Current Cardiovascular Risk Reports (2020) 14:24
https://doi.org/10.1007/512170-020-00659-z

SECONDARY PREVENTION AND INTERVENTION (D. STEINBERG, SECTION EDITOR) :.)

Check for
updates

Management of Acute Pulmonary Embolism

23,4 2,345

Connor Tice' - Matthew Seigerman?>*@® - Paul Fiorilli - Steven C. Pugliese’ - Sameer Khandhar® - Jay Giri

Taisei Kobayashi?3**®

Accepted: 28 September 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Purpose of the Review Over 100,000 cardiovascular-related deaths annually are caused by acute pulmonary embolism (PE).
While anticoagulation has historically been the foundation for treatment of PE, this review highlights the recent rapid expansion
in the interventional strategies for this condition.

Recent Findings At the time of diagnosis, appropriate risk stratification helps to accurately identify patients who may be
candidates for advanced therapeutic interventions. While systemic thrombolytics (ST) is the mostly commonly utilized inter-
vention for high-risk PE, the risk profile of ST for intermediate-risk PE limits its use. Assessment of an individualized patient risk
profile, often via a multidisciplinary pulmonary response team (PERT) model, there are various interventional strategies to
consider for PE management. Novel therapeutic options include catheter-directed thrombolysis, catheter-based embolectomy,
or mechanical circulatory support for certain high-risk PE patients. Current data has established safety and efficacy for catheter-
based treatment of PE based on surrogate outcome measures. However, there is limited long-term data or prospective compar-
isons between treatment modalities and ST. While PE diagnosis has improved with modern cross-sectional imaging, there is
interest in improved diagnostic models for PE that incorporate artificial intelligence and machine learning techniques.
Summary In patients with acute pulmonary embolism, after appropriate risk stratification, some intermediate and high-risk
patients should be considered for interventional-based treatment for PE.

Keywords Pulmonary embolism - Catheter-directed thrombolysis - Catheter-directed embolectomy - Pulmonary embolism
response team
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Intervention While pulmonary embolism (PE) results in more than 100,000
cardiovascular-related deaths annually in the USA (making it
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management of this preventable cause of death [1]. In fact,
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evidence-based approaches for the prevention and interven-
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carefully selected subset of acute PE patients [3, 4]. As a
result, there is growing interest and shifting paradigms in re-
gard to PE management. With accurate early risk stratification
and appropriate patient selection via multidisciplinary ap-
proaches to management with the advent of pulmonary em-
bolism response (PERT) teams, endovascular interventions
may have the potential to reduce high rates of morbidity and
mortality from acute PE.

Risk Stratification

The clinical presentation of acute PE can vary widely from
asymptomatic, incidentally discovered emboli, to severe he-
modynamic collapse and death [5, 6]. Similarly, patients pres-
ent with varying combinations of symptoms including dys-
pnea, chest pain, and respiratory compromise with limited
clinical and examination techniques that can aid in the predic-
tion of subsequent hemodynamic instability [6]. Given the
broad spectrum of presentation, risk stratification utilizing
multimodal assessment is of paramount importance. Two
commonly used systems to classify PE are outlined by the
American Heart Association (AHA) and the European
Society of Cardiology (ESC) [7, 8+]. The AHA classifies acute
PE into three categories: massive, submissive, and low risk
[8¢]. Similarly, the ESC categorizes PE into three categories:
high risk, intermediate risk, and low risk.

*  Massive (AHA) or high-risk (ESC) PE is defined similarly
as emboli that lead to hemodynamic instability: systolic
blood pressure < 90 mmHg, hypotension requiring vaso-
pressor support, or a decrement of the systolic blood pres-
sure >40 mmHg for at least 15 min [7, 8¢, 9]. This cohort
represents approximately 5% of patients with PE with in-
hospital mortality of approximately 22 to 30%, ap-
proaching 65% in those requiring cardiopulmonary resus-
citation [10].

