J Thromb Thrombolysis (2017) 43:352-360
DOI 10.1007/s11239-016-1470-0

CrossMark

@

Development of a new catheter prototype for laser thrombolysis
under guidance of optical coherence tomography (OCT):
validation of feasibility and efficacy in a preclinical model

Rouven Berndt! - Rene Rusch! - Lars Hummitzsch? - Matthias Lutz® - Katharina HeB* - Katharina Huenges' -

Bernd Panholzer! - Christoph Otte’ - Assad Haneya' - Georg Lutter' - Alexander Schlaefer® - Jochen Cremer

Justus GroB!

Published online: 9 January 2017
© Springer Science+Business Media New York 2017

Abstract In this feasibility study, a novel catheter proto-
type for laser thrombolysis under the guidance of optical
coherence tomography (OCT) was designed and evalu-
ated in a preclinical model. Human arteries and veins were
integrated into a physiological flow model and occluded
with thrombi made from the Chandler Loop. There were
four experimental groups: placebo, 20 mg alteplase, laser,
20 mg alteplase + laser. The extent of thrombolysis was
analyzed by weighing, OCT imaging and relative throm-
bus size. In the alteplase group, thrombus size decreased
to 0.250+0.036 g (p<0.0001) and 14.495+0.526 mm>
(p<0.0001) at 60 min. The relative thrombus size
decreased to 73.6+4.1% at 60 min (p<0.0001). In the
laser group, thrombus size decreased significantly to
0.145+0.028 g (p<0.0001) and 11.559+1.034 mm?
(p<0.0001). In the alteplase + laser group, thrombus
size decreased significantly (0.051+0.026 g; p<0.0001;
9.622+0.582 mm?, p<0.0001; 47.4+6.1%; p<0.0001)
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in contrast to sole alteplase and laser application. The
reproducibility and accuracy of the OCT imaging was
high (SD <10%). Histological examination showed no rel-
evant destruction of the vascular layers after laser ablation
(arteries: 745.8+5.5 pm; p=0.69; veins: 448.3+4.5 um;
p=0.27). Thus, laser ablation and OCT imaging are fea-
sible with the novel catheter and thrombolysis combining
alteplase with laser irradiation appears highly efficient.

Keywords Thrombosis - Thrombolysis - Laser - OCT -
Endovascular therapy

Introduction

Reperfusion strategies in thrombotic vessel occlusion are
mainly focused on rapid and complete restoration of blood
flow in order to reduce hypoxia and potential tissue injury
[1, 2]. Despite major advances in surgical techniques, oper-
ative thrombectomy is still related to the general risks of
open surgery, whereas pharmacological thrombolysis often
only limits thrombus growth and progress but without
complete restoration of circulation [2]. Due to these limita-
tions, new interventional procedures have been intensively
studied in the endovascular era. Laser-recanalization has
become a further treatment option in vascular therapy dur-
ing the last two decades [3]. However, former studies have
mainly focused on atherosclerotic plaque extraction in fem-
oro-popliteal lesions and in-stent stenosis in cardiovascular
therapy [3, 4]. Today, only a few studies have yet investi-
gated the potential treatment of thrombosis with laser irra-
diation but mostly without evaluating safety and efficiency
for clinical use [3, 4].

While optical coherence tomography (OCT) has
become a valuable tool in interventional cardiology, it’s
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use in other fields of endovascular therapy is still limited
and less frequent [5, 6]. Along with the rapid develop-
ment of endovascular therapies being introduced for
peripheral vascular diseases, there is an increasing need
for dynamic and safe intravascular imaging [7]. Besides
reducing the amount of contrast agent, additional meas-
urements of the vascular wall, the thrombus and athero-
sclerotic plaque formation may provide relevant diag-
nostic and therapeutic informations [7, 8]. Frequent
comparisons between OCT and intravascular ultrasound
have shown major advantages for the use of OCT. Espe-
cially higher field depth and resolution of the OCT allows
live image processing during endovascular treatment [9,
10].

