromboembolic pulmonary
hypertension; NYHA, New York Heart Association; PASP, pulmonary artery systolic pressure; PE, pulmonary embolism; PEmb-QOL, Pulmonary
Embolism Quality of Life; QOL, quality-of-life; RV/LV, right ventricular/left ventricular; SF-36, Short Form-36; ULTIMA, Ultrasound Accelerated
Thrombolysis of Pulmonary Embolism; Vo,max, maximum oxygen consumption; and V/Q, ventilation/perfusion.

*Presumes equivalence between systemic thrombolytic therapy and endovascular thrombus removal.
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be appropriate include those developed by the Inter-
national Society of Thrombosis and Haemostasis and
those used in prior cardiovascular trials such as the
GUSTO trial (Global Utilization of Streptokinase and
tPA for Occluded Arteries).04-106

Hemodynamic decompensation refers to an immedi-
ate need to initiate or escalate intravenous vasopres-
sors, the initiation of mechanical circulatory support, or
cardiac arrest. Cardiac arrest should be reported sepa-
rately whenever possible. Pulmonary decompensation
refers to the need for urgent positive pressure ventila-
tion. In some cases, this may be caused by traumatic
injury to the PA circulation with associated pulmonary
hemorrhage. Rates of iatrogenic pulmonary hemor-
rhage should also be documented. In addition to these
PE-specific complications, standard collection of data
on endovascular complications such as vascular access-
site complications, acute kidney injury, and trauma to
the venous system or heart should be performed. Ta-
ble 10'271% provides definitions for various safety end
points for trials of intermediate-risk PE intervention.

Although randomized trials provide the most valid
way to appropriately judge complication risk in a given
population, there is significant complementary value
in prospective registries that rigorously assess the end
points above. Device-specific or disease-specific regis-
tries can actively survey complication rates and alert
the medical communitysand regulators to early signals
of harm, which s particularly valuable for relatively,
rare complications. Identifying potentially catastrophic
events such as hemodynamic or pulmonary decom-
pensation in patients_treated with interventional de-
vices is of particular importance given the rarity of
these outcomes in patients treated with anticoagula-
tion alone.

Table 10. Definitions of PE-Specific Safety End Points in Trials of
Devices for Intermediate-Risk PE

Complication Definition

ICH Any new bleeding inside the cranium;
BARC 3c bleeding

Non-ICH major bleeding Consider use of validated bleeding
assessment tools such as BARC, ISTH,
or GUSTO; if using BARC, class 2, 3a,

3b, and 5 bleeding

Pulmonary decompensation New initiation of positive pressure

ventilation

Hemodynamic decompensation | Initiation/escalation of vasopressor
therapy, initiation of mechanical

circulatory support, or cardiac arrest

Pulmonary hemorrhage Development of procedural or
postprocedural hemoptysis or imaging
study demonstrating intrapulmonary

bleeding

BARC indicates Bleeding Academic Research Consortium'®*; GUSTO, Global
Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded
Coronary Arteries'®; ICH, intracranial hemorrhage; ISTH, International Society
of Thrombosis and Haemostasis'®*'%; and PE, pulmonary embolism.
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Summary

e Although single-arm studies have some value in
establishing the preliminary safety and effective-
ness of devices for the treatment of PE, these
studies are not sufficient to stratify risks and guide
clinical practice. Hence, data to support the use
of interventional devices for intermediate-risk PE
should come from randomized trials.

o Effectiveness outcomes should include traditional
clinical outcomes (death, hemodynamic decom-
pensation, development of CTEPH) and patient-
centric functional or QOL outcomes.

e Functional or QOL outcomes may include the
6-minute walk distance, Pulmonary Embolism
Quality of Life score, New York Heart Association
classification, and Short Form-36 scores.

e Surrogate effectiveness end points, including the
short-term reduction in RV/LV ratio, should not be
a proxy for mortality or other clinical outcomes in
studies of patients with intermediate-risk PE.

e Comparative safety evaluations of interventional
devices in randomized trials should include major
bleeding (consider the use of BARC or other
consensus criteria), ICH, hemodynamic decom-
pensation, and pulme@ndry.---decompensation.
Complementary prospective r&gistries should be
encouraged to actively survey harms associated
with relatively rare events.

Influenceof the Current US Regulatory
Environment on Evidence Development

The regulatory pathway strongly influences novel de-
vice development and evaluation. In the absence of
clearance or approval for a specific indication, devices
can be used only in an off-label fashion. Although off-
label use of both drugs and devices at physician discre-
tion remains a valuable option for selected cases, exclu-
sively off-label treatment will reduce the incentive for
industry to design devices specifically for the pulmonary
circulation and to iteratively improve their technologies
to optimize pulmonary performance.

The FDA designates novel devices into categories
of low, moderate, or high risk to patients, with the 3
categories nominally designated as class I, I, and Il
respectively.’” All the classifications relate to clear-
ance/approval of a device only for the specific indica-
tion under examination (ie, the evaluation of the safety
and effectiveness of a device for the treatment of deep
venous thrombosis would need to be separated from
its evaluation for PE because of the disparate presenta-
tions, risks, and benefits of the device in the 2 different
clinical scenarios). Class | devices are defined as low
risk because they “are not purported or represented
to be of substantial importance in preventing impair-
ment of human health” and they “do not present a
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potential unreasonable risk of illness or injury.” Class Il
devices are designated as moderate risk because of the
availability of “sufficient information to establish spe-
cial controls to provide a reasonable assurance of the
safety and effectiveness of the device.” These special
controls may include “promulgation of performance
standards, post-market surveillance, patient regis-
tries...and other appropriate actions as FDA deems
necessary to provide such assurance [of safety and ef-
fectiveness].” The FDA examines these special controls
to “provide adequate assurance of safety and effec-
tiveness and describe how such controls provide such
assurance.” Finally, class Ill devices “present a potential
unreasonable risk of illness or injury” and cannot be
classified into class Il because “insufficient information
exists to determine that the special controls described
above would provide reasonable assurance of its safety
and effectiveness.” %

Designation of a device as class Il triggers the need
for premarket approval by the FDA before device sales
and marketing for the indication under consideration.
Premarket approval represents the highest form of FDA
device regulation and is a far more involved process
than the 510(k) clearance pathway used for class | and
Il devices.’®® Although specific clinical study types and
designs are not proscribed by the FDA for premarket
approval, the FDA seeks a higher standard of evidence
that ensures the safetyrand effectiveness of devices for
which they would be lessicertain on, the.basis of the
controls specified for class | and Il'devices. For invasive
cardiovascular therapies, this/has often, but not uni-
versally, taken the form.of randomized.controlled tri-
als. Oftentimes, premarket approval applications are
reviewed by advisory panels of expert clinicians and sci-
entists who provide guidance to the FDA indicating the
success of clinical studies to demonstrate a favorable
profile for safety and effectiveness.

The FDA cites examples of class | devices as elas-
tic bandages and enema kits. Class Il devices include
wheelchairs and some pregnancy test kits. Class Ill de-
vices include many recently evaluated cardiovascular de-
vices such as drug-coated balloons for peripheral artery
disease and structural heart products such as transcath-
eter heart valves and left atrial appendage occlusion
devices. The ultimate classification of a novel therapy
is determined by the FDA. However, the FDA can rely
on recommendations drafted by classification panels to
assist in appropriate designations. Classification panels
consist of members chosen for their expertise in clinical
use, manufacturing, engineering, or administrative is-
sues relevant to the device under evaluation. Each pan-
el also has nonvoting members representing consumer
and device manufacturing industry interests.

Thus far, 2 devices have been granted FDA clear-
ance for the interventional treatment of PE: the EKO-
Sonic USAT system and the FlowTriever embolectomy
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device. The Indigo embolectomy device is currently
under evaluation. In all cases, the FDA designated
the devices as class Il. Clearance was based on clini-
cal studies evaluating the safety and effectiveness of
the devices for the treatment of PE, with assurance
of effectiveness being demonstrated by short-term
changes in the RV/LV ratio and safety based on results
of single-arm 100- to 150-patient studies reviewed
earlier in this document.

The above analyses were inadequately powered
for and not designed to support clinical effective-
ness (defined by mortality, recurrent venous thrombo-
embolism, hemodynamic decompensation, QOL, or
functional status at any time point) or to stratify risks
and guide clinical practice. Although an argument
can be made that procedural safety can be judged in
a single-arm study, the above studies were not large
enough to make clear judgments about the compara-
tive safety of the interventional therapies against con-
servative therapy.

In summary, results of premarket evaluation studies
for interventional devices thus far support effectiveness
for surrogate end points: the short-term change in RV/
LV ratio and reduction in PAPs_However, no rigorous
evaluations of short-, intermediate-;:erfonger-term clin-
ical or patient-centric end points have been performed
in either the intermediate- or high-risk population. Pro-
cedural safety of the devices has been evaluated largely
in intermediate-risk patients whese short-term risks
with anticoagulation alone are low. Procedural safety
ofsthe devices has not been evaluated in a significant
number of patients with.high-risk PE.

Given the above, it is not expected that high-level
evidence to justify the use of interventional devices for
PE will be available before their widespread marketing.
Generation of this high-level evidence must be driven
by other mechanisms via interested stakeholders, in-
cluding charitable organizations, professional societies,
industry, and public funding sources.