* Submassive (AHA) or intermediate-risk (ESC) PE in-
cludes patients with right ventricular (RV) dysfunction
in the absence of hypotension, as characterized by either
CT angiography, echocardiography, or elevation in serum
biomarkers (troponin or NT-proBNP). The ESC classifi-
cation also denotes intermediate risk in the absence of
right ventricular (RV) dysfunction in patients with a sim-
ple Pulmonary Embolism Severity Index (sPESI) score
> 1, which aids in risk stratification of those with pre-
existing comorbid disease. The sPESI includes the follow-
ing: age > 80 years; cancer, chronic respiratory disease, or
cardiac disease; heart rate > 110 bpm; systolic blood pres-
sure < 100 mm Hg; or oxygen saturation < 90%. The ESC
classification further divides this group into intermediate-
high versus intermediate-low risk. Intermediate-high risks
are emboli with both RV dysfunction and troponin
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elevation whereas intermediate-low risks are those pa-
tients with either RV dysfunction or troponin elevation.
This cohort overall represents approximately 30% of pa-
tients with PE [10]. Prospective and retrospective obser-
vational data suggest mortality rates as high as 10% in the
3 months after the development of submassive- or
intermediate-risk PE from registry data [9, 11, 12].

*  Low risk (AHA and ESC): All remaining patients that do
not meet the criteria for submassive or intermediate risk
are therefore classified as low risk. This cohort represents
approximately 65% of patients with PE with 30-day mor-
tality of approximately 1% [10, 13].

Current data suggests that the volume of thrombus on pre-
sentation does not independently correlate with short-term
mortality [14, 15]. Therefore, a volumetric thrombus assess-
ment is not a component of the above risk stratification strat-
egies. Risk stratification is instead based more heavily on clin-
ical assessment, objective markers of cardiac injury, and as-
sessment of RV dysfunction given the correlation of these
findings with short-term outcomes. Clinical manifestations
of pulmonary embolisms are not static, and patients can quick-
ly shift from one risk category to another. Thus, clinicians
must rely on individualized and continual risk assessment
for acute PE within hospitalized patients. The ultimate goal
of risk stratification is to identify patients at high risk of mor-
tality in order to identify potential candidates for more inva-
sive and aggressive options for PE treatment. For the purposes
of this review, we will utilize ESC criteria to define PE risk.

Intervention of Acute Pulmonary Embolism

Anticoagulation has been shown to be the foundation of treat-
ment for most cases of PE [7]. Unless absolute contraindica-
tion for anticoagulation exists, prompt initiation of
anticoagulation is important. Immediate initiation of aggres-
sive anticoagulation at time of presentation is associated with
a mortality benefit in comparison with those patients where
time to therapeutic anticoagulation was delayed [16]. While
anticoagulation alone has been shown to decrease RV/LV
ratios by 0.12 in composite analysis of several RCTs, this
degree of reduction is not known to correlate with a significant
difference in prevention of clinical decompensation in
intermediate-risk patients [17]. Subsequent adverse outcomes
in such patients have sparked interest in advanced therapeutic
strategies.

The aim of this review is to discuss the current options for
advanced therapies for pulmonary embolism including sys-
temic thrombolytics and catheter-directed interventions. As
described previously, most patients across the wide spectrum
of PE presentations experience low-risk PE with an associated
low mortality. In these patients, a strategy of anticoagulation
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alone should be pursued. More advanced interventions can be
considered for patients with intermediate- or high-risk PE.
However, these patients compromise a smaller proportion of
patients with PE, and as such, recruitment for high-quality
randomized trials has proved challenging. Furthermore, due
to the complexity of rigorously studying high-risk PE patients,
the majority of data studying the efficacy of catheter-directed
interventions in PE is from single-arm prospective trials in
patients with mostly intermediate-risk PE subsequently affect-
ing the generalizability of these results to all patients present-
ing with PE. These considerations must be taken into account
when subjecting patients to higher risk advanced therapies as
comparative effectiveness data for these clinical interventions
is relatively limited. This review aims to disclose the benefits
and risks of each of these strategies to help with clinical deci-
sion-making.

