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(a) and after (b) remeshing the model elements to uniform edge lengths of 50µm. While it 

is almost impossible to see visual differences of the apposition models of the uniform and 

non-uniform meshes, the apposition analyses (c) shows that uniformly remeshing the 

model does not make a significant difference in the percent distribution of the well, semi- 

and malapposed elements. 

Figure 4.(a) Exterior view of perfusion-fixed and reanimated hearts. (b) Direct 

visualization of left coronary ostias before percutaneous coronary interventions using 

4mm endoscopic cameras. (c) Wired left main bifurcation before PCI. (d) Results 

immediately after initial stent implantation. (e) Results after patenting of the side branch 

with a KBT. (f) Final stent result after performing a POT. (g) 3D micro-CT 

reconstructions of the stent and surrounding vessel and disease. 

Figure 5. The percent distribution of the elements, by procedure, after Matlab was used to 
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Figure 7. Series of 2D images showing the distal and proximal portions of the stent by 

means of Optical Coherence Tomography (OCT) imaging, using Bifurcation Display, 

Stent Renderer, and Apposition Indicator. Snapshots of the micro-CT apposition analyses 

were captured as a means to illustrate each stent as it was shown with OCT software. 

 

Section 3.2 

Figure 1. (a.) After performing a key step of the procedure, the tubes are clamped and the 

descending aorta, guide catheters and guidewires are tied alongside of the acrylic case 

before being transported to a micro-CT scanner (b.) where the heart is scanned before it is 

returned to the VHLs to continue intervention. 

Figure 2. The purpose of this study was to observe stent deformation during PCI, 

therefore micro-CT images were not obtained during steps of guidewire manipulations. 

Scans were performed (a.) before PCI; (b.) post initial stent deployment; (d.) following 
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POT of the initially placed stent; (g.) showing patenting the side branch using a KBT; (h.) 

after the secondary stent deployment; (i.) following POT of the secondary stent; (j.) next 

after patenting the main branch using a second KBT and (l.) after final POT. 

Figure 3. Direct visualization of the LM ostia was used to both guide the operator and 

capture the anatomical changes during PCI. At each of the eight steps that were micro-CT 
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capture the stent and the bifurcation in real time. 

Figure 4. OCT scans were taken (a.) before PCI; (b.) POT of the initially placed stent; (c.) 

patenting the side branch using a KBT; (d.) after the secondary stent deployment; (e.) 

after patenting the main branch using a second KBT and (f.) after final POT. Scans were 

not obtained to capture the initial stent deployment and POT of the second stent due to 

the risk associated with advancing the OCT catheter. 

Figure 5. Micro-CT imaging of the anatomy before PCI (a.) allowed us to visualize the 

diseased anatomy. Stepwise procedure of a provisional technique (b-d) allowed for the 

understanding of how the anatomy, the stent and its apposition were altered during PCI. 

After completion of the provisional the same stepwise approach was used to perform a 

culotte technique (e-h) from the pre-existing provisional. The change in the image 

orientation after the second stent deployment was us to view both stents to appreciate the 

changes in the anatomy, the stent, and its apposition during PCI. 

Figure 6. The distribution of the elements according to their apposition from Table 1 was 

converted into a stacked percentage graph to allow for an easy representation and 

comparison of the apposition in each procedural step. 

Figure 7. The blood volume and stent 3D models from the scans of each procedural step 

were further analyzed to create consistent POC for each model. The resulting models 

before PCI and after PCI are placed side by side viewed from (a.) posterior and (b.) side 

views. In each model one can see; the centerline; the planes along the centerline; the 

bifurcation angle; the segments of the LM, LAD and LCX blood volume as shown in the 

opaque portions; and the POC as the transparent center region. 

 

 

 

 

 

 

 



 

13 
 

Thesis Summary 
 

One of the primary objectives of my thesis was to use various Visible Heart® 

methodologies to gain novel and critical insights on how to optimize coronary artery 

bifurcation stenting procedures to better treat bifurcated vessel lesions. To meet this 

objective, bifurcation stenting procedures were uniquely performed on both reanimated 

swine hearts and also reanimated and formalin fixed human hearts. Post-procedure, each 

stenting outcome was analyzed using optimized micro-computed tomography (CT) 

methodologies, which allowed for the visualization, imaging, reconstruction and analyses 

of each implanted stent (n=60). 

Percutaneous coronary interventions (PCIs), more specifically the use of coronary stents, 

have become the ógold standardsô for treating diseased coronaries; as they are commonly 

less invasive, less traumatic and more efficient methods for optimizing blood flow in real 

time. Noteworthy, as many as one in every five coronary lesions, occur at a vessel branch 

point or bifurcation. Since coronary stents are primarily designed to treat single vessel 

lesions, additional manipulations and often additional stents can be needed to best 

clinically treat the diseased bifurcated vessel. As a result, specific classifications, 

manipulations, techniques, recommendations, and consensus documents have been 

developed over the years as a way to standardize the treatments of bifurcated lesions in 

complex human coronary anatomy. Ongoing revisions are considered regularly to these 

recommendations, as both technological advances and knowledge in the field expands. 

Using the Visible Heart® Apparatus and methodologies allows for the ability to reanimate 

large mammalian hearts, including human, and thus to perform bifurcation stenting in an 
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in vitro setting. This allows for novel uses of multimodal imaging for assessing/testing 

previous, current and future clinical recommendations for bifurcation techniques, 

importantly without risking a living patient. After performing such procedures, high 

resolution 3D models of the outcomes were obtained via micro-CT imaging; obtained 

imaging were used for computationally modeling which then allows for post implant 

device/tissue interface analyses. Utilizing reanimated swine hearts, we were able to 

uniquely visualize how the various bifurcation techniques performed could be optimized 

in specific anatomies (bifurcation angles, lumen diameters, etc.). These findings again 

confirm that the Visible Heart® Apparatus is a valuable platform that should be used to 

further understand how next generation stents and/or bifurcation techniques can best be 

utilized; e.g., further novel mixed reality educational tools can be generated to 

demonstrate what happens if one veers from current bifurcation guidelines. 

Recently, our laboratory also had the privilege to perform bifurcation stenting within 

three reanimated human hearts while utilizing multimodal imaging. Additionally, similar 

PCI procedures were performed in three perfusion-fixed human hearts as further means to 

compare the differences in stenting technique as well as to identify potential differences 

between performing stenting procedures with fixed versus reanimated human hearts. In 

short, the coronary lumens of formalin fixed hearts have been shown to experience 

upwards of 60% expansion after stent delivery: similar to induced changes that were 

observed for reanimated hearts. It was identified that after the formalin fixation process, 

desecrations of the coronary vessels could readily be induced in healthy human hearts, 

while those presenting with coronary artery disease (CAD) elicited little to no effects due 

to the plaque formations. If this holds true for the perfusion-fixed diseased hearts, this 
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will open up the Visible HeartÈ Laboratoriesô human heart library of over 580 

specimens, to perform clinically relevant bifurcation stenting techniques. 

Finally, a novel computation research method of detecting stent malappositions was 

created, as the current standard for intracoronary imaging, optical coherence tomography 

(OCT), has its limitations when there are multiple stents implanted. This method was 

then used alongside OCT in a step-by-step bifurcation intervention performed in a 

formalin fixed human heart; following the current clinical consensus guidelines. It was 

shown that stent apposition in performed procedures continuously improves if the 

operator adheres to the latest published guidelines; however future investigations should 

be performed in more diseased human hearts from the Visible Heartôs human heart 

library to focus on other bifurcation techniques and the consequences of straying from 

these guidelines in each case. 

