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ABSTRACT

Objectives: Mortality in acute pulmonary embolism (PE) is believed to be prin-
cipally due to the subgroup of PEs that are massive. Systemic thrombolysis is the
therapeutic mainstay for acute massive PE, despite evidence suggesting limited
survival benefits. Both catheter-based therapies (CBT) and surgical pulmonary
embolectomy (SE) are well-accepted alternatives to treat acute PE. However,
the comparative effectiveness of these approaches is difficult to study. We con-
ducted a systematic review of CBT and SE for acute PE.

Methods: The PubMed database was queried for CBT- and SE-related publica-
tions between January 1998 and June 2017. A minimum of 10 patients undergoing
intervention(s) was required for inclusion, and studies must not have excluded pa-
tients with massive PE. End points examined included hospital mortality, and
additionally for CBT, procedural success rate.

Results: A total of 75 studies (41 of CBT, 34 of SE) were identified, with 1650 pa-
tients undergoing CBT and 1101 undergoing SE. Patients undergoing SE were more
critically ill than those undergoing CBT (massive PE, 545 out of 975 [55.9%] for SE
vs 742 out of 1553 [47.8%] for CBT). Cardiopulmonary resuscitation (CPR) was
required in 217 out of 1015 patients undergoing SE (21.4%) versus 38 out of 983
patients undergoing CBT (4.0%). The hospital mortality of SE was 14.0%, versus
5.6% for CBT, in the entire patient group. However, the hospital mortality of SE in
patients with pre-SE CPR was 46.3%, whereas it was 6.8% in those patients without
pre-SE CPR. Although CPR was associated with an increased risk of mortality both
for CBT and SE, it accounted for all of the mortality effect on SE (the adjusted odds
ratio for CPR in a random effects model with treatment considered was 9.79 (95%
confidence interval, 4.98-19.17; P <.0001). The adjusted odds ratio for mortality for
SE relative to CBT was 1.36 (95% confidence interval, 0.80-2.32; P = .84). More-
over, CBT was associated with a procedural failure rate of 8.3%.

Conclusions: Both CBT and SE were associated with satisfactory published out-
comes. SE is associated with greater absolute postprocedure mortality than CBT,
but has been undertaken in more critically ill populations. The markedly higher
incidence of CPR in SE accounts for the differential mortality between the pa-
tients undergoing SE and those undergoing CBT. Decision making with respect
to best therapy must take into account potential needs for periprocedure artificial
mechanical right ventricle and lung support, institutional experience and out-
comes, anticipated therapeutic efficacy and benefit, and approach-specific risks.
(J Thorac Cardiovasc Surg 2018;156:2155-67)
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Central Message

Outcomes of appropriately selected patients
undergoing SE are at least equivalent to those
undergoing CBTs to treat large-burden (ie,
massive and submassive) PE.

Perspective

Both CBTs and SE have satisfactory published
outcomes. Surgical therapy is associated with
greater absolute postprocedure mortality than
CBT, but has been undertaken in more critically
ill populations. This accounts for the differen-
tial mortality of patients undergoing SE versus
CBT.

See Editorial Commentary page 2168.
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Abbreviations and Acronyms

CBT = catheter-based therapies

CPR = cardiopulmonary resuscitation

ECMO = extracorporeal membrane oxygenation
PA = pulmonary artery

PE = pulmonary embolism

RV = right ventricle

SE = surgical embolectomy

Scanning this QR code will take
you to a supplemental video for
the article.

Acute pulmonary embolism (PE) continues to be among
the leading causes of mortality and morbidity, despite
state-of-the art pharmacologic and procedural therapies.
In the United States, it is estimated that ~ 400,000
cases of acute PE are diagnosed, with an annual mortality
of ~ 50,000." The vast majority of mortality due to PE is
believed to be due to massive PE, or PE that elevates right
ventricular (RV) afterload sufficiently, such that
major adverse hemodynamic sequelae (eg, low cardiac
output syndrome manifesting with systemic arterial
hypotension, and/or overt shock) occur.”* In addition,
submassive PE, or PE that elevates RV afterload such
that evidence of RV dysfunction and/or injury is
present, but in the absence of low-cardiac-output
syndrome or shock (ie, in the absence of satisfying
massive PE criteria), is also associated with an increased
risk of mortality relative to uncomplicated PE.”* This is
believed to be due to patients with submassive PE and
high-risk features eventually deteriorating into massive
PE physiology.

Standard-of-care therapy for patients with massive PE
and submassive PE with high-risk features is centered on
systemic thrombolysis,” first implemented in the 1970s,
and popularized in the late 1990s. However, thrombolytic
agents do not improve survival in unselected patients with
PE.” Even in patients with massive and submassive
PE, although right-sided hemodynamic parameters and
echocardiographic data are improved with thrombolysis, it
is unclear whether thrombolytic agents actually improve
overall survival.®’ This is because although PE-related
mortality may be improved by thrombolytic agents, this
enhanced disease-specific mortality may be offset by
intracranial hemorrhage-related mortality.”
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In contrast to systemic fibrinolysis, the historical treat-
ment for large-burden PE has been surgical embolectomy
(SE). First attempted by Trendelenburg in 1908, success-
fully performed by Kirschner in 1924, and subsequently
by Beall and Cooley using cardiopulmonary bypass,'’ SE
has been associated with high mortalities in historical series
and large contemporary databases. Kilic and colleagues'’
reported 27% hospital mortality for SE in a study of the
Nationwide Inpatient Sample, the largest series of SE
examined to date. However, in centers with particular
expertise in mechanical circulatory support/extracorporeal
membrane oxygenation (ECMO), a recent resurgence in
SE has been experienced; many studies (reviewed below)
have demonstrated good results. Finally, in the background
of historically suboptimal SE results, and deaths and
complications arising from systemic administration of
thrombolytic agents, a variety of minimally invasive
catheter-based therapies (CBTs) have been developed.
These include a wide range of techniques: catheter-
directed infusion of thrombolytic agents, direct catheter-
mediated fragmentation, rheolytic catheter PE disruption,
and suction embolectomy.'”