Systemic Thrombolysis

Systemic thrombolysis (ST) refers to the administration of a
pharmacologic thrombolytic agent via a peripheral intrave-
nous line. The benefit of ST involves swift improvement of
pulmonary artery pressures, RV function, ventilation/
perfusion matching, clinical hemodynamic status, and clinical
symptoms [7, 8¢]. This benefit is balanced against and elevat-
ed risk of major bleeding (including intracranial hemorrhage)
compared with anticoagulation alone [18]. Historically, ST
was the treatment of choice for high-risk PE given the acute
nature of these presentations and risk for further rapid deteri-
oration [7, 8¢]. In the PEITHO trial, 1006 intermediate-risk
patients were randomized to ST versus anticoagulation alone
in order to evaluate a composite outcome of short-term all-
cause mortality or hemodynamic collapse within 7 days [19].
ST prevented this composite primary outcome (2.6% versus
5.6%; p=0.015) compared with anticoagulation alone.
Subgroup analysis revealed this was mainly influenced by
an increased rate of hemodynamic decompensation with
anticoagulation (1.6 versus 5.0%; p = 0.002) rather than mor-
tality. However, the study was underpowered to detect a true
difference in mortality. Major bleeding and stroke were both
observed more frequently in the ST group compared with
anticoagulation alone (6.3% versus 1.2%; p<0.001) and
(2.4% versus 0.2%; p =0.003), respectively. Subsequent
meta-analysis data from Chatterjee and colleagues demon-
strated modest mortality rate reduction with ST use in
intermediate-risk PE (2.17% versus 3.89%, NNT 59) in com-
parison with anticoagulant therapy, at the expense of in-
creased rates of major bleeding and intracerebral hemorrhage
(major bleeding: 9.24% versus 3.42%, NNH 18; ICH: 1.46%
versus 0.19%, NNH 78 [12]. Given lack of significant mor-
tality benefit and higher rates of major bleeding, the 2016
CHEST guidelines recommended against universal ST

therapy in all intermediate-risk PEs [19, 20]. Overall, data
on ST suggests that thrombolytic therapy is efficacious, yet
bleeding risk must be reduced in order to optimize the benefit
to risk ratio for this therapy.

Catheter-Directed Thrombolysis

In line with the ethos to decrease bleeding risk to the patient,
catheter-directed thrombolysis (CDL) involves the direct in-
jection of pharmacologic thrombolytic agents into the pulmo-
nary artery vasculature with the goal to minimize systemic
distribution and theoretically reduce the risk of major bleeding
events. Non-ultrasound-assisted (non-us) CDL commonly uti-
lizes the Uni-Fuse (AngioDynamics Inc., Latham, NY) or
Cragg-McNamara (ev4 Inc., Plymouth, MN) catheters. Both
devices have a Food and Drug Administration (FDA) indica-
tion for treatment within the peripheral vasculature via the
510(k) clearance but lack a specific indication for PE.
Typically, 4 or 5Fr catheters with infusion lengths of 5 to
10 cm are advanced to a position within a pulmonary throm-
bus. Thus far, there is sparse data evaluating traditional CDL
system use within the pulmonary vasculature. The PERFECT
study from Kuo and colleagues examined the utility of CDL
versus mechanical thrombectomy for high-risk (» =28) and
intermediate-risk (n =73) patients utilizing registry data [21].
The CDL group was a mixture of both non-us CDL (64%) and
ultrasound-assisted thrombolysis (USAT) (36%). Among
those who underwent CDL, there were no reported major
bleeding events and a 5.9% in-hospital mortality rate.

The only FDA-approved CDL catheter remains the
EKOSonic endovascular system (EKOS Corp, Bothell,
WA). This system utilizes ultrasound-assisted thrombolysis
(USAT) via a dual-lumen SFr catheter, in which one lumen
facilitates delivery of local thrombolytic therapy and a second
lumen that facilitates the delivery of a separate ultrasound
emitting transducer (Fig. 1). The utilization of ultrasound tech-
nology is thought to facilitate fibrin strand dissociation and
accelerate local delivery of pharmacologic thrombolytics [22].
USAT was originally studied in two prospective studies,
ULTIMA and SEATTLE II. Both studies showed improve-
ment in the surrogate outcome of RV/LV ratio within 24 and
48 h, respectively [23, 24]. Multicenter retrospective studies
comparing USAT with non-us CDL in intermediate- and
high-risk PE patients demonstrated equivalent clinical effec-
tiveness with significant right ventricular offloading; howev-
er, they did not demonstrate short- or long-term benefit in
regard to functional quality of life metrics or safety endpoints
such as mortality or periprocedural complication rates [21, 25,
26e, 27]. While these initial studies appear to favor the use of
USAT, direct prospective comparisons with non-us CDL are
underway.
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Fig. 1 EKOSonic ultrasound-assisted thrombolysis system. Image
provided courtesy of Boston Scientific. ©2020 Boston Scientific
Corporation or its affiliates. All rights reserved

