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Figure 1. Essentials of decision-making for catheter-directed treatmentin acute pulmonary embolism comprising the predictors
of cardiopulmonary, metabolic and systemic deterioration, and risk of major bleeding.
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plasminogen activator (t-PA) regimens have been confirmed
by an RCT,® retrospective and prospective studies, and
meta-analyses.’?® We have reported serial results of our sin-
gle-center experience on USAT in patients with PE at HR and
IHR statuses.’®2°2' Moreover, based on our meta-analysis on
USAT series published before December 2015, RV/LVr, PAMP,
and CT obstruction scores from 11 trials revealed that over-
all PAMP, RV/LVr, and CT obstruction measures were reduced
significantly.” All-cause and cardiovascular mortality, major
and minor bleeding episodes, and recurrent PE from 15 tri-
als showed that the pooled incidence of all-cause and car-
diovascular mortality was 3.2% and 2.2%, and the incidence
of major and minor bleeding episodes was 5.5% and 6.9%,
respectively.” Furthermore, as compared to thosein TT arms
of 2 meta-analyses evaluating TT versus anticoagulation in
acute PE, USAT provided similar overall mortality rates with
a significantly reduced overall rate of major bleeding (5.5%
vs. 99% and 9.2%, P <.001and P=.002).78"

Although USAT has been approved as a novel treatment
methodin acute PE, optimal ranges of t-PA dose and infusion
durationsremaintobedetermined. Therefore, OPTALYSE-PE
RCT comparing 4 cohorts of t-PA dosage and infusion dura-
tions in USAT treatments was designed to evaluate the
efficacy and safety of lower doses and shorter infusion dura-
tions in acute PE.2 The improvements in RV/LVr ranging from
23% to 26% were comparable across the cohorts.?2 However,
increasing the dose and infusion duration of t-PA seemed
to be related to a higher resolution of thrombotic burden.?
Long-term follow-up over al1-year period also demonstrated
the sustained benefit in terms of RV function, functional
status, and quality of life.>* Nevertheless, the low enrol-
ment rate seems to suggest a possible selection bias due to
the long list of exclusion criteria ignoring unmet needs in
real-life PE practice.???* Moreover, one-fifth of the patients
were at ILR status in which the superiority of USAT over
anticoagulants has never been confirmed, and age, risk sta-
tus, and other therapies were not taken into account in the
analysis.??® Thereafter, KNOCOUT-PE multicenter registry
has been designed to evaluate the impact of OPTALYSE-PE
results on decision-making for low-dose/short-infusion
durationregimensin USAT therapies. Interim analysis at 2019
comprising 260 patients from pre-OPTALYSE period and 138
patients post-OPTALYSE period revealed a 6-fold increase
in the utilization of low-dose (<12 mg) and short-infusion
duration regimens, but lowering the t-PA dose and shorten-
ing the infusion durations did not reduce the frequency of
major bleeding, intracranial bleeding, and mortality.? More
interestingly, in the final analysis of the prospective arm in
KNOCOUT-PE study presentedin 2021, mean t-PA doses <20
mg and <12 mg were noted in 70.6% and 32.4% of patients,
respectively.?® Mean t-PA infusion duration was 10.4 + 5.2
and intensive care stay was 48.9 + 47.4 hours.?® The reduc-
tion in RV/LVr was 22.6% in post-procedural period followed
by 41.8% reduction at 30-day control.?® The improvements
in PE-specific quality of life and patient-reported outcomes
by 3 months were also reported to be significant.? However,
9 out of 498 patients in prospective cohort have not been
includedin the safety analysis, and Tintracranialhemorrhage
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(0.9%) in the subgroup of 12.1-20 mg t-PA and 2 deaths (3.1%)
in the subgroup of 4-12 mg t-PA reported in interim analysis
of 2019 have not been addressed in 2021 analysis in which
no intracranial bleeding or death was reported in the pro-
spective arm.??¢ Therefore, these inconclusive KNOCOUT
PE results should not be considered as convincing evidence
for benefits from low-dose, short-infusion regimens in the
real-life practice of USAT therapies. An ongoing RCT, with
an updated design of ULTIMA, HI-PEITHO (the higher-risk PE
thrombolysis study) has been designed to compare the effi-
cacy and safety of USAT plus parenteral heparin versus par-
enteral heparin alone therapies in patients with PE at IHR.%
The primary endpoint was defined as a 7-day composite of
PE-related mortality, PE recurrence or cardiorespiratory
decompensation, or collapse.?”