Summary

e Thus far, interventional PE devices have been clas-
sified as moderate risk to patients, resulting in
regulatory clearance via the 510(k) pathway.

e Level 1 evidence for the safety and effectiveness of
interventional devices for PE will not be available
before their widespread marketing.

e Generation of high-level evidence for PE devices
will have to be driven by interested stakeholders,
including charitable organizations, professional
societies, industry, and public funding sources.

PE RESPONSE TEAMS

Despite all that has been outlined in the previous sec-
tions, data suggest that patients with massive PE are

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707
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actually being undertreated. Between 3% and 4.5%
of patients with PE are hypotensive when they ini-
tially present to care.?%'% Despite this, only a minor-
ity of these patients receive advanced therapies such
as systemic intravenous thrombolysis, CDL, catheter-
based embolectomy, or surgery.’® The reasons for this
treatment gap are unclear but are likely related to the
perceived risks associated with these therapies and the
unwillingness of individual clinicians to assume those
risks on behalf of their patients. The rapidly evolving
proliferation of therapeutic options and interventional
devices makes choosing among different advanced
therapeutic options challenging. As noted in this docu-
ment, the development and promulgation of inter-
ventional devices for PE in particular will occur in the
absence of Level 1 evidence evaluating safety or ef-
fectiveness. This knowledge gap means that specific
therapeutic decisions are left to individual clinicians,
who may be prone to their own biases and influenced
by their previous experiences.

The PERT model was created to help address these
treatment and knowledge gaps.''%'"* PERTs are like
other rapid response teams (eg, stroke teams, trau-
ma teams) in that they provide rapid assessment and
treatment of patients with a life-threatening, time-
sensitive illness. Typically, a PERT is activated by a
clinical care team after a clinically significant PE is
diagnosed.2""> Origimalw.desariptions of PERT focus
on members of the PERT, representing_different spe-
cialties that review the case in real time and provide
a consensus recommendation to the care team. The
PERT also serves as.a_mechanism to efficiently ' mobi-
lize resources such as the catheterization laboratory
or operating room when needed. PERTs are somewhat
unigue among rapid response teams in that interac-
tion among multiple different specialties (eg, cardiol-
ogy, emergency medicine, hematology, interventional
radiology, pulmonary/critical care surgery, vascular
medicine) is integral to this care model (Figure 6).
This multidisciplinary approach ensures that clinicians
with different perspectives on various therapeutic ap-
proaches participate in treatment decisions. In current

Interventional Therapies for Acute PE

clinical practice, real-time multiphysician review of all
cases is not universal in existing PERTs, many of which
function as more traditional consultancy services.
However, the multispecialty involvement of providers
within the teams at large remains a key characteristic
in these hospitals as well.

The PERT model has several potential advantages.
Engaging a multidisciplinary group of clinicians in dis-
cussions about individual patients and programmatic
considerations about localized treatment guidelines
may reduce individual and intraspecialty biases and
conflicts of interest. Having representation from both
interventional and noninterventional specialties may
facilitate appropriate debate about the use of inva-
sive therapeutic procedures, particularly in the ab-
sence of high-level evidence for their use. The fact
that these debates are multidisciplinary is critically
important so that the risks and benefits of specific
interventions or procedures are not determined solely
by clinicians who perform those procedures or do not
perform those procedures. The PERT platform can
serve as a mechanism for internal quality assessment
and improvement at an institution. Engaging with the
growing consortium of PERT programs may provide
an infrastructure for the assessment-of interventional
devices both before and after appréval. Research into
the comparative effectiveness of these devices and in-
terventions may take the form of clinical trials or ob-
servational outcomes research and. cost-effectiveness
studies. Both clinical trial andpractice-based research
designs may, in the future, be facilitated through a
network of ‘multidisciplinary collaborators associated
with PERTs.

Similarly, representation among specialties that pro-
vide short-term care and long-term follow-up may help
facilitate appropriate debate about which outcomes
are most critical to consider during the determination
of the initial treatment. It is extremely difficult to ap-
propriately weight short-term outcomes such as PE-
related mortality or thrombolysis-related hemorrhage
alongside long-term outcomes such as cardiovascular
disability, decreased QOL, and CTEPH. The relative im-

100%

80%
0%
0%

Pulmonary/Critical Emergency
Care Medicine

L)

S

5
(=1

Cardiac Surgery

Specialty Involvement

Interventional
Cardiology or
Vascular Medicine Vascular Medicine

Non-interventional
Cardiology or

Interventional
Radiology

Hematology Non-cardiac Surgery

Figure 6. Specialty representation among US pulmonary embolism response teams (PERTs) according to information garnered from a survey of 39

initial institutions with PERTs.?
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portance of these outcomes is an individual decision
that varies across both clinicians and patients. In time,
PERTs may generate outcome data that better inform
treatment decisions. Until those data are available, the
PERT approach enables various outcomes to be as-
sessed and considered in a way that is both patient-
centered and representative of the diversity of clinical
experience.

Despite potential benefits of PERT programs, a
number of well-founded criticisms exist. No robust
data exist demonstrating superior clinical outcomes for
hospitals using a PERT program compared with hospi-
tals with usual care for patients with acute PE. How-
ever, the notion of rapid multidisciplinary care is not
unique to PERT. In fact, the PERT model was based in
part on the rapid response teams for shock, trauma,
stroke, and cardiac arrest. Many of these programs are
widely adopted and generally considered to improve
care for acutely ill patients.'®'2" In the evaluation of
the effect of PERT, studies will need to distinguish be-
tween evidence supporting (or refuting) this pathway
of care from evidence supporting (or refuting) the use
of individual therapies. Evidence in support of the PERT
model of care must be distinguished from evidence in
support of thrombolysis or catheter-based therapies,
for example.

Although many have argued that there is no down-
side to rapid multidisciplinary; evaluation and discus-
sion for patients with complex medical conditions, oth-
ers have raised concerns thatthe PERT model is costly
and designed to increase the use of catheter-based in-
terventional therapies. Initial data fromuindividual.cen-
ters demonstrate use of catheter-based therapies in a
minority of patients with intermediate- and high-risk
acute PE (Table 11).113.122.123 pybplished reports from sev-
eral academic centers suggest that CDL, for example,
is used in 11% to 29% of PERT activations.!3123.124 A|-
though this represents a minority of patients presenting
to these hospitals with PE, these rates of CDL use are
substantially higher than that noted in general US prac-
tice.'” In addition, within the PERT framework, cath-
eter-based approaches may be supplanting systemic
thrombolysis as the active thrombus removal strategy

Interventional Therapies for Acute PE

of choice for patients with intermediate- and high-risk
PE. In each of the above institutions, the proportion
of patients receiving PERT care undergoing CDL was
far higher than that of patients receiving full-dose sys-
temic thrombolysis (5%—6%). However, there appears
to be substantial variation in the use of catheter-based
therapies across institutions with a PERT. Unpublished
data (C. Kabrhel, PERT Consortium Symposium, June
2018) demonstrate that the use of CDL varies from 0%
to 20% across institutions and the use of any therapy
more advanced than anticoagulation alone varies from
16% to 46%. This variation could be related to the
local availability of resources, different specialty partici-
pation in the PERT, varying interpretations of and com-
fort with the data supporting different therapies, or
other factors. Understanding the nature of the varia-
tion in the use of catheter-based procedures and how
it affects treatments and outcomes of patients with PE
is an important goal for future study. It will also be
important to formally evaluate several other aspects of
PERT. First, PERT may create a false sense of urgency
in stable patients for whom urgent decision-making
for symptomatic PE does not improve care. In addition,
although the goal of PERT is to make consensus recom-
mendations, this may not be @ossiple-in circumstances
in which members of the team fundafientally disagree
on the appropriate management strategy for a patient.
Depending on the structure of the PERT, systematic
mechanisms for adjudicating such.disagreements may
not exist. In addition; in the mast emergent cases, there
may be a downside|in attempting to obtain multidisci-
plinarydnput en management rather than simply having
a single experienced practitioner make rapid decisions.
Finally, the current system of reimbursement does not
easily allow compensation for the cognitive expertise
and time spent by multiple different physicians on the
same patient for a single diagnosis.

To properly address the knowledge gaps related to
PERT and advanced therapies for acute PE, 2 types of
studies are needed. The first should explore the impact
of the PERT model on care delivery and clinical out-
comes. The second should focus on comparing out-
comes between various treatment strategies (eg, use

Table 11. Use of Active Thrombus Removal Therapies Among 3 Different PERTs

MGH, n (%) Cornell, n (%) Cleveland Clinic, n (%)
High Risk Intermediate Risk High Risk Intermediate Risk High Risk Intermediate Risk

(n=80) (n=142) (n=8) (n=79) (n=23) (n=80)
Systemic full-dose thrombolysis 8(10) 8(6) 0(0) 6 (8) 3(14) 3(4)
Systemic half-dose thrombolysis 0 (0) 0 (0) 0 (0) 0 (0) 4 (18) 13(16)
CDL 6(8) 19 (13) 4 (50) 21 (27) 7 (32) 7(9)
Catheter-based embolectomy 0(0) 1(1) 0(0) 0(0) 3(14) (1)
Surgical embolectomy 4(5) 3(2) 0(0) 0(0) 2(9) 4(5)

CDL indicates catheter-directed thrombolysis; MGH, Massachusetts General Hospital; and PERT, pulmonary embolism response team.