Taken together the studies presented in my thesis have been endorsed by practicing 

interventional cardiologist to have provided numerous critical insights as to the value of 

performing each step of the published stenting guidelines.  The uses of multimodal 

imaging allowed our academic group to develop novel mixed reality teaching modules 

for aid to train both those performing such clinical procedures as well as those developing 

these medical technologies.  These educational tools include: procedural videos; detailed 

high resolution (20 micron) computational models; 2D fly through videos of these 

models, virtual reality scenes of these procedural outcomes, as well as 3D printed models 

of the stents alone or positioned within the native coronary vessel.   
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Section 1: Developing Methodologies using the Visible Heart® 

Apparatus as a platform for  Bifurcation Stenting 

 

The Visible Heart® Apparatus has previously been recognized as a valid and novel 

methodology to evaluate bifurcation stenting procedures. The focus of this section is to 

further develop these methodologies to include the latest intraprocedural imaging tools 

and state of the art micro-CT imaging. 

First, in this section I will present a novel methodology that we developed to create high 

resolution 3D models from micro-CT images of coronary stents implanted in human 

hearts. Then we will evaluate the accuracy of these reconstructions by comparing them to 

images obtained through optical coherence tomography (OCT) using the latest software, 

and direct endoscopic visualization obtained during PCI.  

Secondly, I will present the findings obtained after assessing direct visualization, OCT 

and micro-CT images of various single and double stenting techniques implanted in 

swine coronaries over multiple studies. These findings provide clinical insights to what is 

happening within the coronary lumen during PCI in a three-dimensional space as the 

current standard has shown to have its limitations. 

Finally, I will present on how the micro-CT methodologies developed in this section 

could be expanded to other cardiac devices for similar clinical insights and research. 
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The Utilization of Micro -CT Scanning for the Analyses of Coronary 

Artery Stenting: Performed within Left Main Vessels of Reanimated 

and Perfusion Fixed Human Heart Specimens 

 

Note: This work has been submitted as a publication to the Annals of Biomedical Engineering 

and is currently in review. 

 

Thomas F. Valenzuela III, BS, and Paul A. Iaizzo, PhD, FHRS 

University of Minnesota, Department of Surgery, Minneapolis, MN, USA  

 

Visible Heart® Laboratories of the Department of Surgery and the Institute for Engineering in 

Medicine, University of Minnesota, Minneapolis, MN, USA 

 

 

Preface 

 

The Visible Heart® Laboratories have been performing bifurcation stenting for well over 

a decade before I joined the lab. It wasnôt until 2016 that the lab began sending out 

specimens with implanted stents to be micro-CT scanned by a second party to obtain 3D 

models of the stents. This was limiting as scheduling to have specimens scanned would 

often be weeks out in advance and additional transportation and handling of the 

specimens could damage the stents. 

Within my first year in the lab, we learned that the University of Minnesotaôs Geological 

Sciences department had a micro-CT scanner, which they allowed trained students to use. 

A few graduate students from the lab, including myself, were trained by the department 

to use the scanner so that we may run our own scans on our own time. By having access 

to a scanner, over time we began to work with different scanning parameters to not only 
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detect the stent, but the surrounding tissue as well to better understand the device to tissue 

interface. All authors contributed equally to writing and editing of this manuscript. 

Summary 
 

Percutaneous coronary interventions (PCIs) within left main (LM) coronary arteries are 

commonly high-risk procedures that require optimization of the interactions between 

stent(s) and diseased vessels. Optical Coherence Tomography (OCT) is a widely accepted 

tool that has enhanced physiciansô ability to assess proper stent appositions during 

procedures. In this study, PCI was performed while obtaining OCT scans within LM 

anatomies of six human hearts (reanimated and perfusion-fixed); specimens deemed non-

viable for transplant. Following PCIs, each heart was scanned with a micro-CT scanner; 

with optimized parameters to achieve resolutions up to 20µm. Scans were reconstructed 

and imported into a DICOM software to segment and generate models of both the 

implanted stents and coronary vessels. The 2D images that were obtained during PCI 

from OCT were then used to assess the accuracy of the 3D models generated from micro-

CT reconstructions. The 3D models were then used to create virtual reality scenes and 

enlarged 3D prints for the purpose of ñmixed realityò physician training and education 

relative to bifurcation stenting in human LM coronary arteries. 
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Introduction  
 

Coronary artery disease is defined as the narrowing of coronary vessels caused by a 

buildup of sclerotic fatty deposits, otherwise known as plaque. In cases of right dominant 

coronary circulation, it has been estimated that the left main (LM) coronary artery can 

supply >75% of the left ventricular myocardium [1]. It has also been reported that 

patients with LM stenoses ranging between 50-70% had a projected 3-year survival of 

66%, whereas patients presenting with stenoses >70% only had a ~40% 3-year survival 

rate [2]. Thus, in patients with significant LM disease, percutaneous coronary 

interventions (PCIs) with drug-eluting stents have been increasingly recognized as valid 

clinical revascularization procedures [3]. Because of such clinical severity, proper 

deployment of stents in the LM and resulting strut appositions play critical roles in 

patient outcomes.  

Recently, intra-procedural coronary imaging devices have been developed and continue 

to be optimized which allow interventional cardiologists the abilities to view relative 

plaque depositions, lumen dissections, and/or stent appositions during PCI procedures. 

One of the most recent advancements has been the application of Optical Coherence 

Tomography (OCT) for such interventions. OCT uses a rotating glass fiber-optic system 

that tracks over a 0.014ò guidewire until it is positioned in the desired location within the 

patientôs coronary anatomy. Once placed, a contrast flush is introduced into the OCT 

catheter, removing blood from the artery to allow for an optical scan to be performed; 

coherent infrared light is then directed and reflected within the tissue to create detailed 

images [4]. While OCT, in combination with fluoroscopy, continues to be a valuable tool 
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in left main PCI cases, it is not universally available and is often reserved for the most 

complex cases.  

For over two decades the Visible Heart® Laboratories, located within the Department of 

Surgery at the University of Minnesota, have been dedicated to translational research and 

advancements in cardiac research, devices, and education. We routinely perform PCI 

procedures, in bifurcations specifically, on reanimated large mammalian hearts [5]. And 

on rare occasions, we have had the opportunity to conduct PCIs within reanimated human 

hearts [6]. The Visible Heart® Laboratories provide a unique research platform where 

PCIs can be performed using: experimental devices, novel or approved procedural 

techniques, and/or multimodal imaging modalities, all with no risk to living patients. The 

primary aim of this study was to further develop complementary post-procedure imaging 

methodologies to better assess and interpret the outcomes of various left main PCI 

procedures, utilizing both reanimated and perfusion-fixed human hearts: i.e., including 

OCT and Micro-CT. 

Methods 
 

Specimen Procurement and Selection 

The Visible Heart® Laboratories have been, and continue to be, privileged to receive 

human hearts and heart-lung blocs for research via LifeSource, a nonprofit organ 

procurement organization (OPO, Minneapolis, MN, USA). The hearts received and used 

in this study were deemed non-viable for transplant due to the patient age, cardiac 

downtime, identified poor cardiac function, and/or other reasons. All specimens were 

received by the laboratory as fresh viable tissues; along with the donorsô relative cardiac-
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pulmonary clinical histories. While fresh, for these studies, the lungs were dissected from 

the hearts, and each specimen was carefully cannulated to be reanimated immediately; if 

they met the criteria for reanimation. Otherwise, they were immediately placed within a 

formalin fixation apparatus [7,8] for 24 hours. The fixation apparatus preserves a given 

heart in itsô end diastolic shape; importantly keeping the aorta and coronaries dilated. 

After being perfusion fixed (included those that were reanimated prior), each specimen 

was then placed in its own container and stored long term for various future studies.  

