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ORIGINAL RESEARCH

The Trevo device: preclinical data of a novel stroke
thrombectomy device in two different animal models
of arterial thrombo-occlusive disease

Raul G Nogueira,' Elad | Levy,? Matthew Gounis,® Adnan H Siddiqui?

ABSTRACT

Background The currently available mechanical devices
fail to achieve recanalization in as many as 20—40% of
proximal arterial occlusion strokes.

Objective The preclinical evaluation of the safety and
efficacy of a novel thrombectomy device designed to
achieve immediate flow restoration by quickly removing
clot is reported.

Methods Four confirmatory animal studies were
performed with the Trevo device (Concentric Medical
Inc, Mountain View, California, USA) in the swine (n=2)
and canine (n=1) models of arterial thrombo-occlusive
disease employing autologous thrombin generated
thrombi. The angiographic response and the degree of
device—clot incorporation were evaluated. High
resolution flat panel three-dimensional CT was performed
to further define the in vivo device—thrombus—vessel
interaction. Finally, samples of three swine vessels
treated with six passes of the device were explanted for
histopathological analysis.

Results A total of 16 clots of variable hardness and
consistency were implanted in a variety of vascular
settings, including the swine internal maxillary, lingual
and forelimb arteries as well as the canine external
carotid and vertebral arteries. Thrombolysis in Myocardial
Infarction (TIMI) 2—3 reperfusion was achieved in all
cases immediately after device deployment. All 16 clots
were retrieved after one (n=15) or two (n=1) passes
with the device. Histopathological analysis demonstrated
severe disruption of the intima but no hemorrhage of
media or adventitia.

Conclusion The experimental data suggest that

the Trevo device is highly effective at achieving
immediate reperfusion of occluded arteries without
causing any clinically significant disruption of vascular
integrity.

The use of mechanical clot retrieval devices in acute
ischemic strokes (AIS) results in higher reperfusion
rates compared with intravenous and/or intra-arte-
rial thrombolysis." ? However, the currently avail-
able mechanical devices still fail to achieve
recanalization in as many as 20—40% of proximal
arterial occlusion strokes.>> Furthermore, signifi-
cant amounts of procedural time are often required
before any meaningful reperfusion can be accom-
plished, resulting in lower proportions of penumbral
tissue salvage. We now report on the experimental
evaluation of the safety and efficacy of a novel
thrombectomy device designed to achieve imme-
diate flow restoration by quickly removing clot.
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METHODS

Four confirmatory animal studies (three device
performance; one histopathology) were performed
using the Trevo device (Concentric Medical Inc,
Mountain View, California, USA) in swine (n=2)
and canine (n=1) models of arterial thrombo-
occlusive disease employing autologous thrombin
generated clots of varying consistencies by five
different operators, as depicted below.

Device description

The Trevo device was designed for removal of
occlusive thrombus in the setting of AIS in vessels
ranging from 1.5 to 3.5 mm in diameter. The device
consists of a 180 cm proximal 0.018 inch core wire
with a 75 cm tapered transition and a closed cell
stent-like shaped section at the distal end (figure 1).
The overall length of the device is 44 mm with
a diameter of 4 mm. The distal end has a 4 mm soft
atraumatic radiopaque tip designed to allow safe
and accurate deployment as well as facilitate fluo-
roscopic visualization. The distal 10 mm of the
device is tapered to allow for a smooth transition
from the soft floppy radiopaque tip to the higher
radial force active area of the device, allowing for
placement into more distal and smaller vessels. The
proximal 10 mm of the device is also tapered to
allow for easy resheathing. The Trevo device has
a hydrophilic coating to reduce friction during use.
A shaft marker indicates the proximity of the
device relative to the microcatheter tip. The orien-
tation of the stent struts differs from the typical
orientation of stents used to treat intracranial
aneurysms (neck bridging) or intracranial athero-
sclerosis. In those devices, the broader portion
of the struts is in contact with the blood vessel wall
in order to optimize coverage and wall apposition.
In the Trevo device, the broader portion of the
struts has an endoluminal orientation in order to
optimized thrombus incorporation.

In addition, the device was designed to have
a more constant radial force across the intended
vessel diameters. These properties are expected to
result in consistent and efficient clot incorporation
and retrievability.