Data derived from Reza and Dudzinski,"'? Carroll et al,'?? and Sista et al.'?3
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of different devices versus noninterventional therapies).
PERT programs can potentially offer significant ben-
efits for both study types. Through the National PERT
Consortium, many centers are actively entering their
patients with intermediate- and high-risk acute PE into
a centralized database. This infrastructure may initially
allow postmarketing studies of devices and potentially
serve as a platform for prospective device evaluation in
the future, both ideally guided by principles articulated
in earlier sections of this document.

The multidisciplinary PERT approach provides a mod-
el of cross-specialty collaboration that may aid in the
investigation of novel devices for the treatment of PE.
Like PERT, the assessment of novel interventions for PE
should involve multiple clinical specialties, should focus
on minimizing individual and specialty biases and con-
flicts of interest, and should consider the spectrum of
clinical outcomes important to patients.

Summary

e PERTs universally involve multiple specialties that
bring various experience and skills to the manage-
ment of patients with acute PE.

e Published treatment patterns and clinical out-
comes of PERTs are limited. Available data demon-
strate the use of CDL in 10% to 20% of patients
with intermediate=risk PE; The use of CDL in hos-
pitals with PERTs appears to be more common
than the use of systemic thrombolysis. Datajon the
influence of PERT on the use of catheter-directed
embolectomy are limited.

e PERT may'serve as a future platform for prospec-
tive observational and experimental research into
technologies involved in the management of PE.
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PE care improves patient outcomes and is cost-
effective. Formal health systems evaluation and
implementation research on PERT have not yet
been performed.

ARTICLE INFORMATION

The devices listed here serve only to illustrate examples of these types of de-
vices. This is not intended to be an endorsement of any commercial product,
process, service, or enterprise by the American Heart Association.

The American Heart Association makes every effort to avoid any actual or
potential conflicts of interest that may arise as a result of an outside relationship
or a personal, professional, or business interest of a member of the writing pan-
el. Specifically, all members of the writing group are required to complete and
submit a Disclosure Questionnaire showing all such relationships that might be
perceived as real or potential conflicts of interest.

This statement was approved by the American Heart Association Science Ad-
visory and Coordinating Committee on May 28, 2019, and the American Heart
Association Executive Committee on June 19, 2019. A copy of the document
is available at https:/professional.heart.org/statements by using either “Search
for Guidelines & Statements” or the “Browse by Topic” area. To purchase
additional reprints, call 843-216-2533 or e-mail kelle.ramsay@wolterskluwer.com.

The American Heart Association requests that this document be cited
as follows: Giri J, Sista AK, Weinberg I, Kearon C, Kumbhani DJ, Desai ND,
Piazza G, Gladwin MT, Chatterjee S, Kobayashi T, Kabrhel C, Barnes GD; on
behalf of the American Heart Association Council on Peripheral Vascular Dis-
ease; Council on Arteriosclerosis, Thrombosis and Vascular Biology; Council on
Cardiopulmonary, Critical Care, Perioperative and Resuscitation; and Council
on Cardiovascular Surgery and Anesthesia,_[fiterventional therapies for acute
pulmonary embolism: current status andi,‘ ]ﬁ'@é‘iﬁéﬁ the development of
novel evidence: a scientific statement from

e American Heart Association.
Circulation. 2019;140:e000-e000. doi: 10.1161/CIR.0000000000000707.
The expert peer review of AHA-commissioned documents (eg, scientific
statements, clinical practice guidelines, systematic reviews) is conducted by the
AHA Office of Science Operations..For more on AHA statements and guidelines
development, visit https:/professional heart.org/statements. Select the “Guide-
lines & Statements” drop-down menu, then click “Publication Development.”
Permissions: Multiple copies, modification, alteration, enhancement, and/
or distribution of this document.are not permitted without the express permis-
sion of the American Heart Association. Instructions for obtaining permission
are located at https://www.heart.org/permissions. A link to the “Copyright Per-
missions Request Form” appears in the second paragraph (https://www.heart.
org/en/about-us/statements-and-policies/copyright-request-form).

Other Speakers’
Writing Group Research | Bureau/ Expert | Ownership | Consultant/Advisory
Member Employment Research Grant Support | Honoraria | Witness Interest Board Other
Jay Giri University of None None None None None None None
Pennsylvania
Akhilesh K. Sista New York University Penumbra, Inc (PE None None None None Thrombolex, Inc None
research)* (unpaid)*
Geoffrey D. University of Michigan None None None None None None None
Barnes Frankel Cardiovascular
Center

Saurav Hoffman Heart Institute, None None None None None None None
Chatterjee Saint Francis Hospital-

Teaching Affiliate of the

University of Connecticut

School of Medicine
Nimesh D. Desai | Hospital of the University None None None None None None None
of Pennsylvania

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707

(Continued)

TBDTBD, 2019  e23

o
=
E=
=0
>
o
S w
(=
=E
Cm
—
= o
=
—
(7]



mailto:kelle.ramsay@wolterskluwer.com

wn
L
=
—
L
=
S
S
=
=
=

6T0Z ‘G ©qo1Q uo Ag Bio'sfeunofeye//:diy wouy papeojumog

Giri et al Interventional Therapies for Acute PE

Writing Group Disclosures Continued

Mark T. Gladwin | University of Pittsburgh, | Burroughs Wellcome None None None Globin Acceleron Pharma None
Heart, Lung, Blood (Pl of a Burroughs- Solutions Inc*; Actelion Clinical
and Vascular Medicine Wellcome training Inc* Research, Inc*; Bayer
Institute award)*; NIH (Pl of Healthcare LLC's
2 RO1s, a PO1, and Heart and Vascular
T32 award, awarded Disease Research
to the University of Advisory Board*;
Pittsburgh)* Catalyst Biosciences*;
Epizyme*; Modus
Therapeutics*; United
Therapeutics*
Christopher Massachusetts General None None None None None None None
Kabrhel Hospital
Clive Kearon McMaster University None None None None None None None
(Canada)
Taisei Kobayashi | Hospital of the University None None None None None None None
of Pennsylvania
Dharam J. UT Southwestern None None None None None None None
Kumbhani Medical Center
Gregory Piazza Brigham and Women'’s BMST; Bayert; None None None None Pfizer* None
Hospital EKOS/BTGT; Daiichi
Sankyo*; Janssent;
Portolat
Ido Weinberg Massachusetts General None None None None None vate Medical* None
Hospital < s fagricen

This table represents the relationships of writing group members that may be perceived as actual or reasonably perceived conflicts of interest as reported on
the Disclosure Questionnaire, which all members of the writing group are required to complete and submit. A relationship is considered to be “significant” if
(a) the person receives $10 re during any 12-month period, or 5% or mare of the person’s gross income; or (b) the person owns 5% or more of the
voting stock or share of ns $10000 or more of the fair market value of the entity. A relationship is considered to be “modest” if it is less than
“significant” under the preceding definitio

*Modest.

tSignificant.

Reviewer Disclosures

Ehrin J. Armstrong University of None None None None None Abbott*; Boston None
Colorado and VA Scientific*; Cardiovascular
Eastern Colorado Systems*; Medtronic*;
Healthcare System Philips*
Herbert D. Aronow Brown University None None None None None None None
Joshua A. Beckman | Vanderbilt University Bayer (DSMB)*; None None None None AstraZeneca*; Bristol None
Novartis (DSMB)* Myers Squibb*; Merck*;
Novo Nordisk*; Sanofi*;
Antidote Therapeutics*
J. Pablo Morales US Food and Drug None None None None None None None
Administration
Sahil A Parikh Columbia University None None None None None Abbott Vascular*; Boston | None
Scientific*; Philips*;
Medtronic*

This table represents the relationships of reviewers that may be perceived as actual or reasonably perceived conflicts of interest as reported on the Disclosure
Questionnaire, which all reviewers are required to complete and submit. A relationship is considered to be “significant” if (a) the person receives $10000 or more
during any 12-month period, or 5% or more of the person’s gross income; or (b) the person owns 5% or more of the voting stock or share of the entity, or owns
$10000 or more of the fair market value of the entity. A relationship is considered to be “modest” if it is less than “significant” under the preceding definition.

*Modest.

e24  TBDTBD, 2019 Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707



6T0Z ‘G 4200100 uo Aq Blio'sfeuinofeye//:dny woly papeojumod

Giri et al

REFERENCES

1.

Centers for Disease Control and Prevention (CDC). Venous thromboem-
bolism in adult hospitalizations—United States, 2007-2009. MMWR Morb
Mortal Wkly Rep. 2012;61:401-404.