In addition, the optimal duration and dose of CDL, inde-
pendent of ultrasound assistance, has not been well studied.
Trials have used a variety of infusion doses ranging from 1 to
2 mg per h, for durations ranging from 2 to 24 h of infusion
time (Table 1) [21, 23, 24, 28¢]. In theory, the lower the dose
of thrombolytic drug should translate to lower rates of bleed-
ing complications such as intracerebral hemorrhage (ICH).
While reformulated and novel risk scores have been created
for intracerebral hemorrhage with thrombolytic use, a dose-
dependent relationship has yet to be definitively shown [29,
30]. At present, a pooled analysis of all prospective studies of
CDL demonstrate a 0.7% rate of ICH [31ee]. While not an

Table 1 Comparison between catheter-directed thrombolysis trials in
regard to device investigated, dose of pharmacologic thrombolysis used,
and surrogate outcome based on right ventricle (RV)/left ventricle (LV)
reduction [note: RV/LV reduction with heparin alone historically 0.12.

apples to apples comparison, a prior study of prospective stud-
ies of ST reported a rate of 1.5% [12]. There are currently no
published, randomized, prospective studies directly compar-
ing USAT and ST; however, three are underway
(NCT03086317, NCT02758574, and NCT03389971).
Therefore, the previously discussed data must be interpreted
cautiously.

Additionally, data available to evaluate long-term benefits
of CDL therapies has been challenging to interpret. While
several single-center retrospective trials have evaluated
USAT versus either anticoagulation alone or non-us CDL
with longer term endpoints (e.g., 12 months), such study de-
sign subjects these trials to significant bias and limit the gen-
eralizability of the results to relevant clinical populations [25,
26¢, 32]. Thus, while limited high-quality data exist on the use
of CDL in acute PE, it appears to have a lower rate of overall
bleeding and ICH in comparison with ST in acute PE with
encouraging outcomes at 30 days. Prompt decision-making
regarding ST versus catheter-directed approaches remains dif-
ficult, and often, the decision is provoked by relative or abso-
lute contraindications as opposed to clear indication or prefer-
ence for one treatment modality. Overall dose and durations
are still under active research as well as longer term benefits to
this strategy.

Catheter-Based Embolectomy

Catheter-based embolectomy is distinct from CDL and refers
to mechanical thrombus disruption and removal in an effort to

USAT, ultrasound-assisted thrombolysis; non-us CDL, non-ultrasound-
assisted catheter-directed thrombolysis; r#PA, recombinant tissue
plasminogen activator; tPA, tissue plasminogen activator; /77, intention
to treat

Trial N Device Study type Dose Duration (h) Max dose RV/LV
reduction
ULTIMA 59 (30 with  USAT RCT rtPA @ 1 mg/h for 5 h, 15«1 20+ 1 mg bilateral; 10£0.5 035+022 @
[23] USAT) 0.5 mg/h for 10 h mg unilateral 24 h
SEATTLEIl 150 USAT Prospective, 1 mg/h 24—unilateral; 24 mg 0.42+0.36 @
[24] single-arm 12—bilateral 48 h
OPTALYSE 101 USAT RCT 4-12 mg 2-6 8-24 mg ITT @48 h
[28¢] -Arm 1:
24.0+15.9
-Arm 2:
22.6+14.1
-Arm 3:
263+16.8
-Arm 4:
25.5+22.7
PERFECT 101 Non-us CDL Prospective  tPA 0.5-1 mg/h OR Unspecified Average dose tPA 28.0+11.0 mg; Not reported
[21] and USAT registry urokinase 100,000 IU/h 2,697,101 £ 936,287 IU urokinase
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decrease thrombotic burden rather than relying solely on phar-
macologic effects of thrombolytics. Percutaneous mechanical
interventions for thrombus disruption and aspiration were pre-
viously considered in tenuous, non-ST candidates either due
to concern for hemorrhagic complications or degree of throm-
botic burden. Currently, however, such therapies are now be-
ing considered a primary reperfusion strategy, or in conjunc-
tion with local pharmacologic thrombolysis.

Rheolytic Thrombectomy

The Angiolet system (Boston Scientific, Minneapolis, MN)
utilizes 6Fr- to 8Fr-sized catheters and relies on the Bernoulli
principle to generate a pressure gradient utilizing high-
pressure saline jets at the tip of the catheter with subsequent
area of low pressure designed for aspiration of thrombus.
Local low-dose thrombolytic can be utilized instead of saline
to provide thrombolysis in conjunction with local disruption
[33]. Despite evidence of feasibility in multiple case series, the
Angiojet system was associated with significant
bradyarrhythmia, hypotension, and hypoxia due to presumed
pulmonary hemorrhage with subsequent circulatory collapse
[34, 35]. Subsequent animal studies attributed these compli-
cations to significant vasoreactivity from AngioJet catheter
placement resulting in significant release of bradykinin and
adenosine [36]. While this device continues to have 510(k)
clearance from the FDA for peripheral thrombus, the afore-
mentioned concerns led to an FDA black box warning for
intrapulmonary use and should be avoided.