PCI and micro-CT scanning were performed utilizing six human hearts; detailed patient 

information is provided in Table 1. Three of the specimens that had adequate function 

prior to donor death and were good candidates for reanimation were done so upon arrival 

and then perfusion fixed, as described earlier. The other three, fixed only hearts, were 

received two to eleven years prior to the present study: they were selected due to a noted 

history of CAD and prior imaging showed that the given LM coronaries were still patent 

enough to perform the required PCIs. 

Coronary Intervention in Isolated Hearts 

PCI was performed in the reanimated hearts (HH534, HH541, and HH556) using Visible 

Heart® methodologies prior to bifurcation stenting [9]; subsequently each heart was 

carefully removed from the apparatus and then perfusion fixed as to not damaged the 

newly implanted stent(s). Previously fixed hearts (HH115, HH202, and HH479) were 

rinsed for 24 hours, re-cannulated, and placed in an acrylic box and then attached to a 

Langendorff static perfusion apparatus (Figure 1a) which continuously perfused the aorta 

and thus coronaries with water. The advantages of utilizing Visible Heart® 
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methodologies while performing PCIs were as follows: 1) endoscopic cameras enabled 

direct visualization of each procedural step; 2) there were no risks to living patients, thus 

unlimited fluoroscopy could be used; and 3) OCT could be utilized as many times as 

desired. 

Heart 
# 

Age/ 
Gender 

Weight Clinical 
Conditions 

Cardiac Conditions Date 
Received 

Date of 
Additional Study 

Procedure/ 
Location 

HH115 62M 68.2kg Diabetes, 
HTN 

CAD April 2009 11/14/2019 Stenting ς 
Provisional/ 
Left main 

HH202 68M 90kg Diabetes, 
HTN, HLD 
 

CAD, CABG, 
Stent (bare 
metal) 

May 2011 2/20/2020 Stenting ς 
Provisional/ 
Left main 

HH479 74M 93kg Diabetes, 
HTN, HLD 

Mild aortic 
stenosis, CAD, 
Angioplasty (2004) 

February 
2018 

2/20/2020 Stenting ς 
Provisional/ 
Left main 

HH534 54F 57.3kg Asthma, 
HTN 

Family history of 
CAD 

June 2019 Reanimated June 
2019 

Stenting ς 
Provisional/ 
Left main 

HH541 73F 85.6kg HTN N/A August 2019 Reanimated 
August 2019 

Stenting ς 
Provisional/ 
Left main 

HH556 60F 61.5kg HTN, CM CAD January 2020 Reanimated 
January 2020 

Stenting ς 
Provisional/ 
Left main 

Table 1. Clinical and cardiac conditions were obtained from next-of-kin interviews, pre-recovery imaging, 

and additional imaging performed after hearts were received. CABG=coronary artery bypass graft; 

CAD=coronary artery disease; CM=cardiomyopathy; HLD=hypersensitivity lung disease; 

HTN=hypertension 

 

Each PCI procedure was guided and recorded simultaneously by both 2.4mm and 4mm 

endoscopic cameras (Olympus, Tokyo, Japan), OEC Elite Fluoroscopy (GE, Boston, MA, 

USA), and episodic OCT imaging, as shown in Figure 1b. Note, the combined uses of 

these imaging modalities, nearly simultaneously, would not be possible without the use of 

a clear solution (Krebs-Henseleit buffer for the reanimated hearts and water for fixed 

hearts) that continuously circulated through the apparatus. All PCIs were conducted using 
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Resolute Onyx drug-eluting stents, compliant and non-compliant Euphora balloons, and 

Cougar XT guidewires (Medtronic, Santa Rosa, CA, USA). 

 

Figure 1 (a) Each perfusion-fixed isolated heart was placed within a custom-made acrylic box for 

perfusion, utilizing fluoroscopy. (b) Quad-split of bifurcation showing endoscopic imaging, fluoroscopy, 

Optical Coherence Tomography images, and operator hand manipulations during percutaneous coronary 

intervention procedure 

 

OCT Imaging during PCI 

After various steps of stent implantation, OCT scans were taken using an OPTIS 

Intravascular Imaging System and DragonflyTM Imaging Catheters (Abbott Vascular, 

Abbott Park, IL, USA). The automatic pullback system captured 540 frames over a 

scanning trajectory of 54mm with a 5mm penetration distance, to capture the highest 

resolutions possible (~100µm).  Since specimens were being continuously perfused using 

clear solutions in both setups, no contrast injections were administered during OCT 

scanning.  

Following ex vivo stenting, the three reanimated hearts were perfusion fixed, and the 

remaining three hearts were placed in their respective formalin containers for long-term 
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preservation. All OCT image datasets were post-processed to identify both distal and 

proximal portions of the implanted stents and stored as 2D images. Since intracoronary 

OCT is already a widely accepted method of imaging implanted stents; these images 

collected were later used to compare the accuracy of the micro-CT reconstructions. 

Micro-CT Scanning  

Before micro-CT scanning, all specimens were rinsed for 24 hours to remove traces the 

formalin before handling and/or transportation. Once thoroughly rinsed, the hearts were 

then scanned using an X5000 micro-CT scanner (North Star Imaging, Rogers, MN, USA) 

located in the University of Minnesotaôs Geological Sciences Department. Again, it is 

important to note that these hearts were perfusion fixed in their end diastolic shape prior 

to scanning; because the internal space of the scanner did not readily allow for a 

perfusion system to be used during scanning. Each heart was placed in the scanner as 

shown in Figure 2, and imaging was performed utilizing the following parameters to 

achieve approximate isotropic voxel sizes of 20 x 20 x 20 µm: 170kV tube voltage, 

144µA tube current, 24.5 isowatts, and 1,500 radiograph images captured throughout a 

~15-minute scanning duration. These parameters were selected after numerous iterations 

and scanning trials all utilizing Resolute Onyx stents implanted in swine heart coronaries; 

i.e., to optimize scanning resolution while reducing streaking, shadowing, and scanning 

artifacts. Figure 3 shows our progression of scans until the optimal parameters used in 

this study were finalized. Once the scans were completed, each human heart specimen 

was returned to the laboratory and placed within its respective formalin container. Scans 

were then reconstructed using NSIôs reconstruction software, into 8-bit 2D images (.tiff), 

for future analyses as described below. 
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Figure 2. The same acrylic case used for performing percutaneous coronary interventions was then used 

for micro-CT scanning. Tubes were disconnected from the perfusion apparatus and clamped so fluid was 

not spilled during scanning. 

 

 

Figure 3. Initial attempts began with lower voltages and power that was unable to penetrate through the 

stent struts, resulting in outlining of the struts with black center cores. However, too much voltage and 

power caused significant streaking in the stent struts and further refinement of the parameters was needed 

to distinguish between the stent, tissue, lumen, and calcification. 
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3D Reconstructions 

The .tiff files from micro-CT scans were imported into the DICOM analysis software, 

Mimics (Materialise, Leven, Belgium), where they were ñstackedò to form a 3D volume 

from 2D images [10], and then post-processed. Using Mimics, a high frequency ñmaskò 

was generated to segment out the higher density portions of the scan, i.e., the cobalt alloy 

shell and platinum iridium core of the Resolute Onyx. Additional masks were then 

manually created to segment out both the blood volumes and tissues. Each generated 

model consisted of a portion of the aortic wall, left coronary ostia, LM vessels, coronary 

stent(s), and proximal portions of LCX and LAD coronaries. Once these models were 

generated, measuring tools within Mimics could be used to measure lumen areas. The 3D 

models were then exported from mimics to be rendered as virtual reality scenes using a 

video game design software (Unity, Unity Technologies, San Francisco, CA, USA) for 

further visual inspection of LM stenting outcomes in the various specimens. 

