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ABSTRACT

Background: Balloon pulmonary angioplasty for chronic thromboembolic pulmonary hypertension (CTEPH) is limited by a lack of safe and effective tools for
crossing these lesions. We aim to identify a safety window for an intraluminal crossing device in this vascular bed by studying the piercing properties of
pulmonary arterial vessel walls and intraluminal CTEPH lesion specimens. As a secondary objective, we also describe the histopathologic features of CTEPH
lesions.

Methods: Specimens were procured from 9 patients undergoing pulmonary endarterectomy. The specimens were subsampled and identified grossly as
arterial wall or intraluminal CTEPH lesions. The force needed for tissue penetration was measured using a 0.38-mm (0.015-in) diameter probe in an ex vivo
experimental model developed in our lab. Concurrent histology was also performed.

Results: The mean force needed to penetrate the arterial wall and intraluminal CTEPH lesions was 1.75 £ 0.10 N (n = 121) and 0.30 + 0.04 N
(n = 56), respectively (P <.001). Histology confirmed the presence of intimal hyperplasia with calcium and hemosiderin deposition in the arterial wall as well
as an old, organized thrombus in the lumen.

Conclusions: The pulmonary arterial wall is friable and prone to perforation during instrumentation with workhorse coronary guide wires. However, the results
of this study demonstrate that a much lower force is needed for the 0.38-mm (0.015-in) probe to penetrate an intraluminal CTEPH lesion compared to
pulmonary arterial intima. This finding suggests the existence of a safety window for lesion-crossing devices, enabling effective balloon pulmonary
angioplasty.

Introduction than half of patients diagnosed with CTEPH undergo PEA due to frailty,

insufficient access to specialty centers, and distal burden of disease.'?

Chronic thromboembolic pulmonary hypertension (CTEPH) results
from pulmonary vascular obstruction due to unresolved organized
thrombi within the pulmonary vasculature. Pulmonary endarterectomy
(PEA) is the most effective therapy for CTEPH currently, although less

Riociguat, a guanylate cyclase stimulator, is the only medication
currently approved by the FDA for the treatment of inoperable CTEPH
or persistent pulmonary hypertension after PEA and has only shown
modest benefits in exercise capacity and clinical outcomes.>¢

Abbreviations: BPA, balloon pulmonary angioplasty; CTEPH, chronic thromboembolic pulmonary hypertension; PE, pulmonary embolism; PEA, pulmonary endarterectomy.
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Catheter-based balloon pulmonary angioplasty (BPA) has emerged
as an effective option to address this unmet need. Unfortunately, BPA is
limited by high incidence of complications. In reports of BPA, peri-
procedural mortality has been noted to be as high as 14%.”7" One
explanation for the high rate of complications in BPA is that the unique
mechanical properties of both intraluminal CTEPH lesions and pulmo-
nary arterial wall predispose to vessel perforation. Intraluminal CTEPH
lesions are rich in collagen and elastin compared to the more acute
fibrin-rich thrombi in acute pulmonary embolism (PE). This organization
of fibrin leading to abundant collagen deposition by fibroblasts
changes the mechanical properties of the thrombus and makes it
difficult to cross with conventional coronary angioplasty guide wires
during BPA."® When operators push forcefully to cross these lesions,
they risk buckling the guidewire and piercing the pulmonary arterial wall
proximally, resulting in intraoperative complications, such as pulmonary
artery perforation.

In addition, the mechanical properties of the pulmonary vasculature
and systemic vasculature are significantly different, which further pre-
disposes to vessel injury during BPA. In uniaxial loading studies, the
ultimate tensile strength of the pulmonary artery is estimated to be 0.95
MPa, whereas it is roughly 1.44 MPa for the coronary artery. In the same
studies, the pulmonary vasculature is noted to be 10-fold more
distensible than the systemic vasculature.'”?" This is consistent with the
long-recognized relationship between blood pressure and mechanical
properties of vascular beds—with lower arterial pressures in the pul-
monary circulation, it is no surprise that the pulmonary vessels are more
prone to perforation than systemic vessels.??