Large Bore Catheter-Based Embolectomy

The FlowTriever system (Inari Medical, Irvine, CA) utilizes
large bore femoral venous access (20—24Fr), with an aspira-
tion guide catheter (AGC) advanced near the thrombus. The
clot is removed primarily by creating a negative suction
through the AGC. Often, several aspirations are needed for
larger or more chronic clots. This device also has the addition-
al benefit of combining aspiration clot removal with a me-
chanical mechanism. A catheter consisting of three nitinol
disks can be passed through the AGC and deployed within
or distal to the clot. Retraction of the disks combined with
aspiration allows for removal of more organized or distal clot.
This system obtained its FDA 510(k) clearance for PE after
the publication of the FLARE trial (FlowTriever Pulmonary
Embolectomy Clinical Study), a prospective, single-arm, mul-
ticenter investigational device exemption study [37¢]. This
study included 106 patients with acute, intermediate-risk PE,
best defined by RV/LV ratio > 0.9 on CT angiography in the
absence of hemodynamic instability. However, 55.8% had a
SPESI score = 0, and elevated troponin and NT-proBNP were
evident in 59.6% and 72.4% of patients, respectively. In an

effort to study the efficacy and safety of mechanical
thrombectomy in isolation, this study excluded those who
received pharmacologic thrombolysis. In terms of clinical ef-
fectiveness, there was a significant reduction in the RV/LV
ratio at 48 h post-procedure by 0.38, equating to an averaged
reduction of 25.1%, while modest invasive mean PA pressure
reduction was only evident in those with pulmonary hyperten-
sion at time of presentation [37¢]. In terms of safety, bleeding
events were defined by Valve Academic Research
Consortium-2 (VARC-2) guidelines. Protocol-defined bleed-
ing occurred in 1.0% of cases, and 3.8% of patients suffered
other major adverse events including treatment-related clinical
deterioration, pulmonary vascular injury, or cardiac injury
within 48 h of thrombectomy. Despite an expected technical
learning curve with the majority of enrolling sites performed
less than 5 cases, there was no site heterogeneity identified in
regard to effectiveness or safety outcomes in this early expe-
rience with the Flowtriever [37¢]. Thus, for large bulky prox-
imal thrombi and higher bleeding risk patients, this appears to
be a preferable strategy with the caveat that these larger de-
vices may be associated with a higher risk of periprocedural
hemodynamic or pulmonary collapse due to the size of the
device. At present, this is the only large bore embolectomy
system cleared by the FDA for pulmonary embolism. Further
studies of this device in intermedate- and massive-risk PEs are
underway.

The AngioVac (Angiodynamics, Inc.) is an extracorporeal
veno-veno bypass system designed with a filter for en block
suction thrombectomy [38, 39]. The design includes extracor-
poreal filtration of intravascular debris utilizing a funnel-
shaped inflow tip to engage intravascular thrombi and a rein-
fusion catheter to mitigate blood loss. The inflow catheter is
22Fr and can be utilized via femoral or internal jugular ap-
proach, while the outflow cannula is 16-20Fr via alternative
access [39]. Several single-center studies have been published,
particularly including patients with extensive caval thrombi,
intracardiac thrombus, or thrombus-in-transit in the context of
PE, with very limited data on its efficacy and safety in the
pulmonary vasculature. The major anatomic disadvantage of
early generations of this device related to the relative unwield-
iness of navigating the inflow cannula into the pulmonary
arterial circulation. Newer iterations of this system have fo-
cused on improved operator navigation into the right ventric-
ular outflow tract for more targeted intervention for PE.
However, prospective studies designed to obtain FDA clear-
ance for use in the pulmonary vasculature have not yet been
initiated.