Results 

We successfully performed PCI in six human LM coronary arteries while employing the 

Visible Heart® methodologies: both reanimated human hearts (n=3) and prior perfusion-

fixed (n=3) specimens were utilized. Both are feasible approaches that can be used to 

conduct this type of critical pre-clinical research. OCT images were acquired 

immediately after each stenting procedure and each heart was subsequently micro-CT 

scanned using the same scanning parameters. The 2D OCT images were placed side-by-

side with the 3D micro-CT reconstruction. As a result, each micro-CT reconstruction 

accurately resembled its OCT counterpart as shown in Figure 4.  
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Figure 4. Series of 2D images showing the distal and proximal portions of the stent by means of Optical 

Coherence Tomography (OCT) imaging, using Bifurcation Display, Stent Renderer, and Apposition 

Indicator. Snapshots of the micro-CT apposition analyses were captured as a means to illustrate each stent 

as it was shown with OCT software. 
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Since the three reanimated specimens were relatively healthy, no significant calcification 

was observed through endoscopic visualization, OCT, or micro-CT images. However, 

varying degrees of calcification was observed in the perfusion fixed specimens as we 

purposefully selected hearts with histories of CAD. This was most notable in HH115 as 

the stent was unable to fully expand into a cylindrical shape. Despite the presence of 

disease and previously being fixed in formalin, these hearts still showed a significant 

increase, greater than 60%, in LM cross sectional area after stent implantation, shown in 

Table 2. This was done by measuring the cross-sectional area of the lumen 5mm distal 

from the coronary ostia before and after PCI (Figure 5). 

 HH115 HH202 HH479 

Pre-PCI area 7.16 mm2 10.54 mm2 12.25 mm2 

Post-PCI area 11.89 mm2 17.14 mm2 19.80 mm2 

% increase 66% 63% 62% 

Table 2. Micro-CT measurements of left main lumen using the blood volume pre- and post-percutaneous 

coronary intervention (PCI), performed using 3-Matic. Each heart had varying areas prior to PCI due to 

variable heart sizes and degree of disease, thus measurements were normalized by calculating overall 

percent increase. 

 

In this study, we also wanted to measure the effects of the formalin fixation 

process on the hearts received. This was achieved by taking OCT measurements post 

PCI, while still fresh, to examine the lumen area 2mm distal to the stent. Another OCT 

scan of the same specimens was obtained after formalin fixation to evaluate the lumen 

change caused by the fixation process. The same lumen areas post fixation were 

measured via micro-CT for the comparison between measuring modalities. Looking at 

the lumen areas in Table 3, larger tissue desecration after formalin fixation was observed 

in the healthy heart when compared to the previously diseased heart.  
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Figure 5. Once the 3D models of the blood volume, before and after PCI, are imported into 3-Matic, 

additional measurements can be done to measure 5mm into the LM from the coronary ostia. Once this 

distance is measured a slice, normal to the centerline, is created to expose the face of the blood volume. 3-

Matic can then be used to measure the area of the face. 

 

 

 

 

 2mm Distal 

OCT 

2mm Distal 

Micro -CT 

HH541 Fresh Post-PCI 7.32 mm2 - 

(healthy 

fresh) 

Formalin-Fixed Post-PCI 6.67 mm2 7.64 mm2 

HH556 Fresh Post-PCI 9.55 mm2 - 

(diseased 

fresh) 

Formalin-Fixed Post-PCI 9.47 mm2 10.48 mm2 

 

Table 3. OCT and micro-CT measurements were obtained of the lumen 2mm distal to the implanted stent 

when a specimen, with and without disease, was fresh and then formalin fixed to evaluate lumen change 

caused by the fixation process.  
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Similarly, an increase in lumen area, from 5.04mm2 to 5.22mm2 (OCT) and 6.78mm2 to 

6.94mm2 (micro-CT), was observed in a previously fixed specimen [HH202]. This could 

have been a result from residual expansion from the implanted stent. Some minor 

discrepancies in the measurements between OCT and micro-CT was observed which 

could have resulted in the difference in methodology of how these measurements are 

obtained. Ongoing investigations are currently being done in the VHLs to further 

investigate the relationship between micro-CT and OCT measurements. 

Finally, computational 3D models generated from the micro-CT datasets were used to 

create ñfly throughò animations and to develop virtual reality scenes (Figure. 6b). These 

have and will be continued to be utilized for critical analyses of procedural outcomes and 

teaching these methodologies, i.e., bifurcation stenting, to others. Furthermore, virtual 

reality scenes can be transformed to anaglyphs (Figure. 6c) in real-time, so multiple 

individuals can view scenes together (Figure. 6a): see also the Atlas of Human Cardiac 

Anatomy for free downloads of such scenes (http://www.vhlab.umn.edu/atlas/device-

tutorial/stents/index.shtml). Furthermore, these models have and can be used for 3D 

printing to allow individuals to physically hold the same stent they are flying through in 

virtual reality (Figure. 6d, 6e): a ñmixed realityò experience which has been qualitatively 

described by users as enhanced learning experiences. 

http://www.vhlab.umn.edu/atlas/device-tutorial/stents/index.shtml
http://www.vhlab.umn.edu/atlas/device-tutorial/stents/index.shtml
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Figure 6. Virtual reality and 3D printing have been used as effective educational tools for bifurcation 

stenting. An instructor can ñdrive aroundò the anatomy of a bifurcation stent (a, b) while trainees follow 

along with anaglyphs (c). Simultaneously, trainees can hold 3D prints of the same model they are viewing 

in virtual reality (d, e).  

 

Discussion 
 

The VHLs, since 1997, have been performing novel pre-clinical research on reanimated 

hearts as well as developed an expansive Human Heart Library; with to date, over 580 

perfusion-fixed specimens that can be used for critical anatomical research and device 
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investigations [12,13]. We continue to utilize state of the art imaging tools, like OCT and 

micro computed tomography imaging to expand our abilities in developing novel 

educational materials.  In the work presented here, we showed that both reanimated 

human hearts and those that were perfusion-fixed at end-diastole could be used to expand 

the current knowledge in bifurcation stenting and LM disease, where applicable.   

Parameter Finalization 

As previously stated, the Visible Heart® Lab routinely uses the reanimated swine heart 

model on a weekly basis. These implanted specimens were used to optimize/finalize the 

scanning parameters. Hence, for the present imaging sessions, we knew that to accurately 

depict the stent struts we needed to achieve an approximate resolution of 20-microns.  

Through our initial attempts of scanning coronary stents in perfused tissue, it became 

apparent that we were not using enough voltage/power to penetrate through the struts 

allowing it to be picked up by the scannerôs detector, which resulted in a ñhalo-ingò 

effect. By increasing the power, we were able to achieve less of this halo artifact but were 

still unable to penetrate through the struts resulting in a hollowed core.  

There were also other issues that arose from using too much power during these scans. 

By using too much power, the radiation easily penetrated through the stent struts and 

through the tissue. This resulted in significant streaking and shadowing artifact of the 

struts that also yielding less than desirable 3D models. Once the appropriate voltage and 

current values were determined, additional parameters like number of projections and 

scanning duration were finalized to further reduce artifact; see Figure 3. Currently, we 

are continuing to improve this methodology by experimenting how we could detect 
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different cardiac anatomies with similar densities (ex. cardiac valves, endocardium, 

myocardium etc.). 

Methodology Application in Coronary Artery Stenting 

As the Visible Heart® Laboratories continue to receive organ donations for research, it is 

important that we conduct additional PCI studies to further validate the accuracy of our 

novel micro-CT imaging. This study focused primarily on achieving reproducible scans 

of implanted coronary stents, however ongoing studies are being conducted to evaluate 

the final stent apposition via these micro-CT methodologies (manuscript in preparation). 