In our 10-year single-center CDT practice, USAT was the
treatment of choice in 236 patients (39.33%) with acute PE
at HR or IHR. Our series comprising patients with multiple
comorbidities have represented the largest single-center
and long-term data on USAT ever published.? Moderate
dose (35.4 +13.3 mg) and slow-infusion (26.6 + 7.7 hours) t-PA
regimen resulted in statistically significant and clinically rel-
evant reductions in RV/LVr, Qanadli score (QS) of thrombotic
obliteration, and PAMP, and HR versus IHR was associated
with more pronounced improvements in these measures
(Figure 3).?" In-hospital major and minor bleeding and mor-
tality rateswere 6.2%,12.4%, and 6.2%, respectively. Bleeding
and unresolved PE accounted for 50% and 42.8% of in-hos-
pital deaths, respectively.?’ Despite the higher lytic dosages
and longer infusion timesin our study compared with thosein
the OPTALYSE-PE trial, major bleeding or mortality risk was
not related to dose or infusion duration of t-PA.? This differ-
ence might be due to the higher frequency of comorbidities
in our study in comparison to OPTALYSE-PE trial.?2 The HR
versus IHR status related to a significantly higher 30-day
mortality rate, whereas age >65 years was associated with
long-term mortality.?’ However, retrospective analysis and
operator-driven selection of the t-PA regimen were the
main limitations of our study. Prospective trial designs which
permit comparisons among risk-based anticoagulant and
full-dose or reduced-dose systemic fibrinolytic therapies,
different doses and infusion regimens of t-PA with USAT, and
USAT versus other CDTs might provide more relevant data
for efficacy and safety concerns in this setting.

STANDARD CATHETER-DIRECTED THROMBOLYSIS
DEVICES

Cragg—Mcnamara (Medtronic, Minneapolis, Minn, USA),
Unifuse (Angiodynamics, Latham, NY, USA), and Fountain
(Merit Medical, South Jordan, UT, USA) catheters are other
devices available for CDTL.282%35%7 These catheters have
multiple side slits to facilitate the distribution of the fibrino-
lytic agent within the thrombus.?82%%-7 The main advantage
of these catheters over the USAT is the lower cost. In the
SUNSET-sPE (Standard vs. Ultrasound-Assisted Catheter
Thrombolysis for Submassive Pulmonary Embolism) trial,
primary end-point, which is the reduction in the PA obstruc-
tion score at 48 hours, was comparable between patients
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Figure 3. Absolute reductions in RV/LV diameter ratio and percentage reductions in obstruction scores reported in catheter-

directed thrombolysisand catheter-directed thrombolysis series.

randomized to USAT versus standard CDTL arms (21% and
22%, respectively).’” The improvements in RV/LVr, intensive
care unit and hospital stay, bleeding, and adverse events up
to 90 days as secondary outcomes were also similar between
the 2 cohorts.’” However, the lack of standardization in t-PA
regimen across the groups, ignoring the possible confound-
ers, the small sample size and low power of the study, and
the assumed effect size of 50% in favor of USAT based on
the results of a prior deep venous thrombosis study com-
paring the USAT and standard CDTL have been considered
as important limitations of this phase Il trial evaluating clot
resolution.’” Moreover, whether relevant clinical benefits
could be obtained with more limited reductions in clot bur-
den remains to be determined. Nevertheless, a signal may
imply a probable superiority of USAT over standard CDTL
in 20 patients treated with a low-dose/short-duration t-PA
regimen after the publication of the OPTALYSE trial.>”