To date, no comparative study of CBT has been conduct-
ed, and such a study would be difficult to conduct due to a
sick patient population and significant variations in local
practice. Still, with systemic fibrinolysis as the current stan-
dard, contemporary studies of CBT and SE are needed. We
conducted a systematic review of the extant literature per-
taining to CBT and SE in the era of systemic fibrinolysis.

METHODS

Search Strategy

An electronic search of the National Library of Medicine PubMed data-
base was conducted (www.pubmed.gov). The beginning and ending time
points for the search were January 1998 and June 2017. The beginning
time point corresponds to being shortly after early stage and subsequent
larger scale studies of systemic administration of thrombolytic agents in
the treatment of acute PE. To identify CBT studies, the medical subject
headings search terms used were pulmonary embolism OR pulmonary
embolus AND embolectomy OR thrombectomy OR thrombolytic therapy
AND catheter OR percutaneous OR mechanical. To identify SE studies,
the medical subject headings search terms were pulmonary embolism OR
pulmonary embolus AND embolectomy OR thromboembolectomy OR
cardiopulmonary bypass. A total of 386 articles were initially identified
in the CBT search strategy, and 511 were initially identified in the SE
search strategy (by authors MZA, SR, and KR) (Figure 1). For CBT, studies
were excluded if they were case reports or series (<10 patients) (n = 105),
editorials or letters (n = 28), reviews (n = 83), not in English (n = 6), or did
not clearly fit the inclusion criteria (n = 123), with a final 41 studies for
analysis (Figure 1, A). For SE, studies were excluded if they were case
reports or series (<10 patients) (n = 136), editorials or letters (n = 26),
reviews (n = 73), not in English (n = 60), or did not clearly fit the inclusion
criteria (n = 182), with a final 34 studies for analysis (Figure 1, B).

Inclusion and Exclusion Criteria

Articles were included if they were identified based on the initial search
criteria, and if they satisfied the following inclusion criteria: either pub-
lished in an English language journal or available in an English version,
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FIGURE 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagrams for methods for treating pulmonary embolism.

A, Catheter-based therapies. B, Surgical embolectomy.

contained >10 patients who underwent procedural therapies, and did not
exclude massive PE. Because false-positive results are possible; that is,
SE articles could be identified within the CBT search and CBT articles
could be identified within the SE search, studies were manually checked
to determine whether in fact they belonged to the correct group (and
were reassigned when appropriate). Finally, studies were manually
checked to determine whether the same investigator groups and institutions
published more than 1 study identified, with overlapping patients. If studies
with overlapping patients were identified, only the most recent or largest
study was chosen, excluding other studies. If overlapping patients were
not identified; that is, totally chronologically sequential publications
from an institution or investigator group, all pertinent publications were
included.

Massive and Submassive PE

Massive and submassive PE were determined based on proposed
definitions from a scientific statement from the American Heart
Association published in 2011."° Massive PE was characterized by
evidence of low-cardiac-output syndrome or clinical shock attributed to
PE as the underlying cause, based on 1 or more of the following: systemic
arterial systolic blood pressure <90 mm Hg, need for positive inotrope or
systemic vasoconstrictor support, need for mechanical circulatory support,
cardiac arrest, or profound bradycardia (heart rate < 40 bpm). This was
with or without submassive PE criteria additionally being satisfied.
Submassive PE was characterized by evidence of adverse effects on the
RV (dysfunction and/or injury), in the absence of low-cardiac-output
syndrome or clinical shock, based on 1 or more of the following: RV
systolic hypokinesis, RV dilatation, elevated cardiac biomarkers (troponin
1), elevated serum N-terminal probrain natriuretic peptide, or electrocardio-
gram changes suggestive of RV strain. All publications were manually
checked to determine possible discrepancies between the authors’
interpretation of their data and the standardized definitions reviewed above.

Statistical Analysis of the Effects of

Cardiopulmonary Resuscitation on Outcomes

Because none of the studies cited made head-to-head comparisons
between CBT and SE, a traditional meta-analysis that summarizes
within-study treatment effects is not possible. In addition, because the
reports are all series, no control treatment common to both SE and CBT
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across publications (eg, systemic thrombolysis) could be identified for
use in a network meta-analysis. We therefore combined the studies using
simple crude proportion analyses, and conducted heterogeneity analyses
using forest plots of proportions, with mixed-effect pooled estimates and
I* measures. We further used mixed effects meta-regression models to
estimate the adjusted marginal means as described by Madden and
colleagues,* and we followed the conceptual framework described by
Benedetto and colleagues.'” Further, because preintervention cardiopul-
monary resuscitation (CPR) was much more common in the SE than the
CBT series (see Results), and the mortality in patients requiring CPR
was much higher, we evaluated the independent effect of SE while
controlling for the effect of CPR in both simple stratified and adjusted
mixed-effects models. Studies with fewer than 10 subjects were excluded
from the regression analysis, and all models were weighted inversely to
the variance of each study. A continuity correction was applied to allow
for the inclusion of 0-event studies. Random intercepts were computed
for study. All computations were performed using R (R Foundation for
Statistical Computing, Vienna, Austria) and SAS software (SAS Institute
Inc, Cary NC).

RESULTS
Search Results

Using the search strategy outlined in the Methods
section, 34 publications of SE outcomes and 41 publications
of CBT outcomes were identified; these are listed in Tables
1 and 2, respectively. In the SE group, the mean + standard
deviation of patients per study was 32.4 + 36.6 (median, 21
patients per study). In the CBT group, the mean = standard
deviation of patients per study was 40.2 + 39.4 (median, 25
patients per study).