Unfortunately, despite the unique mechanical properties of CTEPH
lesions and the pulmonary vasculature, there is currently a lack of
dedicated percutaneous tools for pulmonary revascularization in
CTEPH. The first step in developing dedicated tools for BPA is under-
standing the mechanical properties of the intraluminal CTEPH lesion
compared to the diseased pulmonary arterial wall. Piercing is the key
mechanical property investigated in this study. Our primary objective is
to define the mechanical properties of intraluminal CTEPH lesions and

Figure 1.
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pulmonary arterial walls in patients who have undergone PEA. We hy-
pothesize that the force required to pierce intraluminal CTEPH lesions
will be less than the force required to pierce the hyperplastic pulmonary
arterial intima and that a clinically relevant safety window can be
identified. As a secondary objective, we will characterize the histologic
properties of the intraluminal and pulmonary arterial components of
CTEPH lesions. We hypothesize that there will be hypertrophic intima
present as well as heterogenous chronicity of intraluminal thrombus
present in patients with CTEPH.

Methods
Patient selection

Nine patients with CTEPH who underwent PEA at University of
Michigan Hospital over a period of 9 months were included in this study.
For each patient, demographic information, past medical history, he-
modynamic data from right heart catheterization, as well as operative
and pathology reports were collected. Following PEA, tissue samples
underwent mechanical characterization per study protocol. The research
protocol was approved by the University of Michigan’s Institutional Re-
view Board (IRB HUM00157980). Informed consent was not required per
our IRB, as the tissue obtained for this study was obtained as part of
routine clinical care and would have been discarded otherwise.

Sample preparation

Samples were procured from the operating room and mechanically
tested within 2 to 6 hours of procurement per our laboratory’s proto-
col.?*% In total, 19 pulmonary arterial intima samples and 7 intra-
luminal CTEPH lesions were procured. As shown in Figure 1B, from
these 26 samples, a total of 121 intima and 56 CTEPH lesion sub-
samples were obtained using an 8-mm biopsy punch.

N=9 Patients with CTEPH Underwent PEA

®|

Vessel Wall pecimen Type CTEPH Lesion

N=19 Vessel Wall
Samples

N=7 CTEPH Lesion
Samples

N=121 Vessel Wall
Sub-Samples

N=56 CTEPH Lesion

Sub-Samples

Mechanical Testing

(CTEPH) lesion (n = 56 subsamples) samples were procured from the

P

operating room. (A) Operative findings from patients 1-9. “V" denotes vessel wall subsamples, whereas “L" denotes CTEPH lesion subsamples. For patient 1, a total of 21 pulmonary
vessel walls and 20 CTEPH lesion subsamples were obtained for mechanical testing. For patient 2, a total of 6 vessel wall subsamples were obtained from the right pulmonary
vasculature. For patient 3, a total of 10 vessel walls and 8 CTEPH lesion subsamples were obtained. For patient 4, a total of 4 vessel walls and 18 CTEPH lesion subsamples were
obtained for mechanical testing. For patient 5, a total of 9 vessel wall subsamples were obtained for mechanical testing. For patient 6, a total of 31 vessel wall and 8 CTEPH lesion
subsamples were obtained for mechanical testing. For patient 7, a total of 15 vessel wall subsamples were obtained for mechanical testing. For patient 8, a total of 1 vessel wall and 2
CTEPH lesion subsamples were obtained for mechanical testing. For patient 9, a total of 24 vessel wall lesion subsamples were obtained for mechanical testing. (B) Flowchart showing
an overview of patients, samples, and subsamples used for mechanical testing. PEA, pulmonary endarterectomy.
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Mechanical testing