Small Bore Catheter-Based Embolectomy

The Indigo Thrombectomy System (Penumbra, Inc.,
Alameda, CA) utilizes an 8Fr aspiration catheter with a
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continuous vacuum pump that allows for mechanized aspira-
tion. The benefit to utilization of this device in comparison
with the Flowtriever system is its relative size which would
theoretically decrease the chance of hemodynamic collapse.
However, this may also limit aspiration of larger bulky throm-
bi. A larger 12 French device will be available soon to allow
for removal of larger clots. In addition, serial monitoring of the
collecting chamber is imperative, as continuous suction results
in acute blood loss, currently without the ability to recycle
aspirated blood [40]. Two pre-existing single-center series
including 24 patients reported no intraprocedural decompen-
sations; however, three episodes of major bleeding including
ICH were noted, although this was in the context of concom-
itant thrombolytic use [41, 42]. EXTRACT-PE
(NCT03218566), a prospective, single-arm, investigational
device exemption trial, has completed recruitment and report-
ed initial results in oral presentation form, evaluating its use in
intermediate-risk PE (RV/LV ratio > 0.9 in the absence of
hypotension or shock). Similar to the FLARE trial, the prima-
ry efficacy endpoint was RV/LV ratio reduction, with safety
profile assessment based on a composite that included device-
related death, major bleeding, and device-related serious ad-
verse events. In this study, there was a 27.3% reduction in RV/
LV ratio at 48 h post-procedure, with a low major adverse
outcome event rate of 1.7% within 48 h; however, details in
regard to this clinical endpoint are limited [43]. Further pub-
lication and assessment of its effectiveness is pending. As a
result of this preliminary data, the Indigo Thrombectomy sys-
tem received FDA 510(k) clearance for treatment of PE as of
January 2020 [44]. The three FDA-approved devices are
shown in Figs. 1, 2, and 3.

Several of the devices discussed have promising applica-
tion within the pulmonary vasculature for treatment of acute
PE. At present, the 2016 CHEST guidelines, catheter-based
mechanical embolectomy without thrombolysis was only con-
sidered in high-risk patients in shock who have high bleeding
risk or who failed thrombolysis; however, we expect future
guidelines to broaden the indications for the use of these
catheter-directed interventions based upon these recent studies
[20].

The evolution of percutaneous therapies for the acute man-
agement of PE has adapted to the spectrum of disease presen-
tations and associated comorbidities that may alter decision-
making. With the advent of catheter-directed thrombolysis
and catheter-based embolectomy, two distinct
pharmacomechanical therapies have garnered interest with in-
creasing use. While the benefit of catheter-directed thrombo-
lytic therapy relies upon the theoretical improvement in major
bleeding events through local administration, such complica-
tions remain with current devices. Concurrently, catheter-
based embolectomy devices promote thrombus disaggrega-
tion and may provide value as PE risk increases; however,
such interventions carry higher rates of intraprocedural risk

@ Springer

due to catheter size and limited maneuverability that may ex-
acerbate cardiac or pulmonary vascular trauma. Hybrid strat-
egies utilize novel interventional catheters such as the Bashir
Endovascular Catheter. The unique design of this apparatus
includes six expandable infusion limbs that create a short bas-
ket that serves the dual function of thrombus disaggregation
and improved radial dispersion of catheter-directed thrombol-
ysis to a larger surface area of exposed thrombus. Feasibility
and safety studies are underway for this integrated approach at
pharmacomechanical means of PE management
(NCT03927508).

Mechanical Circulatory Support

Mechanical cardiopulmonary support in the form of veno-
arterial (VA) extracorporeal membrane oxygenation
(ECMO) may be an intervention temporarily deployed for
patients with high-risk PE with cardiogenic shock or cardiac
arrest. Given this circuit bypasses the pulmonary vasculature,
there is a significant reduction of the RV preload and reduc-
tion of RV dilation. Currently, no guidelines or consensus
statements exist to guide the use of ECMO in cases of acute
PE with no randomized controlled trials available to truly
assess efficacy or safety. Thus far, data supporting its use is
limited to case series for patients suffering high-risk PE with
circulatory collapse or cardiac arrest. While ECMO as a stand-
alone therapy with anticoagulation has been proposed [45],
other reports suggest caution with this approach and suggest
its use alongside other therapeutic interventions such as CDL
and mechanical thrombectomy [8¢, 46¢]. In one retrospective
analysis by Ain and colleges, after the implementation of
ECMO in a hospital system, 30-day survival for all cases of
high-risk PE, regardless of ECMO use, significantly improved
compared with those treated before ECMO was available
(17.2 versus 41.4; p=0.043) [47]. Overall, 30-day survival
rates from several case series for high-risk PE with the use
of ECMO is estimated at 31-61.5% [46¢, 48]. In a patient with
active critical deterioration occurring before targeted therapy
is implemented, ECMO can provide temporary hemodynamic
and oxygenation support, thereby serving as a bridge facilitat-
ing the implementation of other advanced interventions [47,
49].