Thrombus model

The clot sizes ranged from 3 to 4 mm in diameter
and from 10 to 15 mm in length. Clots of different
mechanical stiffness were made by using autolo-
gous whole blood incubated with varying levels of
bovine thrombin (0—8 NIHU/ml of blood) and
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Figure 1 The Trevo device. 4mm Soft
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barium (1—2 g/10 ml of blood) concentrations. A white clot was
also prepared using platelet rich plasma isolated from centrifu-
gation of autologous whole blood. The platelet rich plasma was
incubated with bovine thrombin (8 NIHU/ml of plasma) and
barium (1 g/10 ml of plasma). The clot fragments were selec-
tively introduced into the target vasculature, as described below.
This radio-opaque thrombus model allowed the authors to
evaluate for thrombus fragmentation and/or distal embolization
during passing, deploying and retrieval of the device, as previ-
ously described by Gralla and colleagues.®

Animal models, procedural technique and measures of outcome
All procedures were approved by the local Institutional Care and
Use Committees and were conducted in accordance with
guidelines established by the Animal Welfare Act (http://www:.
aphis.usda.gov/ac/publications.html). Three Yorkshire swine
weighing approximately 30 kg and one mongrel dog weighing
approximately 20 kg were used. In all cases, anesthesia was
maintained with mechanical ventilation of oxygen containing
2% isoflurane. A heparin bolus (100 U/kg) was intravenously
administered, and anticoagulation was sustained with mainte-
nance administration of 500 U every hour to maintain the
activated clotting time above 250. Femoral artery access was
subsequently obtained, and an 8 F guiding catheter (6 F in the
canine model) was placed in the target vessel using a 0.035 inch
hydrophilic wire.

For the efficacy analysis, 16 thrombi of varying consistencies
were injected through a syringe into the guiding catheter and
allowed to embolize distally into the swine internal maxillary
(IMA, n=6), lingual (n=3) and forelimb (n=4) arteries as well as
the canine external carotid (n=1) and vertebral (n=2) arteries.
The thrombi were allowed to mature in place for at least 30 min.
The diameter of the target vessels ranged between 2 and
3.5 mm, which are comparable with the size of human middle
cerebral, basilar and distal intracranial internal carotid arteries.
Vessel occlusion was confirmed by digital subtraction angiog-
raphy and assessment of a Thrombolysis in Myocardial Infarc-
tion (TIMI) flow grade of 0 or 1 (persistent occlusion or trickle
flow).” A 2.5 F MC18 Plus microcatheter (Concentric Medical
Inc) was navigated over a 0.014 microwire across the occlusive
thrombus. The wire was removed and a microcatheter contrast
injection was performed to confirm an endoluminal position
distal to the occlusion. The Trevo device was then advanced into
the microcatheter spanning the whole length of the occlusive
thrombus. The Trevo device was then deployed by slowly
retracting the microcatheter while maintaining constant
forward tension on the Trevo pusher wire. The unsheathing of
the device radially displaces the thrombus against the blood
vessel wall resulting in immediate flow restoration. A guiding
catheter angiogram was performed to assess the degree of
reperfusion. A thrombus retrieval attempt was then performed
within 60 s of deployment by slowly withdrawing the Trevo
device and the microcatheter as a unit into the guiding catheter
under fluoroscopic guidance. At that point, aspiration was
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performed using a 60 ml syringe without any flow arrest
(eg, balloon guide catheters were not used). Control angiography
was performed after each pass of the device to assess the degree
of recanalization according to the TIMI scale (primary efficacy
outcome). In addition, the degree of device—clot incorporation
was evaluated by macroscopic examination of the device and
retrieved thrombi. Finally, a high resolution flat panel three-
dimensional CT built from 610 projection images acquired over
a 200° arc (Philips Healthcare, Best, The Netherlands) was
performed with the device deployed against an occlusive
thrombus in the swine lingual artery to further define the in vivo
device—thrombus—vessel interaction.