. Barnes GD, Kabrhel C, Courtney DM, Naydenov S, Wood T, Rosovsky R,

Rosenfield K, Giri J; National PERT Consortium Research Committee. Diver-
sity in the pulmonary embolism response team model: an organizational
survey of the National PERT Consortium members. Chest. 2016;150:1414—
1417. doi: 10.1016/j.chest.2016.09.034

. Tu T, Toma C, Tapson VF, Adams C, Jaber WA, Silver M, Khandhar S,

Amin R, Weinberg M, Engelhardt T, Hunter M, Holmes D, Hoots G,
Hamdalla H, Maholic RL, Lilly SM, Ouriel K, Rosenfield K; FLARE Inves-
tigators. A prospective, single-arm, multicenter trial of catheter-directed
mechanical thrombectomy for intermediate-risk acute pulmonary em-
bolism: the FLARE study. JACC Cardiovasc Interv. 2019;12:859-869. doi:
10.1016/}.jcin.2018.12.022

. Kucher N, Boekstegers P, Muller OJ, Kupatt C, Beyer-Westendorf J, Heitzer T,

Tebbe U, Horstkotte J, Mdller R, Blessing E, Greif M, Lange P, Hoffmann RT,
Werth S, Barmeyer A, Hartel D, Griinwald H, Empen K, Baumgartner |. Ran-
domized, controlled trial of ultrasound-assisted catheter-directed throm-
bolysis for acute intermediate-risk pulmonary embolism. Circulation.
2014;129:479-486. doi: 10.1161/CIRCULATIONAHA.113.005544

. Vanni S, Nazerian P, Pepe G, Baioni M, Risso M, Grifoni G, Viviani G,

Grifoni S. Comparison of two prognostic models for acute pulmonary em-
bolism: clinical vs. right ventricular dysfunction-guided approach. J Thromb
Haemost. 2011;9:1916-1923. doi: 10.1111/j.1538-7836.2011.04459.x

. Frémont B, Pacouret G, Jacobi D, Puglisi R, Charbonnier B, de Labriolle A.

Prognostic value of echocardiographic right/left ventricular end-diastolic
diameter ratio in patients with acute pulmonary embolism: results from
a monocenter registry of 1,416 patients. Chest. 2008;133:358-362. doi:
10.1378/chest.07-1231

. Meinel FG, Nance JW Jr, Schoepf UJ, Hoffmann VS, Thierfelder KM,

Costello P, Goldhaber SZ, Bamberg F. Predictive value of computed tomog-
raphy in acute pulmonary embolism: systematic review and meta-analysis.
Am J Med. 2015;128:747-59.e2. doi: 10.1016/j.amjmed.2015.01.023

. Kreit JW. The impact_ofsright.ventricular dysfunction on the prognosis

and therapy of normoetensive patients with pulmonary embolism. Chest.
2004;125:1539-1545. doi: 10.1378/chest.125.4.1539

. Grifoni S, Olivottol, Cecchini P, Pieralli F, Camaiti/A, Santoro G, Conti A,

Agnelli G, Berni G. Short-term clinical outcome of patients with acute pul:
monary embolism, normal blood pressure, and echocardiographic right
ventricular dysfunetions Circulation:2000;101:2817-2822. -

. Vanni S, Viviani G, Baioni M, Pepe G, Nazerian P, Socci F, Bartolucci M,

Bartolini M, Grifoni S. Prognostic value of plasma lactate levels among
patients with acute pulmonary embolism: the thrombo-embolism lac-
tate outcome study. Ann Emerg Med. 2013;61:330-338. doi: 10.1016/j.
annemergmed.2012.10.022

. Aujesky D, Roy PM, Verschuren F, Righini M, Osterwalder J, Egloff M,

Renaud B, Verhamme P, Stone RA, Legall C, Sanchez O, Pugh NA, N'gako A,
Cornuz J, Hugli O, Beer HJ, Perrier A, Fine MJ, Yealy DM. Outpatient ver-
sus inpatient treatment for patients with acute pulmonary embolism:
an international, open-label, randomised, non-inferiority trial. Lancet.
2011;378:41-48. doi: 10.1016/50140-6736(11)60824-6

. JaffMR,McMurtry MS, Archer SL, Cushman M, GoldenbergN, Goldhaber Sz,

Jenkins JS, Kline JA, Michaels AD, Thistlethwaite P, Vedantham S, White RJ,
Zierler BK; on behalf of the American Heart Association Council on Car-
diopulmonary, Critical Care, Perioperative and Resuscitation; American
Heart Association Council on Peripheral Vascular Disease; American
Heart Association Council on Arteriosclerosis, Thrombosis and Vascular
Biology. Management of massive and submassive pulmonary embolism,
iliofemoral deep vein thrombosis, and chronic thromboembolic pulmo-
nary hypertension: a scientific statement from the American Heart As-
sociation [published corrections appear in Circulation. 2012;125:e496
and Circulation. 2012;126:e495). Circulation. 2011;123:1788-1830. doi:
10.1161/CIR.0b013e318214914f

. Konstantinides SV. 2014 ESC guidelines on the diagnosis and manage-

ment of acute pulmonary embolism. Eur Heart J. 2014;35:3145-3146.
doi: 10.1093/eurheartj/ehu393

. Kearon C, Akl EA, Ornelas J, Blaivas A, Jimenez D, Bounameaux H,

Huisman M, King CS, Morris TA, Sood N, Stevens SM, Vintch JRE, Wells P,
Woller SC, Moores L. Antithrombotic therapy for VTE disease: CHEST
guideline and expert panel report. Chest. 2016;149:315-352. doi:
10.1016/j.chest.2015.11.026

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

Interventional Therapies for Acute PE

. Goldhaber SZ, Visani L, De Rosa M. Acute pulmonary embolism: clinical

outcomes in the International Cooperative Pulmonary Embolism Registry
(ICOPER). Lancet. 1999;353:1386-1389.

. Becattini C, Agnelli G, Lankeit M, Masotti L, Pruszczyk P, CasazzaF, Vanni S,

Nitti C, Kamphuisen P, Vedovati MC, De Natale MG, Konstantinides S.
Acute pulmonary embolism: mortality prediction by the 2014 European
Society of Cardiology risk stratification model. Eur Respir J. 2016;48:780—
786. doi: 10.1183/13993003.00024-2016

. Kasper W, Konstantinides S, Geibel A, Olschewski M, Heinrich F,

Grosser KD, Rauber K, Iversen S, Redecker M, Kienast J. Management
strategies and determinants of outcome in acute major pulmonary em-
bolism: results of a multicenter registry. / Am Coll Cardiol. 1997;30:
1165-1171.

. Chatterjee S, Chakraborty A, Weinberg |, Kadakia M, Wilensky RL,

Sardar P, Kumbhani DJ, Mukherjee D, Jaff MR, Giri J. Thrombolysis for
pulmonary embolism and risk of all-cause mortality, major bleeding, and
intracranial hemorrhage: a meta-analysis. JAMA. 2014,311:2414-2421.
doi: 10.1001/jama.2014.5990

. Becattini C, Agnelli G. Predictors of mortality from pulmonary embo-

lism and their influence on clinical management. Thromb Haemost.
2008;100:747-751.

Kucher N, Rossi E, De Rosa M, Goldhaber SZ. Massive pulmonary
embolism. Circulation. 2006;113:577-582. doi: 10.1161/CIRCULATIONAHA.
105.592592

Lin BW, Schreiber DH, Liu G, Briese B, Hiestand B, Slattery D, Kline JA,
Goldhaber SZ, Pollack CV Jr. Therapy and outcomes in massive pulmo-
nary embolism from the Emergency Medicine Pulmonary Embolism in
the Real World Registry. Am J Emerg Med. 2012;30:1774-1781. doi:
10.1016/j.ajem.2012.02.012

Secemsky E, Chang Y, Jain CC, Beckman JA, Giri J, Jaff MR, Rosenfield K,
Rosovsky R, Kabrhel C, Weinberg I. Contemporary management and out-
comes of patients with massive and submassive pulmonary embolism. Am
J Med. 2018;131:1506-1514.€0. doi{ i Oﬂe'&c;‘jwmjmed.2018.07.035
Jiménez D, Kopecna D, Tapson V, Briesé“B“*Sthreiber D, Lobo JL,
Monreal M, Aujesky D, Sanchez O, Meyer G, Konstantinides S, Yusen RD;
PROTECT Investigators. Derivation and validation of multimarker prog-
nostication for nofmotensive patients with acute symptomatic pulmo-
nary embolism. Am J Respir Crit Care Med. 2014;189:718-726. doi:
10.1164/rccm.201311-20400C

Jiménez D, Aujesky D, Moores L, Gémez V, Lobo JL, Uresandi F,

-~ Otero R, Monreal M, Muriel A, Yusen RD; RIETE Investigators. Simplifi-

cation of the pulmonary embolism severity index for prognostication in
patients with acute symptomatic pulmonary embolism. Arch Intern Med.
2010;170:1383-1389. doi: 10.1001/archinternmed.2010.199

Jiménez D, Yusen RD, Otero R, Uresandi F, Nauffal D, Laserna E, Conget F,
Oribe M, Cabezudo MA, Diaz G. Prognostic models for selecting patients
with acute pulmonary embolism for initial outpatient therapy. Chest.
2007;132:24-30. doi: 10.1378/chest.06-2921

Thames MD, Alpert JS, Dalen JE. Syncope in patients with pulmonary em-
bolism. JAMA. 1977,238:2509-2511.