Experimental set-up. An ex vivo model of CTEPH was designed to
measure the force associated with simulated lesion crossing during
pulmonary angioplasty (Figure 2A). Components of the ex vivo testing
fixture were printed using Formlabs Form3 3D printer and Formlabs
Clear V4 photocurable resin (Formlabs). Three-dimensional printed tis-
sue holders were equipped with 6 small holes into which steel pins (K&S
Precision Metals) were introduced to ensure subsample fixation during
mechanical testing. Lesion subsamples obtained from the surgical
specimens were cut as described above and secured within the sample
holder using a series of 6 steel pins (Figure 2C). Tissue holders with
loaded subsamples were then placed in a second custom 3D-printed
component, which was secured to a force transducer (Gamma Trans-
ducer, ATl Industrial Automation). For the duration of mechanical testing,
the force transducer was mounted on an optics table. A steel 0.38-mm
(0.015-in) diameter probe (K&S Precision Metals) was designed as a
surrogate to mimic 0.36-mm (0.014-in) diameter workhorse coronary
guide wires. Scanning electron microscopy was used to characterize the
tip of the 0.38-mm (0.015-in) diameter probe (Figure 2B).

Tissue piercing and force measurement. The high-carbon steel probe
was advanced at 2 mm/s into the specimen while the force was measured
using the force transducer. A representative plot of the axial force
measured with the force transducer over time during tissue piercing is
shown in Figure 3A. The maximum force measured during piercing was
recorded and was compared for pulmonary arterial intima and intra-
luminal CTEPH lesion subsamples. All data points between patients were
compared in a pooled analysis. In addition, for patients with both intra-
luminal CTEPH lesion and arterial intima samples, a patient-specific
comparison of CTEPH lesion and vessel wall piercing was performed.

Pathology

A surgical specimen involving both pulmonary artery intima and
intraluminal CTEPH lesion was placed in 10% neutral buffered formalin
and sent for routine processing and hematoxylin and eosin (H&E)
staining in the clinical pathology laboratory for each patient. All slides
were reviewed by our team’s clinical pathologist (D.G.) and represen-
tative photomicrographs of the most common histological features
were prepared. Standard pathologic criteria were used to describe the
tissue samples.?* 2

Statistical analysis

All statistics are reported as mean + standard error of the mean
(SEM) unless otherwise specified. Similarly, all error bars on graphs
represent SEM, unless otherwise specified. For comparisons be-
tween groups, ANOVA was performed with follow-up 2-sample
heteroscedastic t testing with Bonferroni correction for multiple
comparisons.

Results

In total, 9 patients (3 female and 6 male) were included. All pa-
tients had a history of known PE or deep vein thrombosis. Two pa-
tients had a history of thrombophilia secondary to antiphospholipid
syndrome, 4 patients had systemic inflammatory disease, and 1
patient had cancer-related PE. No patient had a history of splenec-
tomy. Table 1 provides baseline summary characteristics for patients
included in this study.

Figure 2.

Mechanical testing fixture. (A) Testing fixture showing the 0.015-in diameter probe held in place by a collet. The subsample is shown in a custom 3D-printed tissue
holder with 6 fixation wires in place. The tissue holder is shown seated in a second custom 3D-printed component that is bolted to the force transducer. (B)
Scanning electron microscopy of the probe tip used in mechanical testing. The scale bar is equal to 200 pm. (C) Close-up image of testing fixture showing a specimen

fixed by 6 pins.
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Figure 3.

Mechanical testing of patient lesions using the 0.015-in probe. (A) A representative plot of axial force versus time during uniaxial loading is shown. The peak force was measured for
each replicate and compared between the vessel wall and intraluminal chronic thromboembolic pulmonary hypertension (CTEPH) lesion samples. (B) The peak force required to
penetrate vessel wall samples was 1.75 £ 0.10 N (n = 121) whereas the peak force required to penetrate CTEPH lesion samples was 0.30 £ 0.04 N (n = 56, 5.83-fold difference,
P <.001). (C) The peak force required to penetrate the vessel wall and CTEPH lesion samples is shown for each patient. Significance is noted *P < .05, ****P <.001.

Mechanical characterization

A summary of sample and subsample procurement for piercing
testing of the vessel wall and intraluminal CTEPH samples in each pa-
tient is shown in Figure 1A. An ANOVA was performed to assess vari-
ation in piercing properties considering all patient-specific vessel walls
and intraluminal CTEPH lesion subsamples (P <.001). The force needed
to pierce the pulmonary arterial wall was consistently higher than the
force needed to penetrate the intraluminal CTEPH lesions (Figure 3C).
This finding was robust for all patients involved in the study who had
both types of lesions available. The results of each patient’s piercing
study are included in Table 2.