For the safety analysis, the Trevo device was deployed through
the MC18 Plus microcatheter into the swine right IMA (diam-
eter 3.0 mm), right ascending pharyngeal artery (APA 2.4 mm)
and left APA (2.2 mm) and then retracted as a system, six times
in each vessel. At the conclusion of the procedure, the animal
was sacrificed and tissue samples of the treated vessels were
collected. The specimens were processed for histopathological
analysis including staining with hematoxylin—eosin and an
elastin (Movat Pentachrome) stain. To assess the degree of
arterial injury, ordinal data were collected for multiple parame-
ters to include the presence of (1) endothelial loss, (2) platelets/
fibrin on the denuded luminal surface, (3) hemorrhage in the
media, (4) hemorrhage in the adventitia and (5) medial injury
using a semiquantification score system (table 1). Values were
calculated for every section and level and reported as an overall
mean of each vessel, ranging from 0 (no injury) to 20 (highest
possible degree of injury). In another safety evaluation test, the
device was deployed in the canine basilar artery to assess for any
angiographic evidence of vessel injury in a small (1.5 mm
diameter) thin walled pial vessel.

RESULTS

A total of 16 clots of variable hardness and consistencies were
implanted in a variety of vascular settings, as described above.
TIMI 2-3 reperfusion was achieved in all vessels immediately
after device deployment (figure 2A,B). There was no angio-
graphic evidence of dissection, contrast extravasation or
thrombus formation, but varying degrees of vasospasm were
noted in most of the manipulated swine vessels throughout the
procedure. This occurred during guiding catheter, wire and
microcatheter manipulation but was more significant after the
retrieval of the device. Overall, the degree of vasospasm was
much milder in the canine than in the swine model. Partial
fragmentation of the radio-opaque clot was noted in some cases
after microcatheter crossing and/or device deployment but in all
cases the device retrieved the entire thromboembolic material
after one (n=15) or two (n=1) passes resulting in a 100% TIMI/
Thrombolysis in Cerebral Infarction (TICI) 3 flow reperfusion
rate (figure 2C D). In the case that required two device passes,
a small fragment of a soft clot was lost at a vessel bifurcation
during the initial pass, resulting in incomplete reperfusion
(TIMI/TICI 2). This small fragment was easily retrieved during
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Table 1 Semiquantitative analysis of histopathologic changes in vessels treated with the Trevo device
Score 0 1 2 3 4
Endothelium
Endothelial loss (%) None <25% of the circumference 25—50 51-75 >75
Thrombus
Thrombus (fibrin/platelet) None Minimal, focal Mild, multifocal Moderate, regionally diffuse Severe, marked diffuse or total
luminal occlusion
Hemorrhage
Adventitial None Focal, occasional Multifocal and regional Regionally diffuse 100% red blood cells
Medial None Focal, occasional Multifocal and regional Regionally diffuse 100% red blood cells
Medial injury
Medial injury (device induced) None Focal disruption Widespread disruption Medial tear not extending Medial tear with involvement

of the IEL

of the IEL

beyond the EEL of the EEL

EEL, external elastic lamina; IEL, internal elastic lamina.

the second pass, resulting in TIMI/TICI 3 flow. Otherwise, the
thrombus—device interaction during the retrieval process
appeared relatively unchanged from the post-deployment status
with no obvious additional fragmentation, stretching or
compression of the thrombus until it reached the guiding
catheter tip. There was some additional fragmentation but no
loss of thrombus at the guiding catheter tip during retrieval into
the guiding catheter under aspiration. Macroscopic examination

Figure 2 Examples of immediate flow
restoration (A, B) and thrombus retrieval
(C, D). (A) Pretreatment angiography of
the swine right lingual artery. Black
arrow: point of complete occlusion
(Thrombolysis in Myocardial Infarction
(TIMI)/Thrombolysis in Cerebral
Infarction (TICI) 0 flow). White
arrowheads: subtracted radiopaque
thrombi. (B) TIMI/TICI 3 flow was
achieved immediately after deployment
of the Trevo device. Arrows: proximal
(black) and distal (white) radiopaque
markers of the Trevo device. Black
arrowhead: microcatheter tip. White
arrowheads: areas of residual stenosis
due to the presence of thrombi. (C)
Pretreatment angiography of the swine
left internal maxillary artery. Arrow:
point of complete occlusion (TIMI/TICI
0 flow). Arrowhead: subtracted
radiopaque thrombus. (D) TIMI/TICI 3
flow was achieved immediately after
retrieval of the Trevo device. Arrow:
complete recanalization of the internal
maxillary artery with no residual
stenosis.
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of the device and retrieved thrombotic materials revealed that
the device incorporated clots of both soft and hard consistencies
(figure 3A,B). Clot incorporation by the device was also appre-
ciated in vivo by the high resolution flat panel CT examination
(figure 4A,C).