Squizzato A, Donadini MP, Galli L, Dentali F, Aujesky D, Ageno W. Prog-
nostic clinical prediction rules to identify a low-risk pulmonary embolism: a
systematic review and meta-analysis. / Thromb Haemost. 2012;10:1276—
1290. doi: 10.1111/.1538-7836.2012.04739.x

Kabrhel C, Okechukwu I, Hariharan P, Takayesu JK, MacMahon P,
Haddad F, Chang Y. Factors associated with clinical deterioration shortly
after PE. Thorax. 2014;69:835-842. doi: 10.1136/thoraxjnl-2013-204762
Chatterjee S, Weinberg |, Yeh RW, Chakraborty A, Sardar P, Weinberg MD,
Kabrhel C, Barnes GD, Mukherjee D, Kumbhani D, Bashir R, Vaidya A,
Smith A, Fuchs B, Groeneveld P, Giri J. Risk factors for intracranial haem-
orrhage in patients with pulmonary embolism treated with throm-
bolytic therapy: development of the PE-CH Score. Thromb Haemost.
2017;117:246-251. doi: 10.1160/TH16-07-0588

Becattini C, Vedovati MC, Agnelli G. Prognostic value of troponins in
acute pulmonary embolism: a meta-analysis. Circulation. 2007;116:427—
433. doi: 10.1161/CIRCULATIONAHA.106.680421

Pruszczyk P, Goliszek S, Lichodziejewska B, Kostrubiec M, Ciurzynski M,
Kurnicka K, Dzikowska-Diduch O, Palczewski P, Wyzgal A. Prognostic
value of echocardiography in normotensive patients with acute pul-
monary embolism. JACC Cardiovasc Imaging. 2014;7:553-560. doi:
10.1016/).jcmg.2013.11.004

Elder M, Blank N, Shemesh A, Pahuja M, Kaki A, Mohamad T, Schreiber T,
Giri J. Mechanical circulatory support for high-risk pulmonary embolism.
Interv Cardiol Clin. 2018;7:119-128. doi: 10.1016/.iccl.2017.09.002

TBDTBD, 2019 €25

(]
—
==
S8
o
S w
(=
S
Cm
—

oo
Co—
|
(7]




AND GUIDELINES

(22
—
—
Ll
=
=
=
[7,)
—
<t
=
=
—
o

6T0Z ‘G 4200100 uo Aq Blio'sfeuinofeye//:dny woly papeojumod

Giri et al

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

e26

Ain DL, Albaghdadi M, Giri J, Abtahian F, Jaff MR, Rosenfield K, Roy N,
Villavicencio-Theoduloz M, Sundt T, Weinberg I. Extra-corporeal mem-
brane oxygenation and outcomes in massive pulmonary embolism: two
eras at an urban tertiary care hospital. Vasc Med. 2018;23:60-64. doi:
10.1177/1358863X17739697

Dudzinski DM, Giri J, Rosenfield K. Interventional treatment of pul-
monary embolism. Circ Cardiovasc Interv. 2017;10:e004345. doi:
10.1161/CIRCINTERVENTIONS.116.004345

Piazza G, Hohlfelder B, Jaff MR, Ouriel K, Engelhardt TC, Sterling KM,
Jones NJ, Gurley JC, Bhatheja R, Kennedy RJ, Goswami N, Natarajan K,
Rundback J, Sadig IR, Liu SK, Bhalla N, Raja ML, Weinstock BS, Cynamon J,
Elmasri FF, Garcia MJ, Kumar M, Ayerdi J, Soukas P, Kuo W, Liu PY,
Goldhaber SZ; SEATTLE I Investigators. A prospective, single-arm, mul-
ticenter trial of ultrasound-facilitated, catheter-directed, low-dose fi-
brinolysis for acute massive and submassive pulmonary embolism:
the SEATTLE Il study. JACC Cardiovasc Interv. 2015;8:1382-1392. doi:
10.1016/}.jcin.2015.04.020

Tapson VF, Sterling K, Jones N, Elder M, Tripathy U, Brower J, Maholic RL,
Ross CB, Natarajan K, Fong P, Greenspon L, Tamaddon H, Piracha AR,
Engelhardt T, Katopodis J, Marques V, Sharp ASP, Piazza G, Goldhaber SZ.
A Randomized Trial of the Optimum Duration of Acoustic Pulse Throm-
bolysis Procedure in Acute Intermediate-Risk Pulmonary Embolism: the
OPTALYSE PE trial. JACC Cardiovasc Interv. 2018;11:1401-1410. doi:
10.1016/}.jcin.2018.04.008

Schmitz-Rode T, Kilbinger M, Gunther RW. Simulated flow pattern in
massive pulmonary embolism: significance for selective intrapulmonary
thrombolysis. Cardiovasc Intervent Radiol. 1998;21:199-204.

Braaten JV, Goss RA, Francis CW. Ultrasound reversibly disaggregates fi-
brin fibers. Thromb Haemost. 1997;78:1063-1068.

Engelberger RP, Stuck A, Spirk D, Willenberg T, Haine A, Périard D,
Baumgartner I, Kucher N. Ultrasound-assisted versus conventional cath-
eter-directed thrombolysis for acute iliofemoral deep vein thrombosis:
1-year follow-up data of a randomized-controlled trial. J Thromb Hae-
most. 2017;15:1351-1360. doi: 10.1111/jth.13709

Gonzélez-Juanatey JR, Valdés L, Amaro A, lIglesias C, Alvarez D,
Garcia Acuia JM, de la Pefia MG. Treatment of massive pulmonary throm-
boembolism with low.intrapulmonaryldosages of urokinase: short-term
angiographic and hemodynamic evolution. Chest. 1992;102:341-346.
doi: 10.1378/chest.102.2.341

Kuo WT, Gould MK, Louie JD, Rosenberg JK, Sze/DY, Hofmann LV. Cath-
eter-directed therapy. for the treatment of massive pulmonary embolism:
systematic review and-meta-analysis of modern techniques. J Vasc Interv
Radiol. 2009;20:1431=1440. doi:10:1016/).jvir2009.08.002

Nakazawa K, Tajima H, Murata S, Kumita SI, Yamamoto T, Tanaka K.
Catheter fragmentation of acute massive pulmonary thromboembolism:
distal embolisation and pulmonary arterial pressure elevation. Br J Radiol.
2008;81:848-854. doi: 10.1259/bjr/93840362

Jaber WA, McDaniel MC. Catheter-based embolectomy for acute pul-
monary embolism: devices, technical considerations, risks, and benefits.
Interv Cardiol Clin. 2018;7:91-101. doi: 10.1016/j.iccl.2017.08.003
Dumantepe M, Teymen B, Akturk U, Seren M. Efficacy of rotational throm-
bectomy on the mortality of patients with massive and submassive pulmo-
nary embolism. J Card Surg. 2015;30:324-332. doi: 10.1111/jocs. 12521
Donaldson CW, Baker JN, Narayan RL, Provias TS, Rassi AN, Giri JS,
Sakhuja R, Weinberg |, Jaff MR, Rosenfield K. Thrombectomy using suc-
tion filtration and veno-venous bypass: single center experience with
a novel device. Catheter Cardiovasc Interv. 2015;86:E81-E87. doi:
10.1002/ccd.25583

Meyer G, Vicaut E, Danays T, Agnelli G, Becattini C, Beyer-Westendorf J,
Bluhmki E, Bouvaist H, Brenner B, Couturaud F, Dellas C, Empen K,
Franca A, Galié N, Geibel A, Goldhaber SZ, Jimenez D, Kozak M,
Kupatt C, Kucher N, Lang IM, Lankeit M, Meneveau N, Pacouret G,
Palazzini M, Petris A, Pruszczyk P, Rugolotto M, Salvi A, Schellong S,
Sebbane M, Sobkowicz B, Stefanovic BS, Thiele H, Torbicki A, Verschuren F,
Konstantinides SV; PEITHO Investigators. Fibrinolysis for patients with
intermediate-risk pulmonary embolism. N Engl J Med. 2014;370:1402—
1411. doi: 10.1056/NEJM0a1302097

Konstantinides SV, Vicaut E, Danays T, Becattini C, Bertoletti L,
Beyer-Westendorf J, Bouvaist H, Couturaud F, Dellas C, Duerschmied D,
Empen K, Ferrari E, Galie N, Jiménez D, Kostrubiec M, Kozak M, Kupatt C,
LanglIM, LankeitM, MeneveauN, PalazziniM, Pruszczyk P,RugolottoM, SalviA,
Sanchez O, Schellong S, Sobkowicz B, Meyer G. Impact of thrombolytic ther-
apy on the long-term outcome of intermediate-risk pulmonary embolism.
J Am Coll Cardiol. 2017;69:1536-1544. doi: 10.1016/j.jacc.2016.12.039

TBD TBD, 2019

48.

49.

50.

51.

52.

53.

54.

55.

564

57.

58.

59.

60.

61.

62.

63.