On the assumption that OCT guidance in peripheral
vessels could lead to an effective and safe use of laser
ablation, our research group has developed a new cath-
eter prototype for endovascular laser ablation. Aim of
this preclinical study was to evaluate the safety, efficiency
and accuracy of the new catheter prototype combining

Fig. 1 Illustration of differ-
ent design strategies for the
catheter prototype. a First
sketch of the inner scaffold of
the catheter prototype, b the
final design comprised an inner
Y-shaped scaffold with an inner
tip diameter of 8.1 Fr and two
working channels, ¢ glass fibers
for laser ablation were arranged
in an outer sheath (red arrow)
and carbon-coated imaging
fibers (red star) were located in
the center, d the first feasibil-
ity model based originally on
the SLS II 16 F laser catheter
(Spectranectics Inc., Colorado
Springs, USA), e the final
design had a maximal outer
diameter of 12.3 Fr and a length
of 55 cm (with kindly permis-
sion of Spectranectics)

laser ablation and OCT imaging for the treatment of
thrombosis.

Materials and methods
Experimental protocol

As there is currently no viable device combining laser
surgery and OCT imaging, a catheter prototype was
designed and constructed in collaboration with the Insti-
tute of Medical Technology at Hamburg University of
Technology (Fig. 1). Efficacy and safety of the catheter
prototype was evaluated in a flow model providing physi-
ologically conditions for the arterial and venous system.
Human vessels were occluded with thrombi and inte-
grated into a circulation model in order to investigate the
precision of OCT imaging and putative damage due to
laser irradiation. There were four experimental groups:
the first group (n=9) was the placebo group representing
spontaneous degeneration of the thrombi within the flow
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model. Thrombi from the second group (n=9) were only
treated with alteplase following a high-dose protocol. The
third group (n=9) was treated with sole laser ablation
and thrombi from the fourth group (n=9) were treated
with a combination of laser ablation and alteplase. All
experiments were performed by two high-trained senior
interventionists. Venous blood collection was taken from
19 voluntary, healthy male persons underwent full coagu-
lation diagnostics prior to the study. Haematologic inves-
tigations were realized by the Center for Coagulation
Disease, University Medical Center Schleswig—Holstein,
Kiel and included testing for Von Willebrand disease,
haemophilia, the factor-V Leiden mutation and thrombo-
philia diagnosis. Arteries and veins were taken from 18
voluntary donors underwent cardiovascular surgery. Prior
surgery, every donor was clinically examined and all
donors underwent mandatory examination of the vessels
of the lower and upper extremities by Doppler sonogra-
phy in order to exclude macroangiopathy. Microangi-
opathy was further excluded by histological analysis. All
experiments were designed in consensual with the uni-
versity internal ethic commission.

Flow model

A validated circulatory system with physiological flow
and pressure characteristics was used to simulate the
human vessel system. A pneumatically driven pulsatile
pump generated a flow rate of 0.35 L min at 15 beats per
minute and with a peak flow at 1.1 L min. As reported
before, these flow conditions correspond with the param-
eters in a healthy, normal human [11, 12]. Superficial
femoral arteries and human saphenous veins from volun-
tary donors were carefully prepared and transferred into
the flow model. The working fluid (1000 mL) was a sus-
pension of water and whole blood at a volume ratio of
1:3. The working fluid was constantly tempered at 37 °C.

Chandler loop

As previously reported, precipitation thrombi were made
in the Chandler loop under standardized conditions [13].
A polymeric vessel-phantom (length=20 mm, diam-
eter=6 mm) was used to obtain standardized thrombus
configuration from the chandler loop. A series of pre-tests
(n=150) confirmed stable and reproduceable thrombus
dimensions of 0.501+0.022 g and 18.914+0.24 mm?
(SD <10%). The thrombi were extracted from the vessel-
phantom, measured and immediately transferred into the
circulation model.
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Construction of the catheter prototype

The shape of the catheter prototype was designed using the
CAD software CATIA V6 (Dassault Systems, Vélizy-Villa-
coublay, France). The catheter comprised a circle of fiber-
glass with a maximal outer diameter of 12.3 Fr, a minimal
inner tip diameter of 8.1 Fr and a length of 55 cm (Fig. 1).
Arranging the glass fibers around a Y-shaped inner scaffold
with the central OCT-imaging catheter ensures simultane-
ous application of laser-thrombolysis and OCT imaging.
The first design study of the catheter was originally based
on the SLS II 16 F laser catheter (Spectranectics Inc., Colo-
rado Springs, Colorado).