We understand that having near perfect apposition long before the end of the procedure is 

vital, especially when addressing issues such as wiring across a lesion to validate such 

procedures. Such studies are also ongoing in which such are being performed within 

perfusion fixed human specimens. Specifically, the details will be addressed in and will 

be answered by a step-by-step culotte follow up paper (manuscript in preparation). 

As each perfusion-fixed specimen was subsequently imaged with a micro-CT scanner to 

obtain ~20-micron resolution scans of implanted devices; computational models were 

then generated, analyzed, and segmented to create various fly-through videos, 3D prints, 

and rendered virtual reality scenes. These mixed reality models can be further used for 

unique educational endeavors such as anatomical analyses, identifying clinical plaque 

deposition trends, assessing coronary stent design, and/or developing computational fluid 

simulations. In other words, these educational insights may relate to how such 

interventional procedures may be applied in appropriate clinical cases. 
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Extension of Application 

Ongoing studies are currently being conducted to determine the effects of formalin 

fixation on diseased tissues. We hypothesize that since diseased tissue losses compliance, 

the fixation process would have little to no effect on the mechanical properties of the 

tissue. If true, then we have over 580 human heart specimens in the VHLôs Human Heart 

Library that can be utilized to perform these needed bench-top experiments in real human 

anatomies. 

The methodology described in this study is not limited to coronary stents. This 

methodology can and has been used for other cardiac devices to further study device to 

tissue interactions. For example, a similar study was conducted where various post 

TAVR-PCI procedures were performed on the Visible Heart®, and the hearts were then 

perfusion fixed and later micro-CT scanned using the same parameters [10]. 

Creation of Educational Stenting Modules 

Another extension includes using the 3D models obtained from these methodologies to 

create educational modules. The reconstructed models of bifurcation stents can also be 

used to create a variety of enlarged 3D prints to better understand the differences in 

various bifurcation techniques and their interaction with calcification and anatomy. 

Mixed reality educational modules can be created where various 3D prints are coupled 

with virtual reality scenes [13] that allows for single or multiple users to ñflythroughò the 

same model [14] to better educate the current and next generation of interventional 

cardiologists [15]. These stenting training modules are available to anyone via the Visible 
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Heart® Laboratories free access website (http://www.vhlab.umn.edu/atlas/device-

tutorial/stents/index.shtml). 

Conclusion 
 

In conclusion, we have developed a reproducible methodology for the post-implant 

analyses of coronary artery stenting procedures. As executed in this study, 3D models 

down to 20 microns of employed technologies can be obtained for both reanimated and 

perfusion fixed specimens. These models can subsequently be used to obtain detailed 

measurements for further clinical insight on such procedural outcomes. The resulting 3D 

models that arise from these scans can also be used to generate virtual reality scenes and 

3D prints for physician training and education. This methodology, however, is not limited 

to coronary stents as we have begun utilizing it with other cardiac devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.vhlab.umn.edu/atlas/device-tutorial/stents/index.shtml
http://www.vhlab.umn.edu/atlas/device-tutorial/stents/index.shtml
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Preface 

The Visible Heart® Lab strives to have the latest state of the art equipment to conduct 

research using equipment that is used in clinical settings. One example of this is an 

intracoronary optical coherence tomography (OCT) scanner which is used clinically 

during coronary intervention. By having this scanner, we are able to perform various PCI 

on the Visible Heart® Apparatus with direct visualization while obtaining OCT images. 

In addition, specimens were scanned using the methodology previously mentioned to 

create models of the resulting stents to create 3D virtual reality scenes to provide 

additional clinical insights.  

Clinical needs, insights and the procedures were provided by our clinical experts. I was 

responsible for the scanning of the specimens, reconstruction of images/3D models and 
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obtaining procedural footage. All authors contributed equally to the drafting and editing 

of this manuscript. 

Summary 
 

Stent implantations in bifurcated coronary lesions can be technically challenging, and 

procedural refinement may benefit from advanced understanding of stent-wall 

interactions. Novel procedure models and intracoronary imaging techniques may offer 

critical insights on stent deformations and stent-wall interactions during bifurcation 

stenting procedures. 

Swine hearts were reanimated using Visible Heart® methodologies, then two board-

certified interventional cardiologists performed stent implantation procedures (single- and 

double-stent techniques) on bifurcations within various coronary vessels using 

commercially available devices under standard fluoroscopic guidance. Intracoronary 

angioscopy and frequency-domain optical coherence tomography (OCT) data were 

obtained during the procedures. 3D OCT reconstruction and micro-computed tomography 

3D modeling (post heart fixations) were utilized to better assess stent deformations and 

stent-wall interactions. 

When compared to intra-procedural endoscopy, software-generated 3D OCT images 

accurately depicted stent deformations during one-stent delivery techniques. However, 

some 3D OCT software reconstructions obtained during two-stent techniques had their 

limitations when compared with direct visualization or 3D micro-computed tomography 

models. 

This study shows that technique-dependent dynamic deformations of stents during 

bifurcation interventions may be assessed using OCT. Current technologies allow for 3D 
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reconstructions from OCT during bifurcation interventions with relatively high accuracy 

for single-stenting techniques, but not always in more complex two-stenting procedures. 

This comparative information provides critical insights for clinicians performing such 

procedures and for those developing the next generation of related technologies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

39 
 

Introduction  
 

Atherosclerosis can develop anywhere within human coronary arteries and branching 

points are commonly affected, likely due to shear stress issues [1]. Consequently, ~15-

20% of percutaneous coronary interventions (PCI) are performed on bifurcation coronary 

lesions [2]. Relative to the implantation of drug-eluting metallic stents, one- or two-stent 

techniques are the standard approaches for PCIs within bifurcation lesions [3,4]. These 

PCIs are often technically complex and associated with higher occurrence of adverse 

events, both short- and long-term [5]. Refinements in bifurcation stenting techniques and 

PCI optimizations, based on intravascular imaging [6,7], have the potential to positively 

impact bifurcation PCI outcomes. Thus, improved understanding of stent deformations 

and stent-vessel interactions during bifurcation stenting procedures should be of pivotal 

relevance. The use of microcomputed tomography imaging is becoming a more popular 

method to analyze stents implanted both in-vivo and in-silico models to assess restenosis 

[8] and CFD modeling [9], respectively. However, these methodologies have yet to be 

applied for the analysis of technique specific procedural steps. In this study, we used 

cutting-edge multimodal imaging and 3D modeling technologies to assess procedural 

steps of different bifurcation stenting techniques performed on reanimated swine hearts, 

in a unique simulation environment.  

Methods 
 

The Visible Heart Laboratories routinely perform translational experimental research, 

reanimating large mammalian hearts using a supporting apparatus that can sustain organ 

function for 6-8 hours [10]. Briefly, two healthy 80-90kg swine were anesthetized and 
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intubated, and isoflurane was continuously administered to maintain a 1-to-1.5 minimum 

alveolar concentration (MAC). A standard cardioplegia protocol was induced with a high 

potassium solution; after rapid arrest and cooling, each heart was then explanted and 

cannulated. Next, the heart was set up on an ex vivo cardiac perfusion apparatus (Visible 

Heart® methodologies), where it was warmed by perfusion with a Krebs Henseleit buffer 

at 36.0+0.5ºC and reanimated with a 30 J defibrillatory shock (LifePack, Physio-Control, 

Redmond, WA, USA). Once hearts were reanimated and elicited native sinus rhythm, we 

performed various PCI techniques with multimodal visualizations [11].  

In the present study, two board-certified interventional cardiologists performed coronary 

bifurcation stent implantation procedures on porcine hearts reanimated with Visible 

Heart® methodologies [11]. Commercially available guiding catheters, guidewires, 

balloons, and drug-eluting stents were utilized, under the guidance of standard 

fluoroscopy (OEC Elite Fluoroscopy, GE, Boston, MA, USA) and direct visualization. 