Interventional Therapies for Acute PE

Marti C, John G, Konstantinides S, Combescure C, Sanchez O, Lankeit M,
Meyer G, Perrier A. Systemic thrombolytic therapy for acute pulmo-
nary embolism: a systematic review and meta-analysis. Eur Heart J.
2015;36:605-614. doi: 10.1093/eurheartj/ehu218

Fiumara K, Kucher N, Fanikos J, Goldhaber SZ. Predictors of major hemor-
rhage following fibrinolysis for acute pulmonary embolism. Am J Cardiol.
2006;97:127-129. doi: 10.1016/j.amjcard.2005.07.117

Sharifi M, Bay C, Skrocki L, Rahimi F, Mehdipour M; “MOPETT" Inves-
tigators. Moderate pulmonary embolism treated with thrombolysis
(from the “MOPETT” Trial). Am J Cardiol. 2013;111:273-277. doi:
10.1016/j.amjcard.2012.09.027

Wang C, Zhai Z, Yang Y, Wu Q, Cheng Z, Liang L, Dai H, Huang K, Lu W,
Zhang Z, Cheng X, Shen YH; China Venous Thromboembolism (VTE) Study
Group. Efficacy and safety of low dose recombinant tissue-type plasmino-
gen activator for the treatment of acute pulmonary thromboembolism: a
randomized, multicenter, controlled trial. Chest. 2010;137:254-262. doi:
10.1378/chest.09-0765

Dellas C, Puls M, Lankeit M, Schafer K, Cuny M, Berner M, Hasenfuss G,
Konstantinides S. Elevated heart-type fatty acid-binding protein levels
on admission predict an adverse outcome in normotensive patients with
acute pulmonary embolism. J Am Coll Cardiol. 2010;55:2150-2157. doi:
10.1016/}.jacc.2009.10.078

Schoepf UJ, Kucher N, Kipfmueller F, Quiroz R, Costello P, Goldhaber SZ.
Right ventricular enlargement on chest computed tomography: a predictor
of early death in acute pulmonary embolism. Circulation. 2004;110:3276-
3280. doi: 10.1161/01.CIR.0000147612.59751.4C

vanderMeerRW, PattynamaPM, van Strijen MJ, vanden Berg-Huijsmans AA,
Hartmann 1J, Putter H, de Roos A, Huisman MV. Right ventricular dys-
function and pulmonary obstruction index at helical CT: prediction of
clinical outcome during 3-month follow-up in patients with acute pul-
monary embolism. Radiology. 2005;235:798-803. doi: 10.1148/radiol.
2353040593 .

Trujillo-Santos J, den Exter PL, Gérﬁ@f&, APekeCastillo H, Moreno C,
van der Hulle T, Huisman MV, Monreal M, YUs&WRD; Jiménez D. Comput-
ed tomography-assessed right ventricular dysfunction and risk stratifica-
tion of patients with acute non-massive pulmonary embolism: systematic
review and meta-analysis. / Thromb Haemost. 2013;11:1823-1832. doi:
10.1111/th:12393

Zhang M, Wang N, Zhai‘Z, Zhang M, Zhou R,\Liu Y, Yang Y. Incidence
and risk factors ‘of chronic thromboembolic pulmonary hyperten-

~sion after acute pulmonary embolism: a systematic review and meta-

analysis of |cohort studies. J fhorac Dis. 2018;10:4751-4763. doi:
10.21037/jtd.2018.07.106

Klok FA, van der Hulle T, den Exter PL, Lankeit M, Huisman MV,
Konstantinides S. The post-PE syndrome: a new concept for chronic com-
plications of pulmonary embolism. Blood Rev. 2014;28:221-226. doi:
10.1016/).blre.2014.07.003

Stevinson BG, Hernandez-Nino J, Rose G, Kline JA. Echocardiographic and
functional cardiopulmonary problems 6 months after first-time pulmonary
embolism in previously healthy patients. Eur Heart J. 2007;28:2517-2524.
doi: 10.1093/eurheartj/ehm295

Kline JA, Steuerwald MT, Marchick MR, Hernandez-Nino J, Rose GA. Pro-
spective evaluation of right ventricular function and functional status 6
months after acute submassive pulmonary embolism: frequency of per-
sistent or subsequent elevation in estimated pulmonary artery pressure.
Chest. 2009;136:1202-1210. doi: 10.1378/chest.08-2988

Sista AK, Miller LE, Kahn SR, Kline JA. Persistent right ventricular dys-
function, functional capacity limitation, exercise intolerance, and qual-
ity of life impairment following pulmonary embolism: Systematic
review with meta-analysis. Vasc Med. 2017;22:37-43. doi: 10.1177/
1358863X16670250

Kahn SR, Akaberi A, Granton JT, Anderson DR, Wells PS, Rodger MA,
Solymoss S, Kovacs MJ, Rudski L, Shimony A, Dennie C, Rush C,
Hernandez P, Aaron SD, Hirsch AM. Quality of life, dyspnea, and func-
tional exercise capacity following a first episode of pulmonary embolism:
results of the ELOPE Cohort Study. Am J Med. 2017;130:990.e9-990.e21.
doi: 10.1016/j.amjmed.2017.03.033

Klok FA, van Kralingen KW, van Dijk AP, Heyning FH, Vliegen HW,
Huisman MV. Prevalence and potential determinants of exertional dyspnea
after acute pulmonary embolism. Respir Med. 2010;104:1744-1749. doi:
10.1016/j.rmed.2010.06.006

Sharma GV, Burleson VA, Sasahara AA. Effect of thrombolytic therapy on
pulmonary-capillary blood volume in patients with pulmonary embolism.
N EnglJ Med. 1980;303:842-845. doi: 10.1056/NEJM198010093031502

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707



6T0Z ‘G 4200100 uo Aq Blio'sfeuinofeye//:dny woly papeojumod

Giri et al

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Sharma GV, Folland ED, McIntyre KM, Sasahara AA. Long-term benefit
of thrombolytic therapy in patients with pulmonary embolism. Vasc Med.
2000;5:91-95.

Kline JA, Nordenholz KE, Courtney DM, Kabrhel C, Jones AE, Rondina MT,
Diercks DB, Klinger JR, Hernandez J. Treatment of submassive pulmonary
embolism with tenecteplase or placebo: cardiopulmonary outcomes at 3
months: multicenter double-blind, placebo-controlled randomized trial.
J Thromb Haemost. 2014;12:459-468. doi: 10.1111/jth.12521

Fasullo S, Scalzo S, Maringhini G, Ganci F, Cannizzaro S, Basile |,
Cangemi D, Terrazzino G, Parrinello G, Sarullo FM, Baglini R, Paterna S,
Di Pasquale P. Six-month echocardiographic study in patients with sub-
massive pulmonary embolism and right ventricle dysfunction: compari-
son of thrombolysis with heparin. Am J Med Sci. 2011;341:33-39. doi:
10.1097/MAJ.0b013e3181f1fc3e

Piazza G, Goldhaber SZ. Chronic thromboembolic pulmonary hyperten-
sion. N Engl J Med. 2011;364:351-360. doi: 10.1056/NEJMra0910203
Pengo V, Lensing AW, Prins MH, Marchiori A, Davidson BL, Tiozzo F,
Albanese P, Biasiolo A, Pegoraro C, lliceto S, Prandoni P; Thromboembolic
Pulmonary Hypertension Study Group. Incidence of chronic thromboem-
bolic pulmonary hypertension after pulmonary embolism. N Engl J Med.
2004;350:2257-2264. doi: 10.1056/NEJM0a032274

Kuo WT, Banerjee A, Kim PS, DeMarco FJ Jr, Levy JR, Facchini FR, Unver K,
Bertini MJ, Sista AK, Hall MJ, Rosenberg JK, De Gregorio MA. Pulmo-
nary Embolism Response to Fragmentation, Embolectomy, and Catheter
Thrombolysis (PERFECT): initial results from a prospective multicenter reg-
istry. Chest. 2015;148:667-673. doi: 10.1378/chest.15-0119

Dong BR, Hao Q, Yue J, Wu T, Liu GJ. Thrombolytic therapy for pulmonary
embolism. Cochrane Database Syst Rev. 2009:CD004437.

Sanchez O, Helley D, Couchon S, Roux A, Delaval A, Trinquart L,
Collignon MA, Fischer AM, Meyer G. Perfusion defects after pulmonary
embolism: risk factors and clinical significance. J Thromb Haemost.
2010;8:1248-1255. doi: 10.1111/].1538-7836.2010.03844.x

den Exter PL, van Es J, Kroft LJ, Erkens PM, Douma RA, Mos IC, Jonkers G,
Hovens MM, Durian MF, ten Cate H, Beenen LF, Kamphuisen PW, Huisman MV;
Prometheus Follow-Up Investigators. Thromboembolic resolution assessed by
CT pulmonary angiography after treatment for acute pulmonary embolism.
Thromb Haemost. 2015;114:26-34. doi: 10.1160/TH14-10-0842
Fernandez Romerof G, Riyaz B, Gupta R, O'Murchu B, Lakhter V,
Nieves Prado C, Akhter T, Cohen G, Rali P. Pulmonary artery.rupture after
ultrasound-assisted catheter-directed thrombolysis. Am J Respir Crit Care
Med. 2019;199:e30-e32. doi: 10.1164/rccm.201805-0947IM

US Food and Drug Administration. MAUDE: Manufacturer and User Facili~
ty Device Experience. https:/www.accessdata.fda.gov/scripts/cdrh/cfdocs/
cfmaude/textsearch.cfm. Accessed February 26, 2019.