Thrombolysis with alteplase

The pharmacological lysis was performed with alteplase
(Actilyse®; Boehringer Ingelheim, Ingelheim am Rhein,
Germany) following a standard high-dose protocol for
thrombolysis [14]. First, the initial dose of 10 mg alteplase
was applied followed by a 60 min course of continuous
10 mg alteplase infusion. Simultaneously, intravenous
unfractionated heparin (500 IU/h) was administered.

Laser ablation

Ablation of thrombi was performed with an excimer-laser
CVX-300 (Spectranectics Inc., Colorado Springs, Colo-
rado). As published before, we have used a protocol for
maximal tissue protection [15]. Ultraviolet laser pulses
were applied with wavelength of 308 nm, flux of 30 ml/
mm?, and a pulse repetition rate of 80 Hz and 125 ns
pulse duration. The laser catheter was guided via OCT and
placed 0.5 cm in front of the thrombus. Ablation rate was
determined as 40 shots with the excimer laser [4]. The tem-
perature measurement was performed 0.5 cm proximal and
distal to the thrombus and was realized at baseline and dur-

ing ablation.
OCT imaging

The frequency-domain OCT imaging (Ilumien Optis
system®; St. Jude Medical, Saint Paul, USA) was per-
formed with a wavelength of 1310 nm and a lateral pull-
back mechanism. The imaging-catheter (Dragonfly®; St.
Jude Medical, Saint Paul, USA) enabled B-scan rates of
100 Hz and a maximum viewing area of 11 mm (Fig. 2).

Analysis of thrombus size
The effect of thrombolysis was first assessed by OCT

imaging. The maximum extent of the thrombus for-
mation was sized at baseline and at 20-min intervals.
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Fig.2 OCT images from the thrombi made at intervals of 20 min
(a), thrombus from the alteplase+laser group (white outline) at
20 min (b), the same thrombus at 40 min (¢) and at 60 min (white

Measurements were performed by using the implemented
software (Ilumien Optis system®; St. Jude Medical, Saint
Paul, USA). Second, extent of thrombolysis was assessed
by using a modification of a previously reported method
with the free ImagelJ-software (http://imagej.nih.gov/
ij/, version 1.49). The pixel number of the thrombus
was determined at intervals of 20 min and relative to the
image area not involved in the thrombosis [16]. Changes
in thrombus size were calculated according to a slight
modification of a previously reported formula: relative
thrombus size=IPNn+IPNo (IPNn = integrative pixel
number at various time intervals during thrombolysis,
IPNo = integrative pixel number after stabilization of the
thrombus). The extent of thrombolysis was expressed as a
percentage of the initial thrombus formation [16]. More-
over, after the experiments all thrombi were weighted
using a precision scale (Cubis®; Sartorius, Gottingen,
Germany).

Histological analysis

Six proximal, mean and distal vessel specimens were rou-
tinely fixed in 4% formalin solution and embedded in par-
affin. Paraffin-embedded vascular tissue Sect. (4 pm) were
then stained with hematoxylin-eosin (HE) or Elastica van
Gieson (EvG) to define the intimal and medial layers by
light microscopy. The intima media thickness ratio was
quantified in ten random vascular sections by an image ana-
lyzer (Samba 2000®; North Sioux City, Iowa, USA).

star) (d), Illustration of the lateral pullback mechanism displayed in
the sagittal plane (white arrows mark the transition point between the
flow model and the artery)

Surface analysis via scanning electron microscopy
(SEM)

Scanning electron microscope (SEM) was used to analyze
the vascular surface after laser ablation and describe the
degree of ultrastructural damage. Vessel specimen were
fixed in 2.5% glutaraldehyde and postfixed in 1% osmium
tetroxide, irrigated with distilled water and then dehy-
drated in series of 50—100% ethanol. They were then placed
in tertiary-butyl alcohol and dried. The specimens were
mounted onto SEM slabs and sputter-coated with platinum-
vanadium. Examination of the vessel specimens was per-
formed with a MERLIN Scanning Electron Microscope
(Zeiss, Jena, Germany) at x1000 magnification. Specimen
of patients underwent femoral endarterectomy were used as
a control group.

