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ith an in-hospital mortality rate in excess

of 25%, high-risk pulmonary embolism

(PE) warrants emergent reperfusion and

critical care management"% however,
intermediate-risk PE represents a broad spectrum of
disease, with a mortality range of approximately 2% to
17%.> Accordingly, both cohorts may have significant
right ventricular (RV) dysfunction requiring hemody-
namic monitoring and support, emergent reperfusion,
and attention to the consequences of critical care inter-
ventions such as volume administration and positive
pressure ventilation. As RV failure garners more atten-
tion and as data in support of catheter-based therapies
evolve, therapeutic options for patients with hemody-
namically significant PE broaden. Given the complex-
ity and nuance surrounding this patient population, a
multidisciplinary PE response team (PERT) discussion is
paramount. In this article, we consider pharmacologic
and mechanical circulatory support, respiratory man-
agement, and emergent reperfusion in a critically ill
patient with acute PE.

PATHOPHYSIOLOGY

The right ventricle is a compliant high-volume, low-
pressure pump exquisitely sensitive to acute changes in
afterload. Existing within the pericardial cavity with a
shared interventricular septum and myocardial fibers,
RV and left ventricular (LV) function are inextricably
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linked. Ventricular interdependence is an integral fea-
ture in the pathophysiology of acute circulatory failure
in PE.> Mechanical pulmonary artery (PA) obstruction
and the release of chemical mediators of vasoconstric-
tion increase the impedance to RV ejection. As the
right ventricle dilates in an attempt to maintain stroke
volume, leftward interventricular septal shift decreases
LV filling and output. The resultant increase in RV wall
tension and systemic hypotension further drives RV
ischemia. The interplay of these mechanisms, known as
autoaggravation or the “RV death spiral,” culminates in
cardiogenic shock (Figure 1).° Given the paucity of clini-
cal data, management of the critically ill patient with
acute PE demands a keen understanding of RV failure
and interventions with potential to both ameliorate
and provoke hemodynamic derangement.

RISK STRATIFICATION

Despite a high negative predictive value, current
risk scores are limited in their ability to identify those
most likely to suffer hemodynamic decompensation or
death.”® This limitation is most germane to the hetero-
geneous intermediate-risk patients who, despite appar-
ent normotension, may have masked hemodynamic
derangements. In a cohort of normotensive patients
with acute PE, echocardiographic studies have demon-
strated that a significant percentage have reduced RV
and LV outflow tract velocity time integral—a stroke
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tral venous pressure targets of 8 to
12 mm Hg is endorsed by some
experts, but the evidence base is
weak.'? Mechanistically, elevated
right atrial pressures may impede
venous return, and RV distension
may worsen LV filling, therefore
worsening stroke volume via left-
ward interventricular septal shift."
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Figure 1. The pathophysiology of RV failure: Select pathophysiologic factors contrib-
uting to RV failure culminating in obstructive shock. In this cycle of autoaggravation,
mechanisms are not linear but have a complex interplay. PPV, positive pressure venti-

lation; RCA, right coronary artery.

volume surrogate. These patients are more likely to
experience adverse short-term clinical outcomes.>™
Similarly, a third of intermediate-risk patients undergo-
ing mechanical thrombectomy and invasive hemody-
namic monitoring were found to have normotensive
shock." Beyond a set blood pressure cutoff, attention
to clinical and laboratory markers of circulatory failure
is essential to identifying those more likely to benefit
from critical care monitoring and reperfusion.

HEMODYNAMIC SUPPORT
Pharmacologic Strategies

Pharmacologic goals in the restoration of physiologic
homeostasis include the optimization of preload, sys-
temic and coronary perfusion pressure, RV contractility,
and pulmonary vascular resistance (PVR; Figure 2). The
administration of small volumes of crystalloid with cen-
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parameters with the administration
of diuretics among patients with

PE and RV dilatation.' Therefore,
volume administration should be
empirical, individualized, and guided
by physical examination and hemo-
dynamics. More often, this volume
administration is unnecessary.