The novel Bashir endovascular device (BEC, Thrombolex,
New Britain, Pa, USA) is composed of a 7F venous access
sheath and a spiral-cut nitinol basket at the tip of the cath-
eter having 6 mini-infusion catheters and a total of 48 laser-
drilled holes.*® The longer (12.5 cm) and shorter (10 cm, Bashir
Short-Basket) versions of the basket are available.*® The
basket has the ability to expand up to a maximum diameter
of 45 mm, making direct contact with the wall of the PA.
Serial collapse, re-deployment, and re-expansion sequences
of basket enhance the penetration of t-PA to fibrin-binding
sites, and pulse sprays also generate microbubbles of t-PA
entrappedinsidethedeeplayerof clotand maintainlysiseven
after the removal of the device. The t-PA by Endovascular

Administration for the Treatment of Submassive PE Using
CDT for the Reduction of Thrombus Burden (RESCUE) mul-
ticenter prospective trial (NCT03927508) was designed to
evaluate the efficacy and safety issues of the BEC system in
IR PE, and 109 patients at 18 sites in the US were enrolled.*®
The primary efficacy endpoint was the core lab-assessed
change in the CT angiography-derived mean RV/LVr at 48
hours. The primary safety endpoint was serious adverse
events, including major bleeding at 72 hours. The median
device placement time was 15 minutes, and 7 mg of t-PA
was delivered into each PA over a 5-hour infusion period. At
48 hours after delivering t-PA, the RV/LVr decreased from
baseline by 0.56 (33.3%, P <.0001), and the core lab-assessed
refined Modified Miller Index reduced by 35.9% (P < .0001).
Compared to the other core lab-assessed CDT trials, this
reduction was more than 2-fold greater. The major bleeding
rate was less than 1%, and the length of hospital stay was 2.8
days.*® Based on these findings, the BEC catheter received
FDA clearance for the treatment of acute PE in April 2023.

Angiojet rheolytic thrombectomy (ART) (Boston Scientific,
Marlborough, MA, USA) system is another CDTL device
that generates high pressure and circumferential saline jet
expulsions at the catheter tip (2500 psior 1.7-107 Pa) creating
a local low-pressure zone for suction, fragmentation,
and aspiration of the clot. On-the-wire design of this
system allows selective aspiration of clot along the all
subsegmentary PA branches. However, the mortality rate
in the unstable settings remains high, and a controversy
existsregarding the safety concerns of ART.®"“3"34|n an early
meta-analysis of 68 patients treated with ART, the rates
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of major and minor complications and procedure-related
deaths were 28% and 40%, and 7.35%, respectively.” More
importantly, 76% of all major complications were reported to
be attributable to ART, and the authors concluded that this
device should notbe used as theinitial mechanical treatment
in future CDT protocols for patients with acute massive PE."™
Accordingly, the FDA has issued a black-box warning on the
commercially available ART device label pertaining toits use
in patients with acute PE. In recent ART series, significant
improvements in clinical, hemodynamic and angiographic
measures, and favorable in-hospital and long-term courses
were reported.®3>

In our series, ART was performed in 56 patients (9.33%) with
acute PE at HR or IHR status.?>* Patients had absolute or rela-
tive contraindication for TT such as active bleeding from
esophageal varices, recent or active major bleeding, early
post-surgical PE, and intracranial metastasis or bleeding.?*
The ART activation duration (median 304 seconds) was
markedly longer and either the utilization rate of adjunctive
t-PA (33.9%) and t-PA dose (median 15 mg) were lower in our
series as compared to those in the previous studies.> The
ART isrelated to significantimprovementsin PA obstruction,
RV/LVr, and PA pressures (P <.001 for all) (Figure 3). Transient
bradyarrhythmias were observed in 32.1% of patients and
terminated spontaneously immediately after the deacti-
vation of ART. Gross hemoglobinuria due to hemolysis was
uniformly observed immediately after ART and cleared
within the first day in all the patients with saline overhydra-
tion. Major and minor bleeding, and in-hospital death rates
were 37.5%, 71%, 12.5%, and 8.9%, respectively.** In-hospital
deaths were caused by major bleeding and unresolved PE in
20% and 80% of patients, respectively. Although post-proce-
dural renal worsening was observed in 39.3% of our patients,
1-session dialysis was required in only 1 (1.8%) patient, and
all patients recovered. Older age, but not risk status or ART
activation duration, was associated with post-procedural
renal worsening, whereas HR status is related to in-hospital
and cumulative long-term deaths.** However, retrospective
nature of the analysis and operator-driven decisions for the
total duration of ART activation runs and adjuvant t-PAregi-
men were the main limitations of our study.