Statistical analysis

All values were expressed as mean =+ standard deviation
(SD). The curves were analyzed with the aid of Graph
Pad Prism version 7.0 for Windows (GraphPad Software®;
San Diego, California, USA). The sample size calcula-
tion for the experimental design was performed by the
free G*power 3.1-software (http://www.gpower.hhu.de)
and authorised by the Institute for Biometrics of the Uni-
versity Kiel and the ethics committee. Statistical analysis
of the results was performed by ANOVA-test for repeated
measures and the Tukey’s test or the Students t-test, when
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appropriate. Equality of group variances was analyzed by
the Brown-Forsythe test. A P value less than 0.05 was con-
sidered significant.

Results
Evaluation of the catheter design

Four initial design strategies were used during the devel-
opment of the catheter prototype. The final catheter design
used for the present study comprised the best energy out-
put of 42.6 mJ/mm? and a low level of interferences during
simultaneous laser ablation and OCT imaging (Fig. 1c). All
thrombi were clearly identified and sized by OCT imag-
ing (SD<10%), as shown in Fig. 4. Insertion of the cath-
eter prototype as well as the laser ablation of the thrombus
formation was easy and rapid to perform. No penetration
of the outer vascular surface was observed. Macroscopic
inspection of the outer and inner vascular surface revealed
no thermal damage.

Spontaneous thrombolysis in the placebo group

The stable thrombi made by the Chandler Loop showed
only marginally spontaneous thrombolysis, and at 60 min
thrombi weight remained stable at 0.493+0.028 g.
Thrombus size by OCT imaging also retained at
18.691+0.20 mm?, respectively 96.4+5.3% of the initial
thrombus size (Fig. 4).

Thrombolysis induced by alteplase

The sole application of alteplase was associated with the
highest thrombus weight after thrombolysis at 60 min but
decreased significantly in contrast to the placebo group
(0.250+0.036 g; p<0.0001). Accordingly, the OCT imag-
ing showed a reduction of initial thrombus size at 40 min
(15.531+0.423 mm?) and a significant reduction at 60 min
(14.495 +0.526 mm?; p<0.0001). Relative thrombus size
also decreased to 79.4+4.5% at 40 min and to 73.6+4.1%
at 60 min (p<0.0001).

Thrombolysis induced by laser ablation

The thrombus weight after treatment with laser abla-
tion was 0.145+0.028 g (p<0.0001) and significantly
decreased in contrast to the placebo and alteplase group.
After 60 min the thrombus size (11.559+1.034 mm?;
p<0.0001) and the relative thrombus size (53.6+5.2%;
p<0.0001) were significantly lower than the initial throm-
bus size (Fig. 4). The temperature range was 37.9+0.39°C
during laser ablation.
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Thrombolysis induced by alteplase and laser ablation

Thrombus weight decreased significantly after combined
treatment with alteplase and laser ablation (0.051 +0.026 g;
p<0.0001) in contrast to the placebo, alteplase and laser
group. The maximum thrombus size was significantly
lower at 60 min (9.622+0.582 mm?; p<0.0001) compared
to sole treatment with alteplase and laser ablation (Fig. 4).
Likewise, the relative thrombus size decreased signifi-
cantly to 55.2%+3.9 at 40 min and 47.4+6.1% at 60 min
(p<0.0001).

Histological analysis and surface analysis via SEM

The specimens of arteries and veins were stained with HE
and EvG to examine potential damage of the vascular lay-
ers. No morphologic differences were found after laser
ablation in contrast to the placebo group. The histological
examination of arteries (745.8 +5.5 pm vs. 748.6 +4.4 pm;
p=0.69) and veins (448.3+4.5 pm vs. 440.6+4.6 pum;
p=0.27) showed no relevant destruction of Tunica intima
or media after laser ablation (Fig. 3b, d). The intima media
thickness ratio did not differ significantly between the
study groups and the vascular stratum appeared intact in
every sample probe (Fig. 5). Analogous to the histologi-
cal findings, no ultra structural damage was observed via
SEM. In contrast to the control group, the intima and media
appeared intact after laser ablation (Fig. 3e, f).