Histopathological analysis was conducted in three swine
external carotid branches ranging from 2.2 to 3 mm in diameter.
Five sections with six levels each were analyzed in each of the
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Figure 3 Example of device—clot incorporation with soft (A) and hard
(B) thrombi (arrows).

vessels to a total of 90 levels. Essentially, there was severe
disruption of the intima but there was no hemorrhage of media/
adventitia or any evidence of extensive arterial injury consisting
of transmural medial dissection (tear or perforation) (figure 5).
Specifically, the right IMA had a mean injury score of 4.3 out of
20, due to severe endothelial loss with rare areas of minimal/
focal fibrin/platelet deposition and rare areas of focal disruption
of the internal elastic lamina (IEL). The right APA had a mean-
injury score of 4.5 out of 20, due to moderate to severe

Figure 4 Example of in vivo device—clot—blood vessel interaction. (A)
Road map angiography of the swine left lingual artery. (B) High
resolution flat panel CT three-dimensional reconstruction. Arrows:
proximal (black) and distal (white) radiopaque markers of the Trevo
device. Arrowhead: radiopaque thrombus. (C) Axial cut reconstruction of
the area identified in (B) by the arrowhead, showing complete
incorporation of the radiopaque thrombus (arrowhead) through the struts
of the Trevo device.
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Figure 5 Hematoxylin—eosin staining microphotography of the right
ascending pharyngeal artery section showing endothelial cell loss (blue
arrows). This was the most common histopathological finding in this
study.

endothelial loss with occasional areas of focal or widespread
disruption of the IEL. The left APA had a mean injury score of
4.2 out of 20 due to severe endothelial loss with rare areas of
minimal focal fibrin/platelet deposition and rare areas of
disruption of the IEL.

The Trevo device was navigated into the canine basilar artery
without any technical difficulties. As expected from purpose-
fully oversizing the device, its deployment/retrieval resulted in
severe self-limiting vasospasm of the basilar artery but there was
no angiographic evidence of arterial dissection, perforation,
rupture or thrombosis.

DISCUSSION

We have reported on the experimental data supporting the
safety and efficacy of the Trevo device, a novel mechanical device
designed to treat AIS patients. The Trevo device belongs to
a new class of thrombectomy devices increasingly known as
‘stentrievers’ due to their resemblance to intracranial stents.
This new technology has several theoretical advantages in rela-
tion to the currently employed approaches. The use of intra-
cranial stents in AIS has been associated with rapid flow
restoration and high recanalization rates." However, this tech-
nique is limited by the need for an aggressive antithrombotic
regimen to avoid acute in-stent thrombosis which obviously
increases the risk of hemorrhagic complications in the AIS
setting.® Another important limitation to the use of intracranial
stents in AIS is that, unlike acute coronary syndromes where
plaque rupture in an underlying atheroma is the most frequent
offender, most cases of acute intracranial arterial occlusions are
related to an embolus in the absence of any prior in situ vascular
pathology. In this setting, placement of a permanent implant
may incur an additional morbidity without any advantage over
thrombus removal.

The idea of using stents or stent-like devices as clot retrievers
is not novel. The Neuronet device (Guidant Corp, Santa Clara,
California, USA) was a microguidewire based laser cut nitinol
basket that closely resembled a closed cell stent attached to
a shapeable platinum tipped wire. This device, which probably
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constituted the first generation of ‘stentrievers’, had already
shown highly promising results nearly a decade ago.” ™!
Unfortunately, a planned large clinical trial with the Neuronet
device was never completed and the device is no longer available.
The idea of using a closed cell stent (eg, Enterprise, Codman &
Shurtkeff Inc, Raynham, MA, USA) for clot or foreign body
removal was subsequently tested in vitro and in in vivo models
which confirmed the high potential of this approach.' Finally,
the Solitaire AB device, initially conceptualized as an aneurysm
neck bridging stent, has been used in an off-label manner as
a thrombectomy device and demonstrated unparallel speeds of
reperfusion and recanalization rates.'® This led to minor design
changes to produce the Solitaire FR device which is currently CE
marked in Europe for the treatment of AIS.