All implantation procedures used Resolute Onyx drug-eluting stents, compliant and non-

compliant Euphora balloons, and Cougar XT guidewires (all from Medtronic, Santa 

Rosa, CA, USA). 

The following techniques were performed based on best practice recommendations of the 

European Bifurcation Club (EBC)[3-5]:   

¶ one-stent (provisional and ñinvertedò provisional), with a focus on specific steps 

including proximal optimization technique (POT) and kissing balloon inflation; 

¶ double-stenting with culotte; 

¶ double-stenting with T and small protrusion (TAP); and 

¶ double-stenting with double kissing (DK) crush. 
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Intracoronary angioscopy, using a 2.4mm videoscopic camera (Olympus, Japan), was 

utilized during the procedures, keeping the probe immediately proximal (~1 to 1.5cm) to 

the bifurcation. Overhead video cameras continuously captured relative heart function as 

well as the operatorôs hands, to monitor how various devices, catheters, and wires were 

manipulated. Heart hemodynamics, such as left ventricular and aortic pressures, were 

also monitored throughout the study (EMKA Technologies, Paris, France). These 

modalities, in addition to optical coherence tomography (OCT) and fluoroscopy, were 

continuously recorded with a customized 6-channel digital recording system (Z Systems, 

Inc., St. Louis Park, MN, USA).  

Frequency-domain OCT was performed during the procedures, after each step, using 

Dragonfly OPTIS probes (Abbott Vascular, Abbott Park, IL, USA). All OCT pullbacks 

were taken at 54mm scanning lengths with 5mm penetration distance. Long-axis and 3D 

OCT reconstructions were completed using the metallic stent optimization tools of the 

OPTIS OCT Ilumien (Abbott Vascular). To highlight stent-vessel interactions, the 

apposition analysis tools were set according to the distance between the stent struts and 

vessel walls as follows: white when the estimated distance was <200µm, yellow when 

between 200-300µm, and red when >300µm. As an example, Figure 1 A-C shows the 

angiographic screen, angioscopic image, and 3D OCT reconstruction of a distal right 

coronary artery bifurcation after main vessel (MV) wiring.  

After the stenting procedures, hearts were perfusion fixed using a formalin fixation 

chamber [12] that preserved them in an end-diastolic state, keeping the coronaries well 

dilated. After fixation, hearts were scanned with an X5000 micro-CT scanner (North Star 

Imaging, Minneapolis, MN, USA) that allowed for computational stent reconstructions 
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with approximately 20-micron resolution. From these scans, resulting stent(s) and 

anatomies were 3D reconstructed, segmented, and rendered using medical imaging 

software (Mimics, Materialise, Leuven, Belgium).  

Results 
 

One-stent strategy: proximal optimization technique  

 

According to EBC recommendations [3-5], the minimal treatment for bifurcated coronary 

lesions is stent implantation in the MV (also called ñcrossoverò stenting) with the stent 

sized 1:1 according to the distal MV, followed by POT with the balloon sized 1:1 

according to the proximal MV.  

After crossover stenting, major malapposition in the proximal MV was systematically 

visualized by angioscopy, and well appreciated (and graded) by 3D OCT (Fig. 1 D-F). 

Note that in this procedure, the side branch (SB) ostium shape was not affected, and 3D 

OCT documented floating stent struts ñjailingò the SB take-off. For instance, when 

attempting to rewire the SB at this stage, the guidewire was easily advanced incorrectly 

across some malapposed stent struts. Such phenomena were not recognized by 

fluoroscopy, yet were clearly identified by the videoscopic imaging (Fig. 1 G-I ). 

Importantly, 3D OCT reconstructions were not able to correctly capture this event. 
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Figure 1. Direct endoscopic footage, fluoroscopy and 3D OCT reconstructions were used to 

visualize pre-PCI (A-C), initial stent implantation (D-F), rewiring (G-I) and final POT of a single 

stent crossover procedure. 

 

After POTs, completely changed stent conformations were consistently achieved. As 

shown in Figure 2, proper appositions were obtained throughout the stent, and both 

longitudinal and 3D OCT reconstructions demonstrated this new, more favorable stent 

conformation. In other words, significant enlargement of the SB cells (Fig. 2C compared 

to Fig. 1 G-I)  was induced by the POT-associated stent expansion. Finally, post-
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procedure micro-CT scans confirmed these features that were also virtually inspected 

with virtual reality (Fig. 2E).  

 

Figure 2: Final view of the single stent crossover procedure (A-B) with up close views (C-D) and micro-

CT reconstruction (E) emphasizes the opening of the cell struts over the jailed branch after POT. 

 

One-stent strategy: kissing efficacy  

During one-stent strategies, after stenting the MV, it may become clinically necessary to 

intervene on the SB. To do this, physicians typically perform SB rewiring, followed by 

kissing balloon inflation [3-5]. Since the SB rewiring site/technique is known to influence 

final stent deformations in the branch [13], in the Visible Heart® model with 

simultaneous direct visualization, we performed side-cell crossing to the SB using a 
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pullback technique [14] in order to facilitate ñdistalò stent frame rewiring. In our study, 

kissing balloon inflations were conducted with short non-compliant balloons (sized 1:1) 

according to the distal MV and SB. Figure 3 A-C shows multimodal assessments of the 

final results achieved in the left anterior descending artery/first diagonal bifurcation using 

the sequence of crossover stenting, POT, distal rewiring, kissing balloon inflation, and 

repeat POT (performed with a balloon sized 1:1 according to the proximal MV). All 

images collected by angioscopy, OCT, and micro-CT documented favorable stent 

conformation, with complete removal of stent struts from the SB ostium and absence of 

ñoval deformationò in the proximal MV (Fig. 3 A-C). Furthermore, optimized 

interactions between the stent and vessel walls were detected by apposition analyses, 

showing absence of malapposed areas (i.e., absence of yellow or red stent struts in 

Figure 3 A-C). It is important to note that the longitudinal OCT stent reconstructions 

were considered optimal, while some unrecognized struts that created (minor) 

imperfections, detected with micro-CT studies, in the 3D OCT were seldom noticed (see 

Fig. 3 around SB ostium). 
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Figure 3: Endoscopic, 3D OCT and micro-CT reconstructions of a provisional technique (A-C) and an 

inverted provisional technique (D-F). While the stents look similar distal to the bifurcation, the main vessel 

of each stent drastically differ.  

 

In some specific anatomic conditions, the selection of an ñinvertedò provisional strategy 

is considered [3-5]. This technique is best executed by implanting the stent from the SB 

into the proximal MV, then following the same steps of provisional (POT, distal rewiring, 

kissing, and re-POT). Potential drawbacks are: 1) the same stent might cover vessel 
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segments with major size mismatches, and 2) side cells are required to be extensively 

dilated to achieve optimal stent removal from the distal MV ostia. The 3D OCT and 

micro-CT results of an inverted provisional (performed in right coronary artery 

bifurcation of a swineôs heart) is shown in Figure 3 D-F, showing wide opening of the 

stent struts toward the distal MV. 

Two-stent strategies: T and TAP protrusion  

 

Efficient ways to implant a second SB stent, subsequent to the provisional approach, are 

either the T or TAP techniques [15]. In reanimated hearts, we performed the TAP 

technique following all steps previously reported for provisional (crossover stenting, 

POT, kissing, repeat POT). Then, a new balloon (sized 1:1 according to the distal MV) 

was advanced down the MV and a stent (sized 1:1 according to SB diameter) was 

advanced into the SB. After proper positioning to avoid long protrusion and ensure ostial 

coverage, we deployed the SB stent. Thereafter, the delivery balloon was pulled back and 

reinflated at a higher pressure to ensure proper stent expansion in the SB ostium. Once 

the SB stent was fully deployed, the stent delivery balloon and the balloon that was 

advanced previously in the main branch were used to perform a final kissing balloon 

technique, taking care to simultaneously deflate the balloons in order to maintain a 

central position for the new metallic carina. We then applied a final POT, making sure to 

avoid contact between the metallic neocarina and the balloon. Figure 4 shows the TAP 

results achieved, as assessed by angioscopy, 3D OCT, and micro-CT. Using 3D OCT, the 

small neocarina was perfectly captured, and represented the only red colored 

(malapposed strut coding) segment within the two implanted stents. 
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Figure 4: Multimodal visualization of a finalized TAP procedure (A-C). The newly created metallic carina 

can be seen in all three visual modalities. 