Figure 3B summarizes the peak force required to pierce vessel wall
and intraluminal CTEPH lesion samples in a pooled analysis for all pa-
tients. Among all patients, the peak force required to pierce vessel wall
subsamples was 1.75 £+ 0.10 N (n = 121; mean + SEM), whereas the
peak force required to penetrate intraluminal CTEPH lesion subsamples
was 0.30 & 0.04 N (n = 56; 5.83-fold difference, P <.001).

Histopathology

Intimal samples were available for all 9 patients in the study, each
with evidence of diffuse intimal thickening (also known as intimal hy-
perplasia) consisting of collagen, smooth muscle, and focal proteogly-
can matrix. Four intimal samples had evidence of hemosiderin
deposition. One intimal sample had small foci of calcification
(Figure 4A). CTEPH lesion samples were heterogeneous with varying
stages of lesion age including acute (Figure 4B), organizing (Figure 4C),
and chronic (Figure 4D). For the 5 patients with thrombus, 3 patients
had evidence of focal fresh thrombus estimated to be less than 2 days
old. Three patients had evidence of an old thrombus greater than 2
days old. Three patients had organizing thrombus estimated to be 1 to

2 weeks in age. Finally, 1 patient sample had evidence of multifocal
urothelial adenocarcinoma that was intermixed with the thrombus.
Supplemental Table S1 provides an overview of the surgical findings,
gross pathology, and histopathologic findings for each lesion. Figure 1
summarizes the gross pathology findings from the operating room, and
Figure 4 summarizes key representative histopathologic findings for the
9 patients.

Discussion

The results of this study confirm how commonly used workhorse
coronary guide wires (with a force penetration of 0.008 N) are largely
insufficient for crossing intraluminal CTEPH lesions. Consequently,
CTEPH lesions may be penetrated in a poorly controlled manner, which
predisposes the arterial wall to trauma during BPA procedures. It is not
surprising that existing workhorse coronary wires designed for acute
thrombi prove insufficient for lesion crossing in chronic intraluminal
CTEPH lesions.

The chronicity of CTEPH lesions allows for fibrosis and stiffening of
the lesion compared to acute thrombi. Over a period of weeks to
months, fibrin-rich acute pulmonary emboli remodel and become
progressively more collagen-rich."® In this study, we observed a variety
of stages of lesion chronicity within each patient. Previous clinical
literature and animal models of CTEPH have similarly demonstrated
various stages of thrombi fibrosis with fibrin, erythrocyte, and collagen
predominance.'®* The microscopic changes seen in this study are
consistent with the relatively high forces required to pierce intraluminal
CTEPH lesions compared to those forces rated for workhorse coronary
guide wires.

While we identify that the average force required to penetrate
intraluminal CTEPH lesions is 40-fold higher than the maximum force
rated by commonly available workhorse coronary guide wires, in this
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Table 1. Baseline characteristics.

Patient information N=29
Age, y 53.8 (3.8)
Male sex 6 (66.7%)

Medical history
History of acute pulmonary embolism
Known thrombophilia
Systemic inflammatory disease
Ongoing malignancy
Splenectomy

Medication history

Heparin product 1(11.1%)
Vitamin K antagonist 4 (44.4%)
Anti-Xa agent 6 (66.7%)
Riociguat 1(11.1%)
Bosentan 0 (0%)
Macitentan 0 (0%)
Percutaneous procedure history
Catheter-directed thrombolysis 4 (44.4%)
Percutaneous mechanical thrombectomy 3 (33.3%)

Inferior vena cava filter placement 3 (33.3%)
Hemodynamics prior to thromboendarterectomy

Pulmonary artery pressure systolic, mm Hg 82.0(10.0)
Pulmonary artery pressure diastolic, mm Hg 33.4(3.6)
Pulmonary artery pressure mean, mm Hg 50.4 (5.7)
Pulmonary vascular resistance, WU 8.1 (1.4)°
Cardiac index (thermodilution), L/min/m? 2.23(0.19)
Cardiac output (thermodilution), L/min 4.89 (0.54)

Continuous values are mean (standard error of the mean); categorical values are
n (%).