The ‘stentriever’ concept keeps all of the major advantages of
intracranial stenting, including immediate flow restoration and
the possibility of using adjuvant intra-arterial pharmacological
therapy to dissolve the circumferentially displaced thrombus,
but it also overcomes most of the limitations associated with
stent use by eliminating the need for postprocedural antith-
rombotic therapy as well as the risks associated with a long term
implantation. In addition, this approach allows for quick
and reliable clot removal which at least theoretically should
result in lower chances of early vessel re-occlusion compared
with pharmacological and other mechanical approaches, such as
thrombus disruption, angioplasty and stenting. Our findings are
fully consistent with these notions: we have achieved 100%
reperfusion rate without any evidence of early re-occlusion.

Stentrievers also have potential advantages over many of the
currently available thrombectomy devices. In contrast with
other devices such as the Merci device which have a more fixed
diameter, stentrievers gradually expand in diameter as they are
withdrawn into the guiding catheter through the more proximal
larger intracranial and cervical vessels and as such they oppose
the blood vessel throughout the retrieval process. This prevents
the retrieved thrombi from dislodging from the device and re-
embolizing to the cerebrovasculature. Therefore, they may
obviate the need for proximal vessel occlusion with a balloon
guiding catheter, a step that often adds time and technical
challenges to thrombectomy.

Our study carries all of the limitations inherent to the
inability of animal models to fully reproduce the challenges
encountered in humans. While the diameters of the vessels
treated in our study were fairly consistent with intracranial
human arteries, neither the canine nor swine model can simulate
the same degree of tortuousity encountered in the human
cerebrovasculature. Another limitation of the porcine model is
their aggressive coagulation system which is not representative
of humans.'* Consequently, it is useful to provide anti-
coagulation’® or antiplatelet'® therapy in this model system
during the evaluation of thrombectomy. It is possible that the
use of anticoagulation in our study may have prevented
re-occlusion in the setting of device related endothelial injury.
Even though we tested a wide range of clot consistencies, it is
unlikely that we could mimic the broad variety of situations
that can occur during human strokes. Moreover, the histologic
characteristics of our thrombus model are not necessarily
consistent with those of thromboemboli recovered from patients
with stroke. However, we have addressed one of the main
concerns related to the use of stentrievers: the theoretical risk
of causing clinically significant vascular injury by ‘dragging
a deployed stent’ through the cerebrovasculature. We have
addressed this issue in the current study by carrying out
a detailed histopathological analysis of the treated vessels.
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The histological findings were within the limits of similar
endovascular procedures with no significant adverse concerns
attributed to the Trevo device. In this regard, there is a paucity
of literature about the risks of vascular injury after the use of
stroke thrombectomy devices. Jahan reported on the comparison
of the performance of the Solitaire revascularization device (ev3
Neurovascular Inc, Irvine, California, USA) versus the Merci
retrieval system (Concentric Medical, Inc) in restoring blood
flow in swine costocervical and ascending pharyngeal arteries.'”
The Solitaire device established immediate flow restoration
following deployment in five of six vessels and retrieved clot
resulting in TIMI 3 flow in six of six vessels. The Merci device
achieved TIMI 2 flow in two of three vessels and TIMI 3 flow in
one of three vessels. Similar to our study, vasospasm was noted
for all Solitaire and Merci procedures. There was no angiographic
evidence of any vascular injury or thrombus formation with
either device. Safety was evaluated by performing three
deployments of the Solitaire and Merci devices in the contra-
lateral renal arteries which measured approximately 2 mm.
Histological evaluation of the renal arteries showed acute
inflammation and hemorrhage in the adventitia of both treated
vessels. Both vessels had some degree of internal elastic lamina
degeneration, more extensive with the Merci device and only
focally with the Solitaire device. There was in situ clot forma-
tion with the Merci device. This was not seen on angiography
but noted on histology. A similar animal study evaluating the
Solitaire device was recently reported by Mordasini et al using
a swine model of thromboembolism. These authors reported
complete (TICI 3) and partial (TICI 2b) recanalization rates
of 86.7% and 13.3%, respectively.'s Our findings indicate that
the safety of the Trevo device is at least comparable with the
Solitaire and Merci devices.

In summary, our experimental data suggest that the Trevo
device is highly effective at achieving immediate reperfusion of
occluded arteries without causing any clinically significant
disruption of the vascular integrity.
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