 

Two-stent strategies: culotte technique  

A culotte procedure may begin by deploying a stent in the MV (according to crossover 

stenting provisional approach) or covering the SB and proximal MV (according to 

inverted provisional approach)[3-5]. Regardless of beginning strategy, both stents must 

be appropriately sized to fit each of the distal branches as well as the proximal MV. 

Accordingly, a favorable anatomy for this technique is a bifurcation with two large 

branches. This anatomic requirement was evident in the coronary bifurcation shown in 

Figure 5 A-C, where a culotte was performed according to the ñinvertedò provisional 

strategy. Thus, the first stent (sized 1:1 according to SB diameter) was implanted from 

the MV into the SB, and the first POT (balloon sized 1.1 according to proximal MV) was 

applied. Then, we performed distal MV rewiring (close to carina), followed by the first 

kissing balloon inflation. Next, a stent (sized 1.1 according to distal MV) was implanted 

into the MV across the SB take-off and a second POT was performed. We then conducted 
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SB rewiring (to achieve ñdistalò crossing close to carina), followed by a second kissing 

balloon step and a third POT. The multimodal assessments of this inverse culotte are 

shown in Figure 5 D-I, presenting an optimal result via angioscopy and micro-CT. The 

3D OCT reconstruction also captured the optimization of stent struts in the distal MV and 

SB, while proximal MV struts were not consistantly tracked, resulting in the final stent 

appearance to look distorted. 

 
Figure 5. Pre-PCI imaging showing the two large branch ostias, which is the ideal anatomy to perform a 

culotte technique (A-C). Close up view of the bifurcation shows the new short metallic carina (D-F) and the 

more proximal view shows the culotteôs two stent layer in the main vessel. 

 

Two-stent strategies: DK-crush 

The DK-crush represents another valuable two-stent technique aimed at first securing the 

SB. We performed this technique in reanimated swine hearts at a bifurcation in the mid 
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left anterior descending artery, following the steps described by Chen et al. [16]. The SB 

stent was sized relative to the distal portion of the SB and was implanted protruding 2-

3mm into the MV. We also used a balloon sized according to the proximal MV to crush 

the stent after it was deployed; in these healthy swine heart coronary vessels, we needed 

to slightly oversize all aspects of a procedure. Figure 6 shows the results achieved after 

the initial balloon-crush. Indeed, the possibility of incomplete stent crush was clearly 

noticed (two layers of the SB stent apposed against the MV lumen), and could be 

appropriately corrected by further ballooning. For instance, 3D OCT allowed us to clearly 

recognize the degree of stent crushing in the proximal MV (Fig. 6). Once an optimal 

crush was achieved, we completed non-distal SB rewiring followed by kissing. The 

remaining steps (MV stenting, POT, SB rewiring, and final kissing inflation) were then 

performed according to EBC recommendations [5].  

 
Figure 6. Multimodal imaging of the final DK Crush and the resulting metallic carina (A-C). The crushed 

segment of the first stent can be visualized using endoscopic (D) and micro-CT reconstructions (F), 

however 3D OCT reconstructions are unable to detect and properly reconstruct the crushed portion. 

 



 

51 
 

Figure 7 illustrates the multimodal assessment of results achieved by the DK-crush 

technique. Angioscopy and micro-CT were both used to document an optimal result, 

whereas 3D OCT reconstruction performed by MV pullback revealed good results in the 

MV but not in the SB, where some ñfalseò floating struts in the ostium appear to have 

been generated.  

 
Figure 7. Direct endoscopy and OCT (A-B) can visualize the initial crush after the first stent implantation. 

It is evident that the stent is not fully crushed and would therefore cause difficulties with rewiring and 

advancing additional balloons/stents. After performing a POT with an oversized balloon, a proper crush can 

be confirmed with direct visualization (C) but the 3D OCT image is difficult to interpret. 

 

Discussion 
 

The primary purpose of our study was to assess various widely practiced bifurcation 

stenting techniques within a unique ex vivo porcine model, using Visible Heart® 

methodologies, multimodal imaging, and advanced 3D reconstruction technologies. The 

main findings of our study include the following: 
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1. We achieved optimal results with different stenting techniques by applying a series 

of technical steps recommended by the EBC. 

2. Cutting-edge 3D OCT modeling software provided high-fidelity stent strut 

reconstructions in the simpler techniques, but was less accurate in identifying some 

procedural aspects like guidewire tracking and final stent result appearance in more 

complex two-stent techniques (such as the culotte or DK-crush). 

Proximal optimization technique  

In general, when performing any type of bifurcation procedure, it is considered critical to 

perform a POT immediately after the initial stent deployment, regardless if it is implanted 

in the main or side vessel [3-5]. Our multimodal imaging assessments documented that 

appropriately sized balloons for POT resulted in more favorable outcomes, and 3D OCT 

software was able to identify and quantify (through color coding) the achieved stent 

expansion and apposition. The wide malapposition that was present before POT may 

induce issues when attempting SB rewiring (Fig. 1 G-I ), if and when the guidewire 

passes through the first few malapposed stent struts. If unrecognized, such abluminal wire 

track may hinder balloon advancement and/or cause significant stent deformations. 

Intravascular imaging is an important tool to recognize such pitfalls, yet 3D OCT 

software reconstructions, in some cases, may fail to automatically detect the different 

metallic structures during various critical steps. Accordingly, when intravascular imaging 

is selected, physicians should pay meticulous attention to both cross-section 

reconstructions, and 3D software reconstructions should be performed with caution.  

Another important finding in our study came from 3D assessment of the appearance of 

the stentôs side cells at the level of the SB ostium. We observed the same effects that 
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Mortier et al. [17] reported in a bench simulation study: POT induces a favorable 

expansion of the distance between stent struts, and this reduced floating stent struts in the 

SB ostia and facilitated eventual advancement of guidewires and balloons in the SB.  

Provisional and inverted provisional 

 

The most recent EBC consensus highlights the use of single-stent techniques in most 

bifurcation cases, and suggests that operators consider practicing both provisional and 

inverted provisional procedures [3-5]. Further, both techniques may be accomplished by 

selecting stents sized 1:1 according to the distal vessel to be stented, and engaging the 

main vessel for the standard provisional approach and the side vessel for the inverted 

provisional. Using multimodal imaging (and employing the latest generation drug-eluting 

stent), we clearly showed the MV stent being fully expanded, and optimal apposition 

after POT. Additionally, we observed side-cell expansion induced by kissing balloon, to 

achieve optimal results for both main and SB vessels. The primary difference between the 

traditional and inverted provisional techniques involved the amount of metallic coverage 

within the main vesselðsmaller in the inverted provisional method when a smaller stent 

size was implanted in the MV (Figs. 3-5).  

Two-stent bifurcation techniques 

In the present study, we utilized multimodal imaging to visualize three popular double 

stenting techniques: TAP, culotte, and DK-crush. In general, the TAP technique 

represents the simplest two-stent technique and the only method with optimal kissing 

performance. Yet, a well-recognized drawback of TAP is the potential creation of a 

metallic neocarina of variable lengths. Our multimodal assessments of TAP in the 
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reanimated swine heart confirmed that 3D OCT software reconstructions recognized the 

metallic neocarina struts (Fig. 4). 