In our unpublished systematic review and meta-analysis
based on 427 patients from 24 PE studies in which ART was
utilized, according to different definitions, the reported fre-
quencies of HR, IR, and IHR status were 51.52%, 48.47%, and
40.51%, and massive and sub-massive PEs were 60.65% and
39.35%, respectively. Overall, ART duration was available in
3 series, and adjunctive fibrinolytic was noted in 45% of ART
procedures. Improvements in the RV/LVr, PA pressures, and
obstruction scores were significant (P <.0001 for all). Overall
pooled proportion of major and minor bleeding was around
10%. Overall pooled rate of renal worsening was 15% (95% Cl
10-21.8%), and PE-related death and all-cause death were
12.7% (95% CI1 91-17.3%) and 15% (95% C111-20%), respectively.
However, except for PE-related death and all-cause death,
significant heterogeneity and some evidence of funnel plot
asymmetry and publication bias were noted for other out-
come measures. Male versus female sex is related to the
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increase the risk of worsening renal function. Aging signifi-
cantly increased, and the male gender decreased the risks
for PE-related and all-cause death, but HR status did not. All
these results suggest that a reappraisal for black-box warn-
ingon ART is necessary.

MECHANICAL THROMBECTOMY

These systems have been developed to accelerate the res-
olution of obstructive clots from PA branches without the
need for adjunctive fibrinolytic agentsif possible. However,
the requirement for large-bore venous access in some sys-
tems and the risk of dislodgement of thrombi to more dis-
tal PA branches have been considered as major drawbacks
of previously used mechanical thrombectomies (MTs). The
FlowTriever Retrieval/Aspiration system (Inari Medical, Inc.,
Irvine, Calif, USA) and the Penumbralndigo aspiration cath-
eter system (Penumbra, Alameda, Calif, USA) are 2 impor-
tant MT devices having FDA approval for percutaneous PE
treatments. The FlowTriever Retrieval/Aspiration device
consists of aspiration cannulas available in three sizes: 16F,
20F, and 24F, along with three self-expanding nitinol mesh
disks designed to capture and retrieve large thrombi into
the aspiration catheter.®® The safety and effectiveness of
this device were documented in the prospective, single-
arm FLARE (FlowTriever Pulmonary Embolectomy Clinical
Study) trial in which patients with acute IR PE and RV/LVr
=20.9 were enrolled.*® Baseline characteristics were consis-
tent with a stable status, and more than one-half of the
population seemed to be at ILR status. Although the pri-
mary effectiveness end point was met by a mean absolute
or % reduction in RV/LVr (0.38% or 251%, P < .0001) com-
pared with baseline, the mean final RV/LVr of 115 + 0.25 was
still unsatisfactory.®®* Essentially, an average reduction
in mean PA pressure was mainly driven by a reduction in
patients with mPAP >25 mm Hg (P < .0001), and the statis-
tical reduction in the obstruction score (20.8 + 2.4 vs. 18.9
+2.9; P <.001) seemed to be not clinically relevant.?®* The
multiple passes of 20-F catheter within an average dura-
tion of 94 minutes and the need for 2 or 3 devices in 58.7%
of proceduresimplicate the aggressive aspect of this strat-
egy for IR PE which may be managed with anticoagulant
therapies.*®*