Outcomes of CBT

Overall, a total of 1650 patients across 41 publications
underwent CBT. A breakdown of the different CBT
approaches is depicted in Figure 2. Of note, a majority of
publications (23 out of 41) utilized more than 1 CBT
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TABLE 1. Studies included for catheter-based therapies. Studies in boldface type are included in Figure 3

Mortality Mortality

Serial No. of Massive Submassive Procedural Mortality without with
no. Authors Year patients PE PE CPR success overall CPR CPR Technique
1 Bloomer and 2017 137 16 (11.7) 121 (88.3) ND ND 5(3.6) ND ND Both standard and
colleagues'® ultrasound-assisted
catheter directed
thrombolysis
2 Liang and 2016 63 8 (12.7) 55(87.3) ND 58(92.1) 2(32) ND ND Both standard and
colleagues'’ ultrasound assisted
catheter directed
thrombolysis
3 Sag and 2016 13 13 (100) 0(0%) 1(1.7) ND 0 (0) 0 (0) 0 (0) Ultrasound-assisted
colleagues'® catheter-directed
thrombolysis
4 Kabhrel and 2016 28 14 (50) 14 (50) ND ND ND ND ND Catheter-directed
colleagues'’ thrombolysis
5 Yoo and 2016 28 12 (42.9) 16 (57.1) 5(17.8) ND 4 (14.3) ND ND Catheter-directed
colleagues™ thrombolysis +
mechanical disruption
6 Dilektasli and 2016 15 6 (40) 9(60) 0(0) 14 (93.3) 2(133) 2(100) 0 (0) Catheter-directed
colleagues’' thrombolysis +
aspiration embolectomy
7 Piazza and 2015 150 31 (20.7) 119(79.3) ND ND 312 ND ND Ultrasound-assisted
colleagues™ catheter-directed
thrombolysis
8 George and 2015 32 ND ND ND ND 2(6.3) ND ND Catheter-directed
colleagues™ thrombolysis
9 Kuo and 2015 101 28 (28) 73(72) ND 90 (89) 6(6) ND ND Catheter-directed
colleagues® mechanical
embolectomy
or thrombolysis
10 Engelberger 2015 52 14 (27) 38(73) 3(6) 49094 24 0 (0) 2 (100) Ultrasound-assisted
and catheter-directed
colleagues™ thrombolysis
11 Dumantepe and 2015 36 11 (31) 25(69) ND 35(097.2) 2(5.5) ND ND Mechanical aspiration
colleagues™ embolectomy
12 Quintana and 2014 10 2 (20) 8(80) 0() 10 (100) 0 (0) 0 (0) 0 (0) Ultrasound-assisted
colleagues’’ catheter-directed
thrombolysis
13 Mohan and 2014 50 20 (40) 30(60) 0(0) 46 (92) 2(4) 2 (100) 0 (0) Mechanical disruption
colleagues”® plus catheter-directed
thrombolysis
14 Gaba and 2014 19 4(21) 15(79) 0(0) 18(95) 1(5 1(100) 0(0) Catheter-directed
colleagues”’ thrombolysis
15 Akin and 2014 17 5(29) 12(71) ND 16 (94) 1(6) ND ND Catheter-directed
colleagues™ thrombolysis
16 Kennedy and 2013 60 12 (20) 48 (80) 1(2) 59098) 35 3(100) 0(0) Ultrasound-assisted
colleagues’’ catheter-directed
thrombolysis
17 Bonvini and 2013 10 10 (100) 0 (0) 6 (60) 8(80) 7(70) 3(42.8) 4(57.2) Rheolytic
colleagues’” embolectomy
(Continued)
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TABLE 1. Continued

Mortality Mortality

Serial No. of Massive Submassive Procedural Mortality without with
no. Authors Year patients PE PE CPR success overall CPR CPR Technique

18 Nassiri and 2012 15 1(7) 1493) 1(7) 9(60) 0(0) 0 (0) 0 (0) Rheolytic embolectomy
colleagues’”

19 Cuculi and 2012 63 17 (27) 46 (73) 3 57 4 ND ND Aspiration embolectomy
colleagues™ plus catheter-directed

thrombolysis

20 Liu and 2011 14 5(36) 9(64) 0(0) 14 (100) 0 (0) 0 (0) 0 (0) Aspiration/mechanical
colleagues disruption plus

catheter-directed
thrombolysis

21 Gao and 2011 46 11 (24) 35(76) 0 (0) 46 (100) 0 (0) 0 (0) 0(0) Aspiration embolectomy
colleagues’® plus catheter-directed

thrombolysis; mechanical
disruption if aspiration
failed

22 Ferrigino and 2011 16 5@31) 11(69) 1(6) 16 (100) 1 (6) 0 (0) 1 (100) Rheolytic embolectomy
colleagues’’ plus catheter-directed

thrombolysis

23 De Gregorio 2011 111 111 (100) 0(0) 0 (0) 111 (100) 4 (4) 4(100) 0(0) Mechanical disruption
and plus catheter-directed
colleagues’® thrombolysis

24 Yamamoto and 2009 50 12 (24) 38 (76) 5(10) 50 (100) 3 (6) ND ND Catheter-directed
colleagues™ thrombolysis +/-

either mechanical
disruption or aspiration
embolectomy

25 Lin and 2009 25 ND ND ND 20/25 (80) 3(12) ND ND Ultrasound-assisted
colleagues™’ or standard catheter-

directed thrombolysis

26 Chechi and 2009 51 22 (43) 29 (57) 0(0) 47.(92) 8(16) 8 (100) 0 (0) Rheolytic embolectomy
colleagues’' plus catheter-directed

thrombolysis

27 Spies and 2008 13 13 (100) 00 ND 12(92) 2(15) ND ND Rheolytic embolectomy
colleagues*

28 Nakazawa 2008 25 ND ND ND 18(72) 00 0 (0) 0(0) Mechanical disruption
and and aspiration
colleagues™ embolectomy plus

catheter-directed
thrombolysis

29 Margheri and 2008 25 20 (80) 5(20) ND 25(100) 4(16) ND ND Rheolytic embolectomy
colleagues™*

30 Kuo and 2008 12 12 (100) 0 (0) 0 (0) 10(83) 2(17) 2 (100) 0 (0) Mechanical disruption
colleagues™ and aspiration

embolectomy plus
catheter-directed
thrombolysis; rheolytic
treatment if failed

(Continued)
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TABLE 1. Continued