Kearney TJ, Shabot MM. Pulmonary artery rupture associated with the
Swan-Ganz catheter. Chest. 1995;108:1349-1352. doi: 10.1378/chest.
108.5.1349

Ozcinar E, Cakici M, Dikmen Yaman N, Baran C, Aliyev A, Inan B, Durdu S,
Akar AR, Sirlak M. Thrombus resolution and right ventricular functional
recovery using ultrasound-accelerated thrombolysis in acute massive and
submassive pulmonary embolism. Int Angiol. 2017;36:428-437. doi:
10.23736/50392-9590.17.03775-0

Bloomer TL, El-Hayek GE, McDaniel MC, Sandvall BC, Liberman HA,
Devireddy CM, Kumar G, Fong PP, Jaber WA. Safety of catheter-directed
thrombolysis for massive and submassive pulmonary embolism: results
of a multicenter registry and meta-analysis. Catheter Cardiovasc Interv.
2017;89:754-760. doi: 10.1002/ccd.26900

Chechi T, Vecchio S, Spaziani G, Giuliani G, Giannotti F, Arcangeli C,
Rubboli A, Margheri M. Rheolytic thrombectomy in patients with massive
and submassive acute pulmonary embolism. Catheter Cardiovasc Interv.
2009;73:506-513. doi: 10.1002/ccd.21858

Al-Hakim R, Park J, Bansal A, Genshaft S, Moriarty JM. Early experience
with AngioVac aspiration in the pulmonary arteries. J Vasc Interv Radiol.
2016;27:730-734. doi: 10.1016/}.jvir.2016.01.012

Del Rosario T, Basta M, Agarwal S. AngioVac suction thrombectomy com-
plicated by thrombus fragmentation and distal embolization leading to
hemodynamic collapse: a case report. A A Case Rep. 2017;8:206-209.
doi: 10.1213/XAA.0000000000000469

Worku B, Salemi A, D’Ayala MD, Tranbaugh RF, Girardi LN, Gulkarov IM. The
AngioVac device: understanding the failures on the road to success. /nno-
vations (Phila). 2016;11:430-433. doi: 10.1097/IMI.0000000000000310
Ciampi-Dopazo JJ, Romeu-Prieto JM, Sanchez-Casado M, Romerosa B,
Canabal A, Rodriguez-Blanco ML, Lanciego C. Aspiration thrombectomy
for treatment of acute massive and submassive pulmonary embolism: initial

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707

83.

84.

85.

86.

87.

88.

89.

90.

oK

92.

93.

94.

95.

96.

97.

98.

Interventional Therapies for Acute PE

single-center prospective experience. J Vasc Interv Radiol. 2018;29:101—
106. doi: 10.1016/}.jvir.2017.08.010

Al-Hakim R, Bhatt A, Benenati JF. Continuous aspiration mechanical
thrombectomy for the management of submassive pulmonary embolism:
a single-center experience. J Vasc Interv Radiol. 2017;28:1348-1352. doi:
10.1016/).jvir.2017.06.025

Kline JA, Hernandez-Nino J, Jones AE, Rose GA, Norton HJ, Camargo CA Jr.
Prospective study of the clinical features and outcomes of emergency de-
partment patients with delayed diagnosis of pulmonary embolism. Acad
Emerg Med. 2007;14:592-598. doi: 10.1197/j.aem.2007.03.1356

Smith SB, Geske JB, Maguire JM, Zane NA, Carter RE, Morgenthaler Tl. Early
anticoagulation is associated with reduced mortality for acute pulmonary
embolism. Chest. 2010;137:1382-1390. doi: 10.1378/chest.09-0959
Piran S, Le Gal G, Wells PS, Gandara E, Righini M, Rodger MA, Carrier M.
Outpatient treatment of symptomatic pulmonary embolism: a system-
atic review and meta-analysis. Thromb Res. 2013;132:515-519. doi:
10.1016/j.thromres.2013.08.012

Zondag W, den Exter PL, Crobach MJ, Dolsma A, Donker ML, Eijsvogel M,
Faber LM, Hofstee HM, Kaasjager KA, Kruip MJ, Labots G, Melissant CF,
Sikkens MS, Huisman MV; Hestia Study Investigators. Comparison of
two methods for selection of out of hospital treatment in patients with
acute pulmonary embolism. Thromb Haemost. 2013;109:47-52. doi:
10.1160/TH12-07-0466

Konstantinides SV, Torbicki A, Agnelli G, Danchin N, Fitzmaurice D, Galie N,
Gibbs JS, Huisman MV, Humbert M, Kucher N, Lang |, Lankeit M, Lekakis J,
Maack C, Mayer E, Meneveau N, Perrier A, Pruszczyk P, Rasmussen LH,
Schindler TH, Svitil P, Vonk Noordegraaf A, Zamorano JL, Zompatori M;
Task Force for the Diagnosis and Management of Acute Pulmonary Embo-
lism of the European Society of Cardiology (ESC). 2014 ESC guidelines on
the diagnosis and management of acute pulmonary embolism. Eur Heart
J. 2014;35:3033-69, 3069a. doi: 10.1093/eurheartj/ehu283

Omar HR, Miller J, Mangar D, CamporesisEM. Experience with extracorpo-
real membrane oxygenation in massivéand siibrmassive pulmonary embo-
lism in a tertiary care center. Am J Emerg’Méd°2013;31:1616-1617. doi:
10.1016/j.ajem.2013.08.013

Sista AK, Goldhaber Sz, Vedantham S, Kline JA, Kuo WT, Kahn SR, Kabrhel C,
McLaughlin \A, White SB, Kim NH, Gray M, Simon MA, Benenati JF, Misra S,
Sterling KM, Kee ST, Konstantinides SV, Jaff MR, Kearon C. Research priori-
ties in'submassive pulmonary embeolism: pfoceedings from a multidisciplinary
research consensus panel. J Vasc Interv Radiol. 2016;27:787-794.

~Weinberg |, Jaff MR. Accelerated thrombolysis for pulmonary embolism:

will clinical benefit be ULTIMAtely realized? Circulation. 2014;129:420-
421. doi: 10.1161/CIRCULATIONAHA.113.007132

Barrios D, Rosa-Salazar V, Morillo R, Nieto R, Fernandez S, Zamorano JL,
Monreal M, Torbicki A, Yusen RD, Jiménez D. Prognostic significance of
right heart thrombi in patients with acute symptomatic pulmonary embo-
lism: systematic review and meta-analysis. Chest. 2017;151:409-416. doi:
10.1016/j.chest.2016.09.038

Casazza F, Becattini C, Guglielmelli E, Floriani I, Morrone V, Caponi C,
Pizzorno L, Masotti L, Bongarzoni A, Pignataro L. Prognostic significance
of free-floating right heart thromboemboli in acute pulmonary embolism:
results from the Italian Pulmonary Embolism Registry. Thromb Haemost.
2014;111:53-57. doi: 10.1160/TH13-04-0303

Barrios D, Chavant J, Jiménez D, Bertoletti L, Rosa-Salazar V, Muriel A,
Viallon A, Fernandez-Capitan C, Yusen RD, Monreal M; Registro Infor-
matizado de la Enfermedad TromboEmbolica Investigators. Treatment
of right heart thrombi associated with acute pulmonary embolism. Am J
Med. 2017;130:588-595. doi: 10.1016/j.amjmed.2016.11.027
Athappan G, Sengodan P, Chacko P, Gandhi S. Comparative efficacy of dif-
ferent modalities for treatment of right heart thrombi in transit: a pooled
analysis. Vasc Med. 2015;20:131-138. doi: 10.1177/1358863X15569009
Abrahams-van Doorn PJ, Hartmann IJ. Cardiothoracic CT: one-stop-shop
procedure? Impact on the management of acute pulmonary embolism.
Insights Imaging. 2011;2:705-715. doi: 10.1007/s13244-011-0123-2
Yin G, Lam CK, Shi H. Bayesian randomized clinical trials: from fixed to
adaptive design. Contemp Clin Trials. 2017;59:77-86. doi: 10.1016/j.cct.
2017.04.010

Rao SV, Hess CN, Barham B, Aberle LH, Anstrom KJ, Patel TB, Jorgensen JP,
Mazzaferri EL, Jolly SS, Jacobs A, Newby LK, Gibson CM, Kong DF, MehranR,
Waksman R, Gilchrist IC, McCourt BJ, Messenger JC, Peterson ED,
Harrington RA, Krucoff MW. A registry-based randomized trial comparing
radial and femoral approaches in women undergoing percutaneous coronary
intervention: the SAFE-PCI for Women (Study of Access Site for Enhancement
of PCl for Women) trial. JACC Cardiovasc Interv. 2014;7:857-867.