RV myocardial ischemia medi-
ated in part by systemic hypoten-
sion and reduced right coronary
artery perfusion pressure pre-
cipitates hemodynamic collapse.
Consequently, the optimization
of mean arterial pressure is a cor-
nerstone in the management of
patients with RV shock.” Given
its positive inotropic properties
and favorable effects on RV-PA
coupling, norepinephrine is
the first-line agent.’® However,
tachyarrhythmias and myocardial
ischemia may ensue with high
doses of catecholamine vasopres-
sors. Although experimental models have demonstrat-
ed vasopressin to have relatively neutral effects on PVR,
the lack of titratability and absence of inotropy render
it a second-line vasoconstrictor in this setting.'®

After the restoration of systemic arterial pressure with
vasopressors, inotropes may be instituted if cardiac out-
put and perfusion remain low. At low-moderate doses,
dobutamine increases myocardial contractility and
reduces PVR. Milrinone, a phosphodiesterase-3 inhibitor,
enhances myocardial contractility and vasodilates sys-
temic and pulmonary vasculature. Despite the favorable
effects on PVR, systemic arterial hypotension may limit
its use and require the addition of vasopressors.''®

Partially selective pulmonary vasodilators such as
inhaled nitric oxide or prostacyclins may be adjuncts
after the restoration of systemic arterial pressure and
perfusion.'” The use of inhaled agents is preferable
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Figure 2. Management of hemodynamically unstable PE. DBA, dobutamine; NE, norepinephrine.

because ventilation/perfusion matching and systemic
arterial pressure will be less affected than with the use
intravenous therapies.'®'® However, the evidence base in
support of their use is generally limited to experimental
models, case reports, and small studies.’® Accordingly,
these agents are often reserved after the provision of the
aforementioned pharmacologic therapies.

Mechanical Circulatory Support

Venoarterial extracorporeal membrane oxygenation
(VA-ECMO) is a temporary form of mechanical circula-
tory support and simultaneous gas exchange. Venous
blood is diverted to the circuit, the right ventricle is
decompressed, and oxygenated blood is returned to the
systemic arterial circulation.” A peripheral cannulation
strategy whereby the venous drainage cannula is inserted
into the femoral vein with the arterial return cannula
positioned in the femoral artery is often selected in the
emergent setting.2’

Virtually all patients treated with VA-ECMO have
high-risk PE, with cardiac arrest accounting for > 60%
of cases.?’ Although data are largely nonrandomized,
survival with the implementation of this modality is
approximately 30% to 40%.'%' Adjunctive reperfusion
therapies are implemented in > 50% of cases.?’ The
European Society of Cardiology guidelines advise ECMO
may be considered in combination with surgical embo-
lectomy or catheter-based therapies in patients with PE
and circulatory collapse or cardiac arrest.”? Bleeding and
systemic or circuit thrombosis are major complications,
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RESPIRATORY SUPPORT
Airway Management

Endotracheal intubation and invasive mechanical
ventilation (IMV) should be avoided whenever pos-
sible given the risk for hemodynamic collapse,?® but
the need for IMV is relatively uncommon in acute
PE.2* Induction agents can reduce systemic vascular
resistance and cause RV ischemia, hypotension, and
shock.?> Additionally, hypoxemia, hypercapnia, and atel-
ectasis during rapid sequence intubation (RSI) in the
supine patient contribute to acute elevations in PVR
and accelerate RV failure. Although literature is scant,
expert opinion favors the use of etomidate or ketamine
as induction agents when RSI is selected, with the pro-
cedure being performed by an expert operator with
careful hemodynamic monitoring.2>?° The prophylactic
administration of catecholamines preceding induction
is prudent.?® Avoiding induction agents entirely with an
awake bronchoscopic technique has been used success-
fully in cases of RV failure. In this technique, the sponta-
neously breathing patient is supported with a noninva-
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sive oxygen modality, topicalization of the oropharynx
and vocal cords is accomplished with lidocaine, and an
endotracheal tube is advanced over a bronchoscope
into the trachea.”

Ventilation

Positive pressure ventilation impedes venous return
to the right heart and may elevate PVR precipitating
hemodynamic collapse in the patient with RV failure.?”
Large changes in pleural and transpulmonary pres-
sures may worsen shock. Accordingly, maintenance of
spontaneous respiration is advised. However, heart-lung
interactions are complex and the relationship between
PVR and lung volumes is a U-shaped curve. Therefore,
the provision of some positive end-expiratory pres-
sure (PEEP) is often necessary to prevent atelectasis
and resultant collapse of extraalveolar vasculature.?®
Interventions aimed at mitigating hypoxemia, acidemia,
and hypercapnia are favorable with respect to RV after-
load.” Low levels of PEEP to relieve atelectasis while
avoiding alveolar overdistension with the use of low
tidal volumes and driving pressures is most appropri-
ate.™? If awake intubation is performed, low pressure
support settings (eg, 0/0 cm H,0) may be instituted,
with gradual titration to the aforementioned goals.?’