Mortality Mortality

Serial No. of Massive Submassive Procedural Mortality without with
no. Authors Year patients PE PE CPR success overall CPR CPR Technique
31 Eid-Lidt and 2008 18 8 (44) 10 (56) 0(0) 16 (89) 1(6) 1 (100) 0 (0) Mechanical disruption
colleagues® plus aspiration
embolectomy and
catheter-directed
thrombolysis
32 Pieri and 2007 164 164 (100) 0(0) 0 (0) 138 (84) 2 (1) 2(100) 0(0) Mechanical disruption
colleagues”’ plus catheter-directed
thrombolysis
33 Chauhan and 2007 14 6 (43) 8(57) 0(0) 12(86) 3 (21) 3(100) 0(0) Rheolytic embolectomy
colleagues™®
34 Barbosa and 2007 10 10 (100) 0 (0) 1 (10) 9(90) 1(105) 0(0) 1 (100) Mechanical disruption
colleagues™’
35 Tajima and 2004 25 6 (24) 19(76) 14 25 (100) 0 (0) 0(0) 0(0) Mechanical disruption
colleagues’’ and aspiration
embolectomy plus
catheter-directed
thrombolysis
36 Tajima and 2004 15 ND ND ND 15 (100) 0 (0) 0 (0) 0 (0) Percutaneous manual
colleagues’’ aspiration embolectomy
37 Zeni and 2003 17 17 (100) 0 (0) 0 (0) 16 (94) 2(12) 2(100) 0(0) Rheolytic embolectomy
colleagues’” plus catheter-directed
thrombolysis
38 De Gregorio 2002 59 59 (100) 0(0) 0 (0) 56 (95) 305 3(100) 0(0) Mechanical disruption
and plus catheter-directed
colleagues’” thrombolysis
39 Schmitz-Rode 2000 20 20 (100) 0(0) 7 (35) 16 (80) 4 (20) 1(25) 3(75)  Mechanical disruption
and plus catheter-directed
colleagues®* thrombolysis
40 Fava and 2000 11 7 (64) 436) 109 1091) 1(14) 0 (0) 1 (100) Rheolytic/aspiration
colleagues’ embolectomy plus
catheter-directed
thrombolysis
41 Schmitz-Rode and 1998 10 10 (100) 0(0) 3 (30) 6 (60) 2(20) 1 (50) 1(50) Mechanical disruption

colleagues®

plus catheter-directed
thrombolysis

Values are presented as n (%). PE, Pulmonary embolism; CPR, cardiopulmonary resuscitation; ND, no data.

approach to treat individual patients, to achieve therapeutic
efficacy. Thirty-seven of 41 CBT publications (90%) pro-
vided information regarding PE classification. Of the
1553 patients in these studies, 742 (47.8%) had massive
PE, and 811 (52.2%) had submassive PE. Twenty-eight of
41 CBT publications (68.3%) provided information
regarding pretreatment CPR. Within these pre-CBT CPR
publications, 596 out of 983 (60.6%) had massive PE,
whereas 387 out of 983 (39.4%) had submassive PE.
Twenty-seven of 41studies (65.8%) provided stratification
of mortality based on CPR status. Mortality in the CPR
group was 13 out of 25 (52.0%) compared with 38 out of
857 (4.4%) in the cohort without pre-CBT CPR. Twenty-
five of 41 publications (61.0%) provided information

2160

both on PE classification and pretreatment CPR mortality
classification. Of 842 patients in these studies, 25 (3.0%)
required pre-CBT CPR. Mortality within pre-CBT CPR
group was much higher: 13 out of 25 (52.0%) compared
with 38 out of 817 (4.6%) in the group without pre-CBT
CPR.

Procedural success (ie, technical adequacy of CBT deter-
mined by the authors as assessed either by angiographic or
physiologic criteria) was reported in 35 out of 41 studies.
Technically satisfactory outcomes were noted in 1157 of
1262 (91.7%) patients; that is, the failure rate was 8.3%.

One publication did not report mortality outcomes.
Hospital mortality of the entire CBT group thus was 92
out of 1622 (5.7%). As in the SE group, mortality was
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TABLE 2. Studies included for surgical embolectomy. Studies in boldface are included in Figure 3