Discussion

Although pharmacological lysis and catheter directed
thrombolysis has been established as standard treatments
for thrombotic vascular occlusions during the last three
decades, residual occlusions, the post-thrombotic syndrome
and bleeding complications have remained unsolved prob-
lems [17-19]. In the course of developing new endovas-
cular techniques, a growing number of mechanical tools
for pharmacomechanical thrombectomy (PMT) have been
introduced to the vascular field but yet without a dominant
impact on the international guidelines [18, 19]. However,
Blackwood and colleagues (2016) reported on current evi-
dence supporting the use of PMT over catheter directed
thrombolysis or simple anticoagulation [20]. Accordingly,
shorter procedure times and lower urokinase dosage were
observed for patients underwent PMT [21]. Moreover, for-
mer studies have assumed a positive effect for complete and
rapid thrombus elimination in occluded vessels [17, 20].

In the present study, a novel catheter for laser throm-
bolysis under OCT guidance was designed for recanaliza-
tion of thrombotic vascular occlusions. The final prototype
comprised a laser sheath with an inner OCT channel. The
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Fig. 3 Histological analysis and SEM-images of the arteries and
veins used in the flow model (a) HE staining of an artery and throm-
bus from the alteplase group (original magnification 100x) (b) EvG
staining of a vein segment from the laser group (original magnifica-
tion 100x) (c) the corresponding OCT image (d) and at original mag-
nification 400x for analyzing the vascular wall (Quantification of the

positioning of the glass fibers around a Y-shaped inner
scaffold enabled simultaneous application of laser throm-
bolysis and OCT imaging. The additional working chan-
nel presented in Fig. 1b, c can be used for the aspiration
of residual clots. The catheter prototype was inserted in the
flow model using a 12 Fr introduction sheath. Fully rota-
tion for 360° could be performed even when it was fully
inserted and the OCT catheter could easily move in and out
through the working channel. Especially improvements in
the configuration and isolation of the fiberglass and conse-
quently heat dissipation may enable a much smaller cath-
eter design. Pre-tests for different design strategies have
shown that the actual prototype achieved the best results
with regard to energy loss of only 13%. Further opti-
mized manufacturing under industrial conditions may also
improve the power performance of the laser sheath and lead
to a smaller catheter design.

Moreover, no obvious penetration or dissection of the
vascular wall was observed by macroscopic inspection.
Contrary to mechanical devices, laser energy and respec-
tively laser irradiation can be controlled and applied much
more precisely during interventional procedures. Whereas
the therapeutic success of mechanical tools is often bound
to the interventionalist’s skills, laser ablation could poten-
tially be an easy-to-use method.

intima media thickness ratio were made in six proximal, mean and
distal vessel segments and ten random vascular sections were ana-
lyzed to get obtained the mean for each vessel, next the mean of each
experimental group (n=9) was determined) (e) SEM-image of an
artery after laser ablation without any obvious damage and f SEM-
image of an femoral artery after endarterectomy

To our knowledge, our preclinical study is the first
experimental trial to evaluate the potential efficacy of laser
ablation plus alteplase in treating thrombosis. In the pla-
cebo group, low levels of spontaneous thrombolysis were
observed after 60 min. In comparison, the thrombus weight
and size of the alteplase group were significantly decreased
at 60 min in contrast to the placebo group (Fig. 4). Fur-
ther, the alteplase+laser ablation group showed significant
enhanced levels of thrombolysis compared to the placebo,
the alteplase and sole laser group. The enhanced throm-
bolysis at 40 min mediated by alteplase + laser ablation
was even significant higher to that mediated by alteplase
at 60 min, despite the high-dose lysis protocol used in the
current study (Fig. 4). These observations suggest that
alteplase in combination with laser ablation was most effec-
tive in the reduction of thrombus size. Accordingly, laser
irradiation has the potential to reduce alteplase levels dur-
ing thrombolytic therapy possibly resulting in fewer bleed-
ing complications. Further experiments with various levels
of alteplase in combination with laser thrombolysis could
possibly clarify this aspect.