Pulmonary Embolism Response Teams

Despite increasing clinical appreciation for appropriate
risk stratification of acute PE, gaps in knowledge remain
in treatment of high-risk and intermediate-risk PE, with
low utilization of thrombolytic therapy either systemically
or through catheter-directed approaches as more patients
present with absolute or relative contraindications to
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Fig. 2 a FlowTriever
embolectomy system (Inari
Medical, Irvine, CA). b
FlowTriever catheter. ¢ Cather
engaged during active thrombus
removal. Images provided
courtesy of Inari Medical. ©2020
Inari Medical. All rights reserved

thrombolytic therapy [6, 50]. Over the past decade, pul-
monary embolism response teams (PERTs) have been
established akin to trauma and stroke evaluation teams,
given the time-sensitive nature of clinical deterioration
and nuanced decision-making required for subsequent in-
tervention [51]. PERTs rely upon a multidisciplinary ap-
proach, most often integrating clinical decision-making
across pulmonary/critical care (84%), interventional cardi-
ology (79%), and emergency medicine (63%), and can
often include members from cardiac surgery, hematology,
and vascular medicine [52, 53]. While there is variability
in real-time multidisciplinary assessment, the inclusion of
providers from across the health care system provides an
infrastructure to efficiently mobilize resources and creates
a mechanism for internal quality assessment and

improvement. Given the heterogeneity in regard to clini-
cal presentation and management of acute PE, a PERT
approach that is inclusive of varied medical disciplines
reflects the diversity of the clinical experience. This mod-
el, in comparison with similar models for shock, cardiac
arrest, or trauma, may have even more profound impact
given the paucity of data. To address the lack of data, the
development of the National PERT Consortium has been
created as a platform for dynamic collaboration, consen-
sus guidelines, and a centralized database that will allow
for retrospective post-market surveillance of catheter-
directed approaches, while also gleaning evidence for
changes to clinical endpoints in future prospective studies.
Centralization of data and knowledge locally via PERT
and nationally at the PERT consortium may play a large

Fig. 3 Penumbra system—a
Penumbra ENGINE™ aspiration
source. b Indigo system CATS
mechanical thrombectomy
catheters. Images provided
courtesy of Penumbra Inc. ©2020
Penumbra Inc. All rights reserved
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role for the future of clinical decision-making in PE which
will be discussed later [54ee, 55].

Limitations to Current Data in PE and Future
Directions

The major limitation of most clinical trials to date eval-
uating advanced therapeutic options for PE is that they
are underpowered for important long-term outcome and
safety measures. Most trials studying efficacy and safety
data come from small single-arm prospective data sets
which may limit the ability to guide generalized clinical
practice. The clinical endpoint for most of these trials
has remained the RV/LV ratio as a surrogate marker for
mortality based upon extrapolated observational data
that has demonstrated correlations with 30-day mortality
[56]. It remains unclear if this surrogate marker trans-
lates to longer term outcomes. Furthermore, there is an
unmet need for expansion of clinical endpoints in PE
trials to include patient-centered outcomes as primary
endpoints, including objective functional assessment
(e.g., dyspnea evaluation, 6 Minute Walk Test
(6MWT), New York Heart Association (NYHA) classi-
fication, cardiopulmonary exercise testing (CPET)) in
order to appropriately evaluate the mid and long-term
impact of catheter-directed approaches to PE on the
morbidity associated with this disease [57].

The Impact of Rising Trends in PE Diagnosis
and Management on Percutaneous Strategies

As discussed throughout this review, prompt diagnosis
and risk stratification in PE can lead to life-saving in-
tervention; however, risk modeling remains a moving
target. Due to the heterogeneity of the data, real-time
incorporation of artificial intelligence and machine
learning techniques may aid in objective quantification
of risk for PE and subsequent risk stratification utilizing
electronic health record and imaging data. Banerjee and
colleagues created the Pulmonary Embolism Result
Forecast Model (PERFORM) to aid in predicting the
diagnosis of PE, aimed at curbing inappropriate cross-
sectional imaging utilization [58¢]. By parsing through
raw data including inpatient and outpatient medications,
demographic information, prior diagnosis codes, and
raw data from laboratory testing, this group created a
deep neural network model that achieved an area under
the receiver operating characteristic curve (AUROC)
performance of predicting a positive PE study as high
as 0.90 (95% CI, 0.87-0.91). Models like PERFORM
can be incorporated in parallel with current triage
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strategies and automatically provide patient-specific risk
for PE that may allow for earlier recognition and treat-
ment for those with high positive PE prediction scores.
While targeted for identifying optimal candidates for
imaging, future models can incorporate real-time data
from either cross-sectional imaging or echocardiography
to help identify patients who would benefit from inter-
vention in a timely fashion for suspected PE.