Mortality Mortality

Serial No.of Massive Submassive Uncomplicated Mortality  without with
no. Authors Year patients PE PE PE CPR overall CPR CPR
1 Lehrnet and colleagues”’ 2017 50 28 (56) 22 (44) 0 (0) 12 (24) 4(8) ND ND
2 Edelman and colleagues™ 2016 37 20(54.1) 17 (45.9) 0 (0) 13(35.1) 2(54) ND ND
3 Cho and colleagues” 2016 26 26 (100) 0 (0) 0 (0) 11(42.3)  4(15.4) ND ND
4 Keeling and colleagues”’ 2016 214 38 (17.8) 176 (82.2) 0 (0) 28 (13.1) 25(11.7) 16 (7.5) 9 (4.2)
5 Neely and colleagues(’1 2015 105 49 (47) 56 (53) 0(0) 11 (10) 8 (8) 3 (38) 5(62)
6 Azari and colleagues®” 2015 30 30 (100) 0 (0) 0 (0) 12 (40) 5 (17) ND ND
7 Worku and colleagues®’ 2014 20 12(60) 8 (40) 0 (0) 3 (15) 1(5) 1 (100) 0 (0)
8 Osborne and colleagues®® 2014 15  12(80) 3 (20) 0 (0) 2 (13) 2 (13) 0 (0) 2 (100)
9 Wu and colleagues®” 2013 25 16 (64) 7 (28) 2 (8) 8 (32) 5 (20) 1 (20) 4 (80)
10 Aymard and colleagues®® 2013 39 ND ND 0 (0) ND 4(10) ND ND
11 Taniquchi and colleagues®’ 2012 32 26(81) 6 (19) 0 (0) 3(9) 6 (19) 5 (83) 1(17)
12 Takahashi and colleagues’® 2012 24 16 (67) 8 (33) 0 (0) 11 (46) 3 (13) 0 (0) 3 (100)
13 Marshall and colleagues(") 2012 10 10 (100) 0(0) 0 (0) 6 (60) 4 (40) 1(25) 3 (75)
14 Malekan and colleagues’’ 2012 26 7 (27) 19 (73) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
15 Zarrabi and colleagues’' 2011 30 11 (37) 19 (63) 0 (0) 3 (10) 2(7) 1 (50) 1 (50)
16 Greelish and colleagues’” 2011 15 7 (47) 8 (53) 0 (0) 2 (13) 2 (13) 0 (0) 2 (100)
17 Fukuda and colleagues’” 2011 19 17 (90) 2 (10) 0 (0) 4(21) 1(5) 1 (33) 0 (67)
18 Vohra and colleagues’* 2010 21 21 (100) 0 (0) 0 (0) 9 (43) 4(19) ND ND
19 Sareyyupogqlu and 2010 18 12(67) 6(3) 0 (0) 7 (39) 4 (22) 0 (0) 4 (25)
colleagues’”
20 Carvalho and colleagues’® 2010 16 16 (100) 0 (0) 0 (0) 7 (44) 7 (44) 1(14) 6 (86)
21 Kukla and colleagues’’ 2009 15 6 (40) 9 (60) 0 (0) ND 5 (33) ND ND
22 Sadaba and colleagues’® 2008 20 9 (45) 11 (55) 0 (0) 1(5) 2 (10) 1 (50) 1 (50)
23 Kadner and colleagues’’ 2008 25 25 (100) 0 (0) 0 (0) 8 (32) 2(8) 0(0) 2 (100)
24 Ahmed and colleagues®’ 2008 15 7 (46.7) 6 (40.0) 2 (13.3) 0 (0) 3 (20) 3 (100) 0 (0)
25 Diggonet and colleagues®’ 2007 21 14(67) 7 (33) 0 (0) 6 (29) 8 (38) 4 (50) 4 (50)
26 Amirghofran and 2007 11 11 (100) 0 (0) 0 (0) 3(27) 2 (18) 1 (50) 1 (50)
colleagues®”
27 Spagnolo and colleagues® 2006 21 21 (100) 0 (0) 0 (0) 2 (10) 0 (0) 0 (0) 0 (0)
28 Meneveau and colleagues84 2006 14 14 (100) 0 (0) 0(0) ND 1(7) ND ND
29 Sukhija and colleagues® 2005 18 18 (100) 0 (0) 0 (0) ND 2(11) ND ND
30 Leachhe and colleagues™ 2005 47 28(59.6) 15(31.9) 4 (8.5) 6 (13) 3 (6) 2 (67) 1 (33)
31 Dauphine and colleagues®’ 2005 11 11 (100) 0 (0) 0 (0) 4 (36) 3(27) 0 (0) 3 (100)
32 Yalamanchili and 2004 13 4 (31) 9 (69) 0 (0) 2 (15) 1(8) 0 (0) 1 (100)
colleagues®®
33 Ullmann and colleagues® 1999 40 ND ND 0 (0) 19 (48) 14 (35) 2 (14) 12 (86)
34 Doerge and colleagues’’ 1999 41  33(80) 8 (20) 0 (0) 14 (34)  12(29) 3 (25) 9 (75)

Values are presented as n (%). PE, Pulmonary embolism; CPR, cardiopulmonary resuscitation; ND, no data.

not classified based on PE classification. Mortality was clas- of 25 (52.0%) in those patients with pre-CBT CPR, whereas
sified based on pre-CBT CPR status; of 28 publications it was 38 out of 764 (5.0%) in those patients without
providing pretreatment CPR information, 25 classified pre-CBT CPR.

mortality based on it. Within these publications, hospital For the meta-analysis, no CBT study had 10 or more
mortality was 51 out of 842 (6.1%). Mortality was 13 out patients who received CPR, so no pooled estimates were
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n=4
2 mono
2 multi

n=10
1 mono
9 multi
n=>5
5 mono
0 multi
n=8
3 mono
5 multi

B Standard catheter-directed thrombolysis
B Ultrasound catheter-directed thrombolysis
Mixture of types of catheter-directed thrombolysis in different patients

B Rheolytic catheter-based disruption

M Directly mechanical catheter-based disruption

B Catheter-based aspiration
FIGURE 2. Representation of different types of catheter-based therapies
(CBTs) in the CBT studies analyzed. Data are presented as a pie chart, with
the indicated rainbow color legend. For a given type of primary CBT,
studies in which the primary CBT was used exclusively as a single modality
in patients are indicated as ‘““mono.” Studies in which the primary CBT was
used as a first-line therapy, but as part of a strategy in which more than 1
type of CBT was used within individual patients, are indicated as “multi.”
Studies denoted as “‘multi”” had individual patients who each received more
than 1 type of CBT, but the first type of CBT used denoted as the primary
therapy. Consequently, for a given type of primary CBT, mono and multi
add up to the total number of studies for that type of primary CBT. The cate-
gory in yellow refers to studies in which different types of primary CBT
were reported; for 3 articles, several patients within a given study in this
category had standard catheter-directed or ultrasound-assisted catheter-
directed thrombolysis, but not a combination of the 2. In 1 article, 2
different types of CBT were employed, and some patients received an addi-
tional modality of CBT (also denoted as “multi”).

computed for CBT-CPR. The overall weighted random ef-
fects estimate for CBT was 6% (95% confidence interval
[CT], 4%-9%) (Figure 3).