The questions regarding the limitations of FLARE study
were cleared with the prospective, multi-center FLASH
registry (FlowTriever All-Comer Registry for Patient Safety
and Hemodynamics) enrolling 800 patients from 50 United
States sites.*® Thrombolytic contraindication was reported
inone-third of patients, and therisk status wasintermediate
and highin 92.1% and 7.9%, respectively. On-table PA pressure
drop and improvement in cardiac index and normalization in
RV function were significant.*®° But baseline systolic PA pres-
sure >70 mm Hg was associated with a less reduction in PA
pressure. Major adverse event and all-cause death rates in
the first 48 hours were 1.8% and 0.3%, respectively. The t-PA
was needed in only 2.3% of patients, and no device-related
serious adverse event was reported. Post-procedural over-
nightintensiveunitcarewasrequiredinlessthan 40% of them
and the mean length of hospital stay was 3 days. The 30-day
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all-cause mortality and all-cause re-admission rates were
also impressive (0.8% and 6.2%, respectively).*° The FLAME
(Flowtriever for massive PE) trial was designed as the larg-
est prospective study of interventional treatment in HR PE,
and Flowtriever compared with control arm cohortincluding
systemic thrombolysis, surgical embolectomy, other CDTs,
or anticoagulant treatment options was associated with a
significant reduction in the rates of primary composite end-
pointand more than 90% reduction in in-hospital mortality.*
Finally, for addressing the gaps in this setting, the PEERLESS
study was designed as a prospective, multicenter RCT to
compare the efficacy and safety outcomes of FlowTriever
system versus CDTL in patients with PE at IHR.

The Penumbralndigo aspiration deviceisanother MT system
thatis capable of a 28.5 mm Hg negative continuous suction
pressure.*? The safety and efficacy of this device were eval-
uatedin the multicenter EXTRACT PE trial in which patients
with IR acute PE were enrolled, and the primary efficacy
end point was met by absolute or % reduction in RV/LVr from
baseline to 48 hours post-procedure (0.43, 95% Cl: 0.38-
0.47% or 27.5%, P < .0001).2 Median procedural time was 37
minutes, and adjunctive thrombolytic was needed only in
1.7% of the patients. The median length of stay in the inten-
sive care unitwas only Tday. Pulmonary vascularinjury, clini-
cal deterioration, and major bleeding were reported in less
than 2%, and the device-related death rate was 0.8%.%? The
STRIKE-PE multicenter study was designed to evaluate the
technical performance, efficacy, and safety of this device in
real-world practice, and enrolment of the 600 patients with
acute PE was planned. Interim analysis at 90-day follow-up
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showed a significant reduction in RV/LVr (27.5%) identical to
those in EXTRACT PE study and significant improvements
in mean PA pressure, Borg dyspnea score, 6-minute walk
distance, and quality of life measures.** No death was
reported, and major adverse events and device-related
adverse events within the first 48 hours were observed in
21% and 1.1% of patients, respectively.*®

The AngioVacsystemisaveno-venousorveno-arterialfiltra-
tion circuit composed of the aspiration and reinfusion cannu-
las, a centrifugal high-flow pump producing up to 80 mm Hg
of suction pressure and an extracorporeal filter.#* This sys-
tem has been reported to be utilized in PE, right-sided intra-
cardiac thrombi or vegetations, or ilio-caval thrombus and
received FDA approval at 2014 for the filtration of intravas-
cular thrombi and emboli. Two meta-analyses on AngioVac
series revealed that complete success rates were signifi-
cantly higher and mortality risk was lower in right atrial/ilio-
caval thrombi versus thrombi in PA.%4¢ Our experience on
AngioVac thrombectomy is limited to complete the extrac-
tion of a large and mobile right atrial thrombus attached to
sutures of atrial septal defect repair patch which was resis-
tant to previous heparin treatments.**