TBDTBD, 2019 @27

(]
—
==
S8
o
S w
(=
S
Cm
—

oo
Co—
|
(7]




AND GUIDELINES

(22
—
—
Ll
=
=
=
[7,)
—
<t
=
=
—
o

6T0Z ‘G 4200100 uo Aq Blio'sfeuinofeye//:dny woly papeojumod

Giri et al

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

e28

Kahn SR, Hirsch AM, Akaberi A, Hernandez P Anderson DR,
Wells PS, Rodger MA, Solymoss S, Kovacs MJ, Rudski L, Shimony A,
Dennie C, Rush C, Geerts WH, Aaron SD, Granton JT. Functional and ex-
ercise limitations after a first episode of pulmonary embolism: results of
the ELOPE prospective cohort study. Chest. 2017;151:1058-1068. doi:
10.1016/j.chest.2016.11.030

Klok FA, Cohn DM, Middeldorp S, Scharloo M, Buller HR,
van Kralingen KW, Kaptein AA, Huisman MV. Quality of life after pul-
monary embolism: validation of the PEmb-QoL Questionnaire. J Thromb
Haemost. 2010;8:523-532. doi: 10.1111/].1538-7836.2009.03726.x
Akaberi A, Klok FA, Cohn DM, Hirsch A, Granton J, Kahn SR. Determin-
ing the minimal clinically important difference for the PEmbQoL ques-
tionnaire, a measure of pulmonary embolism-specific quality of life. J
Thromb Haemost. 2018;16:2454-2461. doi: 10.1111/jth.14302

Garin O, Ferrer M, Pont A, Rué M, Kotzeva A, Wiklund |, Van Ganse E,
Alonso J. Disease-specific health-related quality of life questionnaires
for heart failure: a systematic review with meta-analyses. Qual Life Res.
2009;18:71-85. doi: 10.1007/511136-008-9416-4

Mehran R, Rao SV, Bhatt DL, Gibson CM, Caixeta A, Eikelboom J,
Kaul S, Wiviott SD, Menon V, Nikolsky E, Serebruany V, Valgimigli M,
Vranckx P, Taggart D, Sabik JF, Cutlip DE, Krucoff MW, Ohman EM, Steg PG,
White H. Standardized bleeding definitions for cardiovascular clinical tri-
als: a consensus report from the Bleeding Academic Research Consortium.
Circulation. 2011;123:2736-2747. doi: 10.1161/CIRCULATIONAHA.
110.009449

Schulman S, Angeras U, Bergquist D, Eriksson B, Lassen MR, Fisher W;
Subcommittee on Control of Anticoagulation of the Scientific and Stan-
dardization Committee of the International Society on Thrombosis and
Haemostasis. Definition of major bleeding in clinical investigations of an-
tihemostatic medicinal products in surgical patients. J Thromb Haemost.
2010;8:202-204. doi: 10.1111/j.1538-7836.2009.03678.x

Schulman S, Kearon C; Subcommittee on Control of Anticoagulation
of the Scientific and Standardization Committee of the International
Society on Thrombosis and Haemostasis. Definition of major bleed-
ing in clinical investigations of antihemostatic medicinal products
in non-surgical patients. J Thromb Haemost. 2005;3:692-694. doi:
10.1111/.1538-7836.2005:01204.x

GUSTO Investigators, An international randomized trial comparing four
thrombolytic strategies for acute myocardialsinfarctionssV Engl J Medi
1993;329:673-682.

US Food and Drug Administration. Reclassification.https:/Awww.fda.gov/
Med|ca|DeV|ces/DeV|ceRegulatlonandGmdance/Overwew/CIassn‘yYour—
Device/ucm080412.htm:Accessed December 11, 2018:

US Food and Drug Administration. Learn if a medical device has been
cleared by FDA for marketing.https://www.fda.gov/MedicalDevices/Re-
sourcesforYou/Consumers/ucm142523.htm. Accessed Dec 11, 2018.
Pollack CV, Schreiber D, Goldhaber SZ, Slattery D, Fanikos J, O'Neil BJ,
Thompson JR, Hiestand B, Briese BA, Pendleton RC, Miller CD, Kline JA.
Clinical characteristics, management, and outcomes of patients diag-
nosed with acute pulmonary embolism in the emergency department:
initial report of EMPEROR (Multicenter Emergency Medicine Pulmonary
Embolism in the Real World Registry). J Am Coll Cardiol. 2011;57:700-
706. doi: 10.1016/j.jacc.2010.05.071

Kabrhel C, Jaff MR, Channick RN, Baker JN, Rosenfield K. A multidis-
ciplinary pulmonary embolism response team. Chest. 2013;144:1738-
1739. doi: 10.1378/chest.13-1562

Provias T, Dudzinski DM, Jaff MR, Rosenfield K, Channick R, Baker J,
Weinberg |, Donaldson C, Narayan R, Rassi AN, Kabrhel C. The Mas-
sachusetts General Hospital Pulmonary Embolism Response Team (MGH
PERT): creation of a multidisciplinary program to improve care of patients

TBD TBD, 2019

112.

113.

114.

115.

116.

117.

118.

119.

120.

121

122.

123.

124.

125.

Interventional Therapies for Acute PE

with massive and submassive pulmonary embolism. Hosp Pract (1995).
2014;42:31-37. doi: 10.3810/hp.2014.02.1089

Reza N, Dudzinski DM. Pulmonary embolism response teams. Curr Treat
Options Cardiovasc Med. 2015;17:387.doi: 10.1007/s11936-015-0387-9
Kabrhel C, Rosovsky R, Channick R, Jaff MR, Weinberg I, Sundt T,
Dudzinski DM, Rodriguez-Lopez J, Parry BA, Harshbarger S, Chang Y,
Rosenfield K. A Multidisciplinary pulmonary embolism response team:
initial 30-month experience with a novel approach to delivery of care
to patients with submassive and massive pulmonary embolism. Chest.
2016;150:384-393. doi: 10.1016/j.chest.2016.03.011

Witkin AS, Harshbarger S, Kabrhel C. Pulmonary embolism response
teams. Semin Thromb Hemost. 2016;42:857-864. doi: 10.1055/
5-0036-1593541

Barnes G, Giri J, Courtney DM, Naydenov S, Wood T, Rosovsky R,
Rosenfield K, Kabrhel C; National PERT™ Consortium Research Com-
mittee. Nuts and bolts of running a pulmonary embolism response
team: results from an organizational survey of the National PERT™ Con-
sortium members. Hosp Pract (1995). 2017,45:76-80. doi: 10.1080/
21548331.2017.1309954

Winters BD, Pham JC, Hunt EA, Guallar E, Berenholtz S, Pronovost PJ. Rap-
id response systems: a systematic review. Crit Care Med. 2007;35:1238-
1243. doi: 10.1097/01.CCM.0000262388.85669.68

Kim Y, Lee DS, Min H, Choi YY, Lee EY, Song |, Park JS, Cho Y], Jo YH,
Yoon HI, Lee JH, Lee CT, Do SH, Lee Y. Effectiveness analysis of a part-time
rapid response system during operation versus nonoperation. Crit Care
Med. 2017,45:e592-e599. doi: 10.1097/CCM.0000000000002314
Solomon RS, Corwin GS, Barclay DC, Quddusi SF, Dannenberg MD. Ef-
fectiveness of rapid response teams on rates of in-hospital cardiopulmo-
nary arrest and mortality: a systematic review and meta-analysis. / Hosp
Med. 2016;11:438-445. doi: 10.1002/jhm.2554

Hashmi ZG, Haider AH, Zafar SN, Kisat M, Moosa A, Siddiqui F, Pardhan A,
Latif A, Zafar H. Hospital-based traumMuallty improvement initiatives:
first step toward improving trauma g,segg,;he developing world. J
Trauma Acute Care Surg. 2013;75: 6( Resseiation.

Candelaresi P, Lattuada P, Uggetti C, Dacco R, Fontana G, Frediani F. A
high-urgency stroke code reduces in-hospital delays in acute ischemic
stroke: a single-centre experience. Neurol Sci. 2017;38:1671-1676. doi:
10.1007/510072-017-3046-y

Kabrhel € Achieving muiltidisciplinaryrcellaboration for the creation of a
pulmonary .embolism résponse team: creating'a “team of rivals.” Semin
Intervent Radiol. 2017;34:16-24 . doi: 10.1055/5-0036-1597760

Carroll BJ, Pemberton'H, Bauer KA, Chu LM, Weinstein JL, Levarge BL,
Pinto DS. Initiation of a multidisciplinary, rapid response team to massive
and submassive pulmonary embolism. Am J Cardiol. 2017;120:1393—
1398. doi: 10.1016/j.amjcard.2017.07.033

Sista AK, Friedman OA, Dou E, Denvir B, Askin G, Stern J, Estes J,
Salemi A, Winokur RS, Horowitz JM. A pulmonary embolism response
team’s initial 20 month experience treating 87 patients with submas-
sive and massive pulmonary embolism. Vasc Med. 2018;23:65-71. doi:
10.1177/1358863X17730430

Mahar JH, Haddadin |, Sadana D, Gadre A, Evans N, Hornacek D,
Mahlay NF, Gomes M, Joseph D, Serhal M, Tong MZ, Bauer SR,
Militello M, Silver B, Shishehbor M, Bartholomew JR, Heresi GA. A pul-
monary embolism response team (PERT) approach: initial experience
from the Cleveland Clinic. J Thromb Thrombolysis. 2018;46:186-192.
doi: 10.1007/511239-018-1686-2

Adusumalli S, Geller BJ, Yang L, Giri J, Groeneveld PW. Trends in cath-
eter-directed thrombolysis and systemic thrombolysis for the treat-
ment of pulmonary embolism. Am Heart J. 2019;207:83-85. doi:
10.1016/j.ah}.2018.09.013

Circulation. 2019;140:00-00. DOI: 10.1161/CIR.0000000000000707