Outcomes of SE

Overall, a total of 1101 patients across 34 publications
underwent SE. Thirty-one of 34 publications (91.1%) pro-
vided information regarding PE classification (massive,
submassive, or uncomplicated). Of 975 patients in these
studies, 545 (55.9%) had massive PE, 422 (43.3%) had
submassive PE, and 8 (0.8%) had uncomplicated PE. Thirty
of 34 publications (88.2%) provided information regarding
pretreatment CPR; of 1015 patients in these studies, 217
(21.4%) required pre-SE CPR. Procedural success (ie, tech-
nical adequacy of embolectomy) generally was not
reported.

Hospital mortality of the entire SE group was 154 out of
1101 (14.0%). In the publications reporting PE classifica-
tion, mortality generally was not categorized based on it.
However, mortality was classified based on pre-SE CPR
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status when available; of 30 publications providing
pretreatment CPR information, 25 classified mortality
based on it. Within these publications, hospital mortality
was 120 out of 834 (14.0%). Mortality was 74 out of 160
(46.3%) in those patients with pre-SE CPR, whereas it
was 46 out of 674 (6.8%) in those patients without
pre-SE CPR. Twenty-four of 34 publications (70.6%)
provided information both on PE classification and
pretreatment CPR mortality classification. Within these
publications, 412 out of 794 (52.0%) had massive PE,
374 out of 794 (47.1%) had submassive PE, whereas 8
out of 794 (0.9%) had uncomplicated PE. Hospital
mortality was 106 out of 794 (13.4%). Mortality was 62
out of141 (44.0%) in those patients with pre-SE CPR,
whereas it was 44 out of 653 (6.7%) in those
patients without pre-SE CPR. In SE patients not
receiving CPR, the pooled random effect estimate of mor-
tality was 9% (95% CI, 6%-11%). This was not statisti-
cally significantly different from CBT without CPR
(P = .14) (Figure 3).

The shift in the percentages of PE types in the SE group
when only the selected subgroup of publications (those that
both classified PE type and stratified mortality based on
CPR status) is considered, particularly relative to the anal-
ogous CBT subgroup, is solely attributable to a single
outlier study of Keeling and colleagues (discussed in detail
below),”* the single largest SE study, with a ratio of massive
to submassive PE < 1:4. If this study were excluded, of the
remaining 23 studies, of 580 patients, 374 (64.5%) had
massive PE, 198 (34.1%) had submassive PE and 8
(1.4%) had uncomplicated PE.