As previously described, for the cleavage of peptide
bonds an electromagnetic spectrum of 190-300 nm is
needed [4]. Accordingly, the laser ablation was performed
with a wavelength of 308 nm and is mainly based on the
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Fig. 4 Time course of thrombolysis quantified by the maximal diam-
eter of the thrombi in the OCT images at various time points. a Quan-
tification made by the ImageJ-software: decrease of thrombus size
is expressed as the pixel number relative to the pixel number of the
initial thrombus. b Quantification of the thrombus size made by the
implemented software of the OCT platform (Ilumien Optis system®;
St. Jude Medical, Saint Paul, USA); data are presented as mean=+ SD;
*#%p <0.0001 (ANOVA-test)
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vaporizing of the intracellular water [22, 23]. The effect of
this photothermal interaction is the fracture of molecular
bonds and cells [4, 23]. Thus, the heating of the thrombotic
formation is accompanied by the denaturation of fibrino-
gen and consequently with an improved exposure of the
remaining thrombus for pharmacological lysis. Whereas
the differences of the ambient temperature ranged between
0.9 and 1.29°C in our experiments, the blood cells close
to the laser-tip absorb the power and denature to carbon
particles of high temperatures, typically over 200°C [23].
The layer of carbonized blood on the fiber tip enables heat
transfer to the vascular wall by direct contact, heat conduc-
tion and Plancks’s black body radiation [23]. However, heat
transfer to distal vessel segments caused by steam bubbles
were also reported [23]. Putatively, the greater efficiency of
treatment with alteplase under hyperthermia may also have
influenced the present results and correlates with the signif-
icant decreased thrombus size for combined treatment with
alteplase and laser ablation, as shown in Fig. 4 [14, 24].

Although laser revascularization has been performed
and described in small series during the last two decades,
mostly for peripheral arterial stenosis, remarkably little is
known about laser-tissue interactions, especially in vascular
procedures [4, 23, 25]. In this current study, we found no
statistically significant differences in intima media thick-
ness ratio after laser ablation compared to native vessels
of the placebo group (Fig. 5). Despite, the present findings
suggest that the photo thermal effects caused no substan-
tial damage during temporary laser application. The cath-
eter prototype only allowed energy output of 30 mJ/mm?
and a single repetition rate of 80 Hz. Hence, no prediction
about these technical parameters is possible and how vary-
ing these may have influenced the results. Additionally, this
should be tested prior to clinical trials.
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Fig. 5 Histological comparison between arteries (a) and veins (b) after laser ablation and the placebo group. The intima media thickness ratio
was analyzed in ten random sections of each vessel; data are presented as mean +SD
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To our knowledge, OCT imaging of peripheral vessels
and thrombotic occlusions has not been performed yet. In
particular, OCT has been applied to complex coronary or
carotic stenosis and in the ophthalmologic field [6, 8—10].
Spatial resolution of intraluminal OCT imaging ranges
between 4 and 20 um and the depth of penetration amounts
approximately 2 mm in scattering media [26]. According to
these parameters, the application of the actual OCT tech-
nology is still limited to peripheral vessels and areas of a
few cm?. High optical scattering of erythrocytes typically
results in a limited imaging depth [6]. Hence, saline solu-
tion is usually injected through the OCT catheter to create
a blood free environment during coronary intervention.
But otherwise than highly scattering coronary plaques, all
thrombi formations could be clearly identified and meas-
ured by OCT in the present study (Figs. 2, 4). The reduc-
tion of thrombus size could be precisely displayed by OCT
and differed significantly between the experimental groups.
Measurements made by the implemented software and
external evaluation made by the ImageJ-software presented
equal results for sizing and demonstrated no substantial
differences between both methods (Fig. 4). The reproduc-
ibility of OCT imaging and measurement accuracy was
accordingly high (SD <10%).

Conclusion

The present results demonstrate that laser thrombolysis in
combination with OCT imaging is feasible with the novel
catheter prototype evaluated in this preclinical study. More-
over, the prototype provides easy operation during evalu-
ation, effective laser thrombolysis, and continuous success
monitoring by OCT. The current results indicate that the
combination of alteplase and laser ablation appears as the
most efficient method of thrombolysis. Minor improve-
ments in the design of the prototype should be made prior
to clinical studies. However, the present results are encour-
aging; indicating that laser thrombolysis under OCT guid-
ance can offer a significant impact on the treatment of
thrombotic vascular occlusions.
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