® For 1 of the 9 patients, during diagnostic right heart catheterization, the
operator attempted several times in both lungs to obtain a measurement of
pulmonary capillary wedge pressure, but they were not able to obtain a reliable
pressure tracing. However, for this same patient, a left heart catheterization was
obtained 2 days prior to pulmonary thromboendarterectomy. The left ventric-
ular end-diastolic pressure was noted during that catheterization and has been
used as a stand-in for the pulmonary capillary wedge pressure for computation
of pulmonary vascular resistance.

study, we additionally show that the force needed to pierce the hy-
pertrophied pulmonary artery intima in patients with CTEPH is roughly
6-fold higher than the force needed to pierce the intraluminal CTEPH
lesions. This effect was observed for data in aggregate, as well as for
each individual patient. This finding suggests a safety window exists
that can be used to design dedicated guide wires and microcatheters
for performing more effective BPA (Central lllustration).

The safety window identified in this study is likely explained by
hyperplastic remodeling of the pulmonary arterial intima in the
setting of long-standing pulmonary hypertension. All 9 patients in
this study exhibited diffuse intimal thickening (intimal hyperplasia)
on H&E staining. This evidence of pulmonary artery remodeling and
intimal thickening is consistent with what has previously been
described in the clinical literature.'®?' Conspicuous pulmonary ar-
tery remodeling and vessel intimal thickening have also been
described in several animal models of CTEPH, including in rats, pigs,
and dogs.>? This is consistent with the overall clinical picture of
long-standing pulmonary hypertension and the well-understood
relationship between vessel wall properties and hemodynamics.??
In the particular case of percutaneous management of CTEPH, the
pathological intimal hyperplasia may advantageously contribute to
the safety window noted above.

This study presents the use of a probe of comparable dimensions
to the guide wires used clinically for BPA and specifically measures
the peak force required to pierce different types of tissues. Previous
studies have examined the mechanical properties of CTEPH lesions
in humans and animal models using standard elastic and compres-
sive moduli.*? While these studies provide insights on differences

Table 2. Summary of piercing test results with 0.015-in probe.

Lesion Piercing force + SEM Fold difference P value
(N subsamples)

Patient 1
Thrombus 0.38 £ 0.08 N (20) 5.05 <.001
Intima 1.90 +£ 0.21 N (21)

Patient 2
Thrombus - - -
Intima 1.56 + 0.32 N (6)

Patient 3
Thrombus 0.15 + 0.02 N (8) 15.43 <.001
Intima 2.27 £0.29 N (10)

Patient 4
Thrombus 0.37 £ 0.06 N (18) 7.84 .023
Intima 2.88 + 0.59 N (4)

Patient 5
Thrombus - - -
Intima 0.75+0.27 N (9)

Patient 6
Thrombus 0.11 £ 0.03 N (8) 20.45 <.001
Intima 2.35+0.18 N (31)

Patient 7
Thrombus - - -
Intima 1.70 + 0.24 N (15)

Patient 8
Thrombus 0.15 £ 0.03 N (2 5.09 -
Intima 0.78 (1)

Patient 9
Thrombus - - -
Intima 0.95 £+ 0.16 (24)

SEM, standard error of the mean.

between thrombus and vessel wall mechanical properties, this study
is the first of its kind to use a probe of diameter 0.38 mm (0.015 in)
and an ex vivo testing set-up that simulates lesion crossing. Our ex
vivo model is also unique and may be used in tandem with the
well-described porcine model of CTEPH for future research
work, 3373

Finally, the approach identified in this study of carefully char-
acterizing the piercing properties of a vessel and lesion with a
clinically relevant testing methodology could be readily applied to
additional vascular beds, such as the intracranial and splanchnic
vascular beds.