Effect of CPR and CPR Status on Differential
Mortality Post-CBT Versus SE

As outlined in the Methods section, we conducted a
statistical analysis of the effects of CPR status on the
mortality of CBT and SE. It is important to note that in these
statistical models, only the studies that had data regarding
the presence or absence of CPR, and were further stratified
based on mortality, were analyzed. Moderate heterogeneity
between the studies was identified, as indicated by
I? = 18%. Mixed-model adjustment and inverse-variance
weighting was used to estimate the adjusted odds ratio
(OR) effects. The adjusted OR for CPR in a random effects
model with treatment considered was 9.79 (95% CI,
4.98-19.17; P <.0001). However, as discussed above, 217
out of 1015 SE patients (21.4%) had a history of CPR, in
comparison to 38 out of 983 CBT patients (4.0%). The
adjusted OR for mortality for SE versus CBT was 1.36
(95% CI, 0.80-2.32). As a result, when controlling for the
higher risk of the SE population, SE and CBT were found
to have mortality risks that were not statistically
significantly different (P = .84). Thus, even without
individual-level risk adjustment, this analysis shows that
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Study or Weight Weight
Subgroup Events Total (fixed) (random) IV, Fixed + Random, 95% CI IV, Fixed + Random, 95% CI
Engelberger CBT 10 0 49 0.5% 1.2% 0.00 [0.00; 0.07] —i
Gao CBT 21 0 46 0.5% 1.2% 0.00 [0.00; 0.08] —
Piere CBT 32 2 164 2.0% 2.5% 0.01[0.00; 0.04] =
Nakazawa CBT 28 0 25 0.5% 1.2% 0.00 [0.00; 0.14] '—f
Tajima CBT 35 0 24 05% 1.2% 0.00 [0.00; 0.14] —
Ferrigino CBT 22 0 15 0.5% 1.2% 0.00 [0.00; 0.22] —
Nassisi CBT 18 0 15 0.5% 1.2% 0.00 [0.00; 0.22] -—'—
Liu CBT 20 0 14 0.5% 1.2% 0.00 [0.00; 0.23] —
Tajima CBT 36 0 14 05% 1.2% 0.00 [0.00; 0.23] —
DeGregorio CBT 23 4 1M1 4.0% 2.9% 0.04 [0.01; 0.09] -
Sag CBT 3 0 12 0.5% 1.2% 0.00 [0.00; 0.26] —
Mohan CBT 13 2 50 20% 2.4% 0.04 [0.00; 0.14] H
Fava CBT 40 0 10 0.5% 1.2% 0.00 [0.00; 0.31] —
Quintana CBT 12 0 10 0.5% 1.2% 0.00 [0.00; 0.31] —_—
Kennedy CBT 16 3 60 3.0% 2.7% 0.05[0.01; 0.14] -
DeGregorio CBT 38 3 59 3.0% 2.7% 0.05[0.01; 0.14] -
Gaba CBT 14 1 19 1.0% 1.8% 0.05 [0.00; 0.26] e
Eid-Lidt CBT 31 1 18 1.0% 1.8% 0.06 [0.00; 0.27] ———
Schmitz-Rode CBT 39 1 13 1.0% 1.8% 0.08 [0.00; 0.36] —%
Zeni CBT 37 2 17 1.8% 2.4% 0.12[0.01; 0.36] ——
Dilektasli CBT 6 2 15 1.8% 2.4% 0.13[0.02; 0.40] ——
Chechi CBT 26 8 51 7.0% 3.2% 0.16 [0.07; 0.29] R
Kuo CBT 30 2 12 1.7% 2.3% 0.17 [0.02; 0.48] —
Chauhan CBT 33 3 14 24% 2.6% 0.211[0.05; 0.51] —_—
..
.
Takahashi SE 12 (+CPR) 3 11 23% 2.5% 0.27[0.06; 0.61] 4—-7
Keeling SE 4 (+CPR) 9 28 6.3% 3.2% 0.321[0.16; 0.52] , —
Neely SE 5 (+CPR) 5 11 28% 2.7% 0.45[0.17; 0.77] P
Ullmann SE 33 (+CPR) 12 19 4.6% 3.0% 0.63[0.38; 0.84] ' I
Doerge SE 34 (+CPR) 9 14 33% 2.8% 0.64 [0.35; 0.87] —_—
' —~—
| ————
Malekan SE 14 (-CPR) 0 26 0.5% 1.2% 0.00 [0.00; 0.13] —
Spagnolo SE 27 (-CPR) 0 19 0.5% 1.2% 0.00 [0.00; 0.18] ——
Kadner SE 23 (-CPR) 0 17 0.5% 1.2% 0.00 [0.00; 0.20] '—%
Neely SE 5 (-CPR) 3 94 3.0% 2.8% 0.03[0.01; 0.09] -
Osborne SE 8 (-CPR) 0 13 0.5% 1.2% 0.00 [0.00; 0.25] —_—
Takahashi SE 12 (-CPR) 0 13 0.5% 1.2% 0.00 [0.00; 0.25] —
Greelish SE 16 (-CPR) 0 13 0.5% 1.2% 0.00 [0.00; 0.25] ——
Zarrabi SE 15 (-CPR) 1 27 1.0% 1.8% 0.04 [0.00; 0.19] e
Sareyyupoglu SE 19 (-CPR) 0 11 05% 1.2% 0.00 [0.00; 0.28] —
Yalamanchili SE 32 (-CPR) 0 11 05% 1.2% 0.00 [0.00; 0.28] -—%
Leachhe SE 30 (-CPR) 2 41 2.0% 2.4% 0.05[0.01; 0.17] -
Sadaba SE 22 (-CPR) 1 19 1.0% 1.8% 0.05 [0.00; 0.26] ———
Wu SE 9 (-CPR) 1 17 1.0% 1.8% 0.06 [0.00; 0.29] e
Worku SE 7 (-CPR) 1 17 1.0% 1.8% 0.06 [0.00; 0.29] ——
Fukuda SE 15 (-CPR) 1 15 1.0% 1.8% 0.07 [0.00; 0.32] —
Keeling SE 4 (-CPR) 16 186 15.2% 3.5% 0.09 [0.05; 0.14] ‘
Ullmann SE (-CPR) 2 21 1.9% 2.4% 0.10[0.01; 0.30] —.—
Doerge SE 34 (-CPR) 3 27 28% 2.7% 0.11[0.02; 0.29] Hi
Taniquchi SE 11 (-CPR) 5 29 43% 3.0% 0.17 [0.06; 0.36] -
Ahmed SE 24 (-CPR) 3 15 25% 2.6% 0.20 [0.04; 0.48]
Diggonet SE 25 (-CPR) 4 15 3.0% 2.8% 0.27 [0.08; 0.55] -
-
>
Total (fixed effect, 95% CI) 1566 100.0% - 0.11[0.10; 0.14] .
Total (random effects, 95% Cl) -- 100.0% 0.09 [0.06; 0.12] <> ‘ ‘

Heterogeneity: Tau? = 1.008; Chi® = 141.50, df = 49 (P < 0.01); I = 65% f
0 02 04 06 08

FIGURE 3. Forest plot of weighted proportions of mortality in studies with sample size for all subgroups. Study identifiers are first-author names and cor-
responding table entry numbers in Tables 1 and 2 (boldface). Weighted marginal proportions are shown for each subgroup. CBT, Catheter-based studies.

differences in the incidence of CPR in the CBT versus SE DISCUSSION
groups accounts for the differential mortality between the We found (Video 1) that published short-term outcomes
CBT and SE groups. of both CBT and SE for acute PE are, as expected, of
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VIDEO 1. Pranav Loyalka, MD, and Keshava Rajagopal, MD, PhD,
discuss the findings of their systematic review of catheter-based versus
surgical therapies for acute pulmonary embolism. Video available at:
https://www.jtcvs.org/article/S0022-5223(18)31520-4/fulltext.

good quality. SE was performed in a more critically ill
patient cohort, with a higher proportion of patients with
massive PE and a large number of patients with a pretreat-
ment CPR history. In contrast, CBT was undertaken in a less
critically ill cohort, with a relatively lower percentage of
patients with massive PE. Unadjusted hospital survival
outcomes of SE were inferior to CBT, but patients without
pre-SE  CPR were found to have survival outcomes
equivalent to the CBT group as a whole. In addition, CBT
was associated with a procedure failure rate of ~ 8%, which
presumably does not exist for SE (although technical
success or failure of SE was not documented in the literature
surveyed). A majority of CBT studies reported needing to
employ an additional modality of CBT distinct from the
primary modality to achieve technically or physiologically
satisfactory outcomes.

Substantial intercenter variations exist with respect to
procedural expertise. As a result, in light of these findings,
individual center and practitioner experiences are critically
important in determining the best therapeutic strategy.
However, some factors should prompt consideration of
expanding the role of SE in the management of massive
and possibly even submassive PE with high-risk features.
First, and perhaps most important, patients with massive
PE (and submassive PE on initial presentation that can
subsequently evolve massive PE physiology) may require
artificial mechanical support of the RV and/or lungs.
Venoarterial ECMO and other techniques to mechanically
support the RV and/or lungs are most easily undertaken in
operating room environments. In centers with ECMO
expertise, SE can be undertaken concomitantly or in a
delayed fashion’’ after a period of RV and pulmonary
support and end-organ resuscitation. This is perhaps
particularly relevant in patients with pretreatment refractory
shock and/or CPR. Moreover, in the majority of large-
volume medical centers, cardiothoracic surgeons have the
greatest experience and facility with these technologies.
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CBT, in contrast, rarely is performed by physicians and/or
surgeons with experience in advanced mechanical cardiac
and/or pulmonary support.