In a network meta-analysis comparing the CDT, systemic
TT, surgical embolectomy, and anticoagulant therapies in
patients at IR to HR groups, CDT was found to be associated
with significant reductions in in-hospital mortality, PE recur-
rence, and major bleeding rates as compared to the other
3 treatment modalities and reductions in long-term mortal-
ity equivalent to surgical embolectomy.’
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Figure 4. Flowchart for catheter-directed treatment in with acute pulmonary embolism at high risk and intermediate-high risk.
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Veno-arterial Extracorporeal Membrane Oxygenation in
Massive Pulmonary Embolism-Related Cardiac Arrest: In
a systematic review, regardless of the systemic TT prior to
cannulation, 61% of the patients survived to discharge and
88% were neurologically intact at follow-up.“® Age >65 years
old and cannulation during cardiopulmonary resuscitation
were associated with 3-fold and é-fold increases in the risk
of death, respectively.*®

Pulmonary embolism response team (PERT): Thereis no con-
troversy regarding the reasonability of the PERT activationin
referral patterns of patients with acute PE as a kind of mul-
tidisciplinary triage in urgent conditions. However, this could
not be translated to validation of benefit in the absence of
the RCT data favoring the advantages of PERT framework
versus traditional decision-making with multidisciplinary
consultations in the referral centers experienced for PE.
Time constraints in the decision for appropriate reperfusion
methods in acute PE seem to be less important as compared
to critical time window for initiating the urgent reperfu-
sion in acute ST-elevation coronary syndromes. Important
variations in the utilization of different CDTs across the cen-
ters of the PERT network have also been documented.™°
Approximately 10-20% of patients at IR PE have been
reported to be treated with CDT methods, and PERT imple-
mentation seems to increase the rates of CDT use in IHR
group and TT in HR group.? Since 2015, the PERT teamwork
was reported to be associated with a significant decrease in
major bleeding rates with a non-significant trend for reduc-
tionin all-cause mortality.“’ In a systematic review and meta-
analysis evaluating PERT implementation across countries,
30% of all PE cases were found to be evaluated by PERT, and
relative risk reduction for mortality was more pronounced in
patients at HR.>® However, heterogeneity was significant.
This analysis also showed a significant increase in the utili-
zation of advanced therapies with PERT implementation.
Moreover, whether the artificial intelligence may provide
potential contributions to PERT activation networks remains
to be evaluated.®

In the clinical consensus statement of the ESC for percuta-
neous treatment options for acute PE, CDT is proposed for
patients at HR and patients at IHR in the absence of stabiliza-
tionin vital parameters despite the initial anticogulation with
unfractioned or low-molecular-weight heparin if contrain-
dications for systemic TT are present (Figure 4). Starting the
CDT is recommended maximum 60-90 minutes after estab-
lishing the indication for intervention. Moreover, in cases of
the treatment failure to systemic TT, starting CDT 2-4 hours
after completion of systemic TT is recommended as a rescue
option. If hemodynamic stabilization is not achieved, individ-
ual management including extracorporeal membrane oxy-
genation (ECMO) should be considered.

CONCLUSIONS

The promising evidence for the efficacy and safety of CDTs
with reduced fibrinolytic dose/shorter infusion duration or
pure mechanical extraction/thrombo-aspiration systems
seems to change treatment algorithms in patients with
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acute PE at HR and IHR. The efficacy and safety issues of
low-dose/short-duration t-PA regimen with USAT have
remained to be confirmed in real-life settings. From our per-
spective, mild-to-moderate dose and slow-infusion regimen
in USAT seems to be more realistic in real-life practice fac-
ing multiple co-morbidities. Neither t-PA dose nor infusion
duration is related to bleeding or mortality, while HR status
increases 30-day mortality. Angiojet rheolytic thrombec-
tomy with adequate hydration is also useful lytic-free reper-
fusion tool in HR and IHR, especially in cases with massive
and extensive PA obstruction, unstable hemodynamic status
and high bleeding risk or active bleeding. New prospective
RCTs are needed to standardize the timing of intervention,
patient and CDT technique selection, peri-procedural lytic,
and anticoagulation regimens and to improve benefit from
PERT framework in PE management.
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