Limitations

Because PEA is an invasive procedure thought to benefit only a
small subset of patients with CTEPH, any study considering the piercing
properties of CTEPH lesions will be limited to a small sample size.
Nevertheless, because the variability in piercing properties between
patients seen in this study was sufficiently small, the sample size was
adequate. Second, this study considers only surgical patients following
PEA, which is generally the subset of CTEPH patients in which BPA is
not commonly performed. This is a subset of all patients with CTEPH;
hence, selection bias may limit the generalizability of our results. Future
work will correlate our results with cadaveric specimens of CTEPH to
assess whether there is a clinically meaningful distinction between
piercing properties of CTEPH lesions in patients thought to be appro-
priate and inappropriate surgical candidates. Last, whereas guide wires
used in cardiac catheterization laboratories tend to have rounded tips
and are very flexible, the probe used in this study was stiff with a flat tip.
The 0.38-mm (0.015-in) diameter probe used in this study was chosen
to ensure measurement accuracy and protect against probe buckling.
Future studies will make use of a variety of probe shapes and stiffnesses
to determine the optimal probe for piercing CTEPH lesions without
piercing the vessel wall.
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Figure 4.

Representative hematoxylin and eosin staining of
chronic thromboembolic pulmonary hypertension
(CTEPH) lesions. (A) Diffuse vessel wall thickening with
focal calcification shown at x4 magnification. (B) Fresh
CTEPH lesion estimated to be less than 2 days in age
shown at x4 magnification. (C) Organizing CTEPH lesion
estimated to be 1 to 2 weeks old shown at x20 magni-
fication. (D) Old CTEPH lesion estimated to be greater
than 2 days in age shown at x4 magnification (note the
lack of viable appearing cells in this old thrombus).

CENTRAL ILLUSTRATION: Defining a Safety Window for Balloon Pulmonary Angioplasty

Workhorse Guidewires Buckle During BPA Nine Patients Underwent Thromboendarterectomy

Proximal guidewire
during BPA

Buckling against
CTEPH lesion

ol T
<
l;u

Damage to arterial
wall

Safety Window
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workhorse guidewires defining a safety window

Central lllustration.

Workhorse guide wires are poorly equipped to cross intraluminal chronic thromboembolic pulmonary hypertension (CTEPH) lesions, resulting in guide wire buckling and trauma to the
proximal intima. In this study, 9 patients (aged 39-73 years) underwent thromboendarterectomy. Prior to surgery, right heart catheterization was performed. The patients in this study
had systolic pulmonary pressures of 82.0 + 10.0 mm Hg, diastolic pulmonary pressures of 33.4 & 3.6 mm Hg, pulmonary vascular resistances of 8.1 + 1.4 Woods Units, and cardiac
output of 4.9 + 0.5 L/min. A representative image of the CTEPH lesion samples is shown. The maximum force measured while piercing the samples with a 0.015-in probe was measured
for intraluminal CTEPH lesions and vessel wall samples. The average force required to cross CTEPH lesions was 0.30 £ 0.04 N (n = 56), which exceeds the maximum tip force of
workhorse guide wires by 40-fold (box and whisker plot with whiskers showing the minimum and maximum data points). Finally, the average force required to pierce the vessel wall was
1.75+0.10 N (n = 121), nearly 6-fold higher than the force needed to pierce intraluminal CTEPH lesions (P <.001). This suggests the existence of a safety window that may be used to
design more appropriate tools for performing balloon pulmonary angioplasty (BPA).
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Conclusions

This study demonstrates that the force required to penetrate intra-
luminal CTEPH lesions exceeds the maximum force that can be pro-
vided by the tip of workhorse coronary guide wires by more than 40-
fold. This highlights the inadequacy of existing percutaneous tools for
the minimally invasive management of CTEPH and offers a mechanistic
explanation for the high rate of periprocedural complication. Impor-
tantly, this study also demonstrates that there is a clinically relevant
roughly é-fold difference between the piercing properties of the pul-
monary arterial intima and intraluminal CTEPH lesions. To our knowl-
edge, this is the first study identifying a safety window for the force
associated with CTEPH lesion crossing during BPA. The results of this
study will be useful in the design and evaluation of the next generation
of guide wires, balloons, microcatheters, and other percutaneous tools
for the BPA treatment of CTEPH.
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