Second, clearance of the embolic burden is perhaps better
accomplished via SE. Physiologic end points are of
paramount importance, and even in early studies, both SE
and CBT have been shown to reduce RV afterload and
thereby improve hemodynamic parameters, and to reduce
ventilation-perfusion mismatch and thereby improve gas
exchange.®”'** However, some evidence suggests that SE
may be more physiologically effective than CBT. For
example, in the recently conducted A Prospective, Single-
Arm, Multi-Center Trial of EkoSonic Endovascular
System and Activase for Treatment of Acute Pulmonary
Embolism (SEATTLE II)** large, prospective multicenter
study of CBT, the mean RV to left ventricle ratio
posttreatment was > 0.9, and mean pulmonary arterial
(PA) pressure was reduced from 51.4 to 36.9; that is,
substantial residual PA hypertension was observed. SE, on
the other hand, appears to exhibit better physiologic results,
including several of the studies reviewed in our study.
Lehnert and colleagues,”’ in the most recent study we
examined, investigated the efficacy of SE versus systemic
thrombolysis (albeit not CBT) at removal of the embolic
burden in the pulmonary vasculature. Using single-photon
emission computed tomography scanning after the
procedure, they found that SE was markedly superior to
systemic thrombolysis. In addition, Keeling and
colleagues”™ have shown dramatic improvements in
ejection phase (ie, inversely proportional to afterload)
indices of RV systolic function and tricuspid valve
regurgitation.

However, the embolic burden may be nonlinearly related
to pulmonary vascular impedance/RV afterload; that is, in
critically ill patients with massive PE, small amounts of
PE clearance may translate to large reductions in pulmonary
vascular impedance and improvements in cardiac output.
SE is conducted under direct vision, with the ability to
extract a central clot, as well as clots extending into lobar
and even segmental branch vessels. In contrast,
incompleteness of PE burden clearance from CBT is well
recognized, and in fact expected. This is true even of the
SEATTLE II study,”” which identified only a 30%
improvement in angiographic PE burden, deeming these
results procedural success. The mean modified Miller
angiographic score based on computed tomography
angiography was reduced from 22.5 pretreatment to 15.8
posttreatment. To place this in perspective, a normal score
in the absence of any PE is 0, with a maximum score with
complete involvement of all pulmonary vascular zones
and totally absent pulmonary blood flow (ie, cardiac arrest)
of 40 (the original maximum Miller score based on
conventional catheter angiography is 34). Particularly in
those studies that define procedural success by physiologic
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rather than angiographic criteria, modest PE burden clear-
ance was found to result in physiologic improvements.
However, whether further hemodynamic improvements
would result from better PE clearance is unclear.
Interpretation of surgical data in this regard is complicated.
Most patients do not have pre-SE PA catheter data, and PA
catheters generally are not placed in the setting of SE. In
addition, cardiopulmonary bypass may have adverse
effects on pulmonary vascular impedance.”””® Finally,
postoperative invasive and even noninvasive positive-
pressure mechanical ventilation also have variable effects
on pulmonary vascular impedance.””*®

These arguments in favor of SE notwithstanding
(particularly in critically ill patients such as those with
massive PE), the optimal treatment of patients with lesser
degrees of PE (ie, submassive or less) is unclear. However,
a recent multicenter study of SE results, included in our
study, may provide insights on this question. Keeling and
colleagues®” recently reported the results of a multicenter
registry of SE. In this group of 214 patients undergoing
SE, 82% had submassive PE, and only 18% had massive
PE; that is, a ratio of massive to submassive PE < 1:4. As
noted previously, these demographic characteristics
represent not only a much lower risk profile than the
existing SE literature, but also are a much lower risk profile
than the existing CBT literature. Yet, hospital mortality in
the study of Keeling and colleagues® was 11.7%, and in
the subgroup of patients who did not experience pre-SE
CPR, mortality was still 8.6%. If these findings are
reproducible, they would suggest that aggressive use of
SE in patients with submassive PE may be unwarranted,
due to both apparently inferior survival outcomes relative
to CBT, and more importantly, the lack of a survival benefit
relative to the natural history of submassive PE.

Our study has several limitations. First, it is retrospective
and uncontrolled. Second, when present, studies did not
report at what times PE class was determined—at the
time of initial presentation to any center, initial presentation
to the treating center, or just before initiation of CBT or SE.
This is important because submassive PE may deteriorate
and convert to massive PE, and deaths due to submassive
PE generally are believed to be due to this. Third, etiology
of PE generally was not investigated in the studies analyzed.
Fourth, mechanisms or modes of death also were not
reported in the studies analyzed. Fifth, with respect to SE
in particular, technical success or failure was not reported,
but rather was presumed. Sixth, long-term follow-up was
rare, and studies were limited to in-hospital or < 90-day
outcomes. All of these data, if not absent, may provide
important insights into PE and its treatment.

CONCLUSIONS
Based on the existing data, both SE and CBT have
roles in the management of massive and submassive PE.
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These results demonstrate that both approaches achieve
satisfactory outcomes. SE has practical utility in patients
at high risk for needing mechanical RV and/or pulmonary
support, and may be superior to CBT in those patients
with central PE and larger embolic burden. In contrast,
CBT may be better suited to patients for whom cardiac
surgery is contraindicated or of extreme risk, and patients
with more peripheral (ie, less surgically accessible) disease.
Randomized controlled trials, although challenging to
conduct in the setting of massive PE with labile patient
conditions, will be valuable in identifying appropriate
therapies for specific patient subsets.
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