EMERGENT REPERFUSION

One randomized controlled trial evaluated throm-
bolysis in patients with massive PE. Four patients
received streptokinase and survived while the four
treated with unfractionated heparin died.>* Compared
to heparin alone, thrombolytic therapy leads to faster
improvements in PA pressures, PVR, and reduction
in RV dilatation.’3" However, major hemorrhage
and fatal or intracranial bleeding are significantly
higher among patients treated with thrombolytic
therapy.*> Among intermediate-risk patients treated
with tenecteplase, the reduction in hemodynamic
decompensation was counterbalanced by an increased
risk of severe bleeding or intracranial hemorrhage.3
Consequently, systemic thrombolysis is limited to a
select group of patients, with several important contra-
indications limiting its use.

The proliferation of catheter-based therapies is
changing the landscape of PE care.3* Catheter-directed
thrombolysis allows for the direct delivery of thrombo-
lytic into the PA at lower than a systemic dose, whereas
mechanical thrombectomy via suction or thrombus
maceration entirely obviates the need for thrombolytic
administration.3*3> Although randomized controlled tri-
als demonstrating mortality benefit are lacking, recent
prospective observational data are compelling, 23437
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The FLAME study (FlowTriever, Inari Medical), a pro-
spective trial of patients with high-risk PE, reported a 1.9%
in-hospital all-cause mortality among 53 patients treated
with mechanical thrombectomy compared to a 29.5%
mortality in the context arm that was primarily treated
with systemic thrombolysis.2 In this study, the majority
of patients were classified as Society for Cardiovascular
Angiography and Interventions Shock stage C, and approxi-
mately 20% were resuscitated from cardiopulmonary arrest.
Among 63 high-risk patients enrolled in the FLASH registry
(also FlowTriever), all who were treated with mechanical
thrombectomy survived to 48 hours, with no patient expe-
riencing major adverse events.?” Immediate hemodynamic
improvement included a significant decrease in PVR and
mean PA pressure and an increase in cardiac index. Given
rapid hemodynamic improvement and excellent clinical
outcomes, mechanical thrombectomy may be an appropri-
ate frontline therapy in high-risk PE.

Subsets of intermediate-risk patients may have similar
hemodynamics and clinical risk as high-risk PE and pos-
sibly benefit from emergent reperfusion. More than one-
third of intermediate-risk patients enrolled in the FLASH
registry had invasive hemodynamics compatible with
normotensive cardiogenic shock, with a median cardiac
index of 1.9 L/min/m? (IQR, 1.56-2.08) in this subset."
Comparatively, high-risk patients enrolled in this registry
had a mean cardiac index of 1.54 L/min/m? (SD + 0.21).%
Whether invasive hemodynamics are predictors of clinical
outcomes is unknown, but current risk scores are limited
in their power to capture those most likely to experience
decompensation or benefit from emergent reperfusion.”

Several prospective trials are underway that may lend
understanding to the most appropriate use of inter-
ventional therapies. Beyond short-term mortality and
hemodynamic improvement, trials aim to elucidate the
effect of interventions on long-term outcomes such as
functional class and quality of life.3 For instance, the
HI-PEITHO study will compare ultrasound-facilitated
catheter-directed thrombolysis to anticoagulation alone
among intermediate-high—risk patients, evaluating sev-
eral short- and long-term outcomes, while PE-TRACT
is powered to examine long-term outcomes with this
approach.®® The Lightning Flash system (Penumbra, Inc.)
is being evaluated compared to anticoagulation alone
in the STORM-PE trial, using RV/LV ratio as the primary
endpoint.* In addition, the FlowTriever system will
be the focus of two randomized trials: PEERLESS and
PEERLESS 1, with the former randomizing FlowTriever
against catheter-directed lysis and the latter against
anticoagulation alone. As multiple randomized trials are
underway, we may gain better understanding surround-
ing the safety and efficacy of specific devices.>4



CONCLUSION

The proliferation of advanced therapies for patients
with hemodynamically significant PE has greatly
expanded therapeutic options. How best to identify
those with occult circulatory derangements and select
the patients most likely to benefit from reperfusion
therapies remains a central question. The failing right
ventricle is vulnerable to interventions that include vol-
ume administration, vasoactive therapies, and positive
pressure ventilation. An understanding of RV physiology
is therefore requisite to managing the critically ill patient
with acute PE. Given the complexity of these patients, a
PERT discussion is most conducive to therapeutic deci-
sion-making. As the field continues to evolve, we hope
to better understand risk stratification and appropriate
selection of patients for novel therapies. m
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