While advances in this area are in its infancy, there
have been initial advances in deep learning techniques to
help utilize the pre-existing data that all patients with PE
will have at the time of diagnosis. Current practice in the
radiographic interpretation of CT angiography for
suspected PE is to generate a binary response, promptly
identifying the presence or absence of PE. Pre-existing
data exists to support risk stratification by thrombus loca-
tion (e.g., central versus peripheral) [59]. Additionally,
models do exist to quantify clot burden utilizing segmen-
tation assessment and generation of semiquantitative
scores (e.g., Qanadli and Mastora scores); however, these
modalities are time-consuming and have moderate inter-
reader variability. Liu and colleagues incorporated deep
learning algorithms in the reading of CT angiography
for PE and were able to correlate the degree of clot bur-
den and RV parameters such as RV/LV ratio and PA
dimensions, with the contemporary, time exhaustive tech-
niques of generating Qanadli and Mastora scores [60].
Qanadli and Mastora score generation has been shown
to correlate with degree of right ventricular dysfunction;
however, these models have not been shown to correlate
with adverse clinical outcomes including mortality
[61-63]. Thus, while this model may provide prompt
identification of RV dysfunction that may classify a pa-
tient with at least intermediate-risk PE, there is lacking
data to support its impact to unilaterally providing prog-
nostic value. This study and the current literature only
skim the surface of the potential of artificial intelligence
and machine learning techniques on timely, objective, and
quantifiable means to identify PE and its associated risk.

Neural network and deep machine learning incorpora-
tion into ongoing efforts at the National PERT
Consortium would not only provide clinical data to sup-
port or refute current clinical practice but will aid in judi-
cious and appropriate use of interventional strategies in
patients newly identified as high risk beyond current
means of risk stratification. One potential practical appli-
cation for these tools is in the diagnosis of venous throm-
boembolism (VTE) in patients with COVID-19. By some
estimates, the incidence of VTE in these populations ap-
proaches 30% in patients treated in a critical care setting
[64]. This high rate of VTE and subsequent PE may be
one key driver of the increased mortality in these patients.
However, diagnostic challenges exist with these patients
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given resource allocation limitations, clinical staff expo-
sure risk, and challenging illness factors to navigate (e.g.,
severe ARDS necessitating prone positioning) that may
limit conventional diagnostic approaches to PE. The ap-
plication of neural networks and deep machine learning
potentially could assist clinicians attempting to diagnose
thrombotic complications in these patients and implement
therapies before the critical development of right ventric-
ular dysfunction. When VTE is diagnosed, society guide-
lines stress the importance of individualized risk stratifi-
cation [65]. While early guidance suggests
anticoagulation should remain the mainstay of therapy
for patients with COVID-19, given potential drug interac-
tions with disease targeted therapy and anticoagulation,
there may be a role for advanced therapeutics in critical
scenarios [65].

Summary

Despite the profound incidence of PE and associated morbid-
ity and mortality, there remains a dearth of rigorous data in
this clinical landscape, leading to limitations in risk quantifi-
cation, stratification, and therapeutic strategies. In the past
decade, there have been advances in catheter-directed provi-
sion of thrombolytic therapy, novel therapies for thrombus
degradation and percutaneous thrombus removal, and ongo-
ing growth in multidisciplinary care utilization through the
PERT model. The three currently FDA-cleared devices for
acute PE received clearance predicated on single-arm prospec-
tive studies that utilized short-term clinical endpoints and sur-
rogate markers for right ventricular dysfunction.

Aggregation and data collaboration to better understand
patient- and therapy-related risks will require a concerted ef-
fort from PERT team members locally and the PERT
Consortium nationally to provide expertise on minimizing
harm while maximizing benefit of these novel therapies.
Machine learning and artificial intelligence may play a larger
role for risk stratification models in the future.
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