The culotte procedure is a two-stent technique that requires both stents to fully cover the 

lumen proximal to the bifurcation. As most recently recommended by EBC experts, as 

many as three POT and two kissing balloon techniques may be applied to facilitate a 

successful procedure [5]. Relative to this defined sequence, we obtained optimal results 

in reanimated swine hearts, as assessed by intra-procedure angioscopy and subsequent 

micro-CT analyses. Of note, the complex metallic coverage of the vessels by overlapping 

stent layers was not precisely captured by 3D OCT reconstructions. Furthermore, 3D 

OCT images from MV and SB deliveries and reconstructions elicited some differences in 

the proximal MV assessments (Fig. 5). More specifically, scans obtained from the SB (in 

this case, the branch where the stent was deployed) captured more stent struts proximal to 

the carina when compared to MV deployed scans.  

The final bifurcation technique investigated was the DK-crush, a modification of the 

crush technique aimed at facilitating the final kissing inflation [16]. Recently, this 

technique is gaining acceptance due to promising clinical efficacy for complex distal left 

main lesions [18]. Our multimodal assessments showed that the early steps of proximal 

stent strut crushing by a MV balloon might be partial, and this may cause floating struts 

in the proximal MV; note that this may be associated with the absence of atherosclerotic 

changes. Importantly, this potential pitfall was easily detected by 3D OCT 

reconstructions and might explain the difficulties experienced clinically during the first 

SB rewiring and dilation. Accordingly, careful attention to routinely checking the 

effectiveness of stent crushing and selecting appropriately sized balloons/pressures is 
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advisable. The final results of the DK-crush achieved in our study were optimal, as 

assessed by live angioscopy and subsequent micro-CT reconstructions. Yet, the final 3D 

OCT reconstructions for this procedure looked fragmented, especially at the SB ostium. 

Computational modeling and educational uses of virtual reality  

The detailed ~20 micron computational models generated from micro-CT reconstructions 

of perfusion-fixed specimens were also used for generating virtual reality scenes. For 

several years, the Visible Heart Laboratories have implemented virtual reality for medical 

education [19], and more recently ventured into the bifurcation stenting space. In one 

virtual scene, the user can ñfly aroundò the coronary anatomies and deployed stent(s). 

Interventionalists, fellows, medical students, engineers and others have reported that 

these scenes allow one to acquire a deeper appreciation for the steps necessary to obtain 

successful stenting results. Flythrough animations of the micro-CT models used in this 

work (provisional, inverted provisional, TAP, culotte, and DK-crush) can be found in the 

ñAtlas of Human Cardiac Anatomy,ò a free-access educational website 

(www.vhlab.umn.edu/atlas/device-tutorial/stents/index)[20]. These virtual scenes are 

freely shared as educational tools for interventional cardiologists, all types of students, 

and device designers. 

Limitations  

 

Although these multimodal images are extremely beneficial in educating interventional 

cardiologists on treatment of bifurcated lesions, they may have limitations relative to 

clinically performed procedures. For example, we performed stenting procedures in 

healthy swine coronary bifurcations; anatomically there are strong similarities between 

http://www.vhlab.umn.edu/atlas/device-tutorial/stents/index
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porcine and human coronaries, but the swine vessels in our study were all without disease 

[21]. Further, although phasic coronary flows were present in these swine coronary 

vessels, they were observed to be quite compliant during the stenting procedures, and this 

often dictated the slight oversizing of devices utilized (stents and balloons).  

Performing bifurcation PCI under the guidance of multimodal imaging could be 

considered a limitation as it could result in better outcomes than what is observed 

clinically. It is worth noting that 3D OCT reconstructions have a limitation regarding 

guidewire shadowing; an issue not observed in microcomputed tomography as all wires 

are removed prior to imaging. The authors were aware of this prior to the study and thus 

the comparison and evaluation between imaging modalities were focused away from the 

ñshadowedò region. We also want to acknowledge that OCT imaging was performed on a 

beating heart while microcomputed tomography imaging was performed on a static heart, 

which would induce better 3D reconstructions.  

Future Direction 
 

Our lab continues to employ the use of multimodal procedural imaging in reanimated 

swine hearts coupled with post procedure microcomputed tomography evaluations. Most 

recently, this was achieved by performing various coronary management techniques after 

TAVR procedures [22]. We are also currently analyzing procedural footage while 

performing measurements on various 3D models generated from microcomputed 

tomography imaging to gain further technique specific insights. Furthermore, since the 

Visible Heart Laboratories have the privilege to collect non-viable human hearts for 
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research, similar studies have been conducted using left main vessels of both reanimated 

and perfusion fixed human heart specimens. 

Conclusion 
 

By employing real-time multimodal imaging within reanimated swine hearts using 

Visible Heart® methodologies, in conjunction with post-processed OCT software-

generated images and computational 3D models from micro-CT imaging, one can better 

visualize and understand the importance of the recommended steps for various 

bifurcation stenting techniques, based on recent EBC consensus documents [4,11,20]. 

More specifically, detailed device-device and device-tissue interactions were uniquely 

assessed via tools available in practice today, then compared to live video footage from 

reanimated specimens and post-processed 3D images collected from perfusion-fixed 

hearts. These direct comparisons offer a unique perception regarding intraluminal 

interactions during PCI so that interventional cardiologists can better treat their patients 

and for medical device designers to design future products. This study has also provided 

insights on the limitations observed by 3D OCT reconstructions, more specifically in 

multi-stent procedures.  
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Preface 

The Visible Heart® Apparatus is truly a unique platform in which one can perform new 

and or experimental procedures without posing risk to a living patient. One such 

example, presented in this section, is the management of coronary arteries after one 

undergoes a transcatheter aortic valve replacement (TAVR) procedure. Using this unique 

platform we were able to document several emerging techniques and use post procedure 

micro-CT imaging to offer further understanding of the differences in device to device 

and device to tissue interfaces. 

Jorge and I were responsible for the scanning of the specimens, reconstruction of 

images/3D models and obtaining procedural footage. All authors contributed equally to 

the drafting and editing of this manuscript. 
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Introduction 
 

Transcatheter aortic valve replacement (TAVR) is an emerging strategy to manage patients 

with aortic stenosis [1]. Due to the intrinsic structures of prostheses and their interactions 

within ascending aorta structures, major issues may arise regarding coronary artery access 

and thus their management during and after TAVR. The most common coronary problems 

are represented by TAVR-induced coronary occlusion and difficulties in carrying on 

subsequent angiography and/or percutaneous coronary intervention (PCI) after TAVR 

implantation. 

Coronary angiography and PCI might be necessary after TAVR due to the suspected or 

ascertained ischemic heart damage resulting from coronary occlusion [2,3]. These 

coronary procedures might be technically challenging and procedure complications have 

been reported [4-6]. Coronary cannulation is the key for successful coronary 

interventions. In addition to individual patient anatomies (i.e., right and left main 

coronary take-off heights, take-off angles, and sino-tubular junction sizes), coronary 

cannulation after TAVR are known to be affected by both implantation depths and 

orientation of the prosthesis with regards to a given coronary ostia [7]. A particular study 

has shown that as high as ~35% of patients have been found to have ñunfavorableò 

coronary access features after TAVR procedures [8]. 

In the present paper, we reviewed the main coronary management issues that may occur 

with the ESEP using a unique multimodal imaging in reanimated swine hearts [9,10] in 

the Visible Heart® Laboratories. Of note, the Visible Heart® Laboratories was recently 

used to successfully perform both PCI and TAVR in reanimated human hearts [11-13]. 
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Methods 
 

Briefly, 80-90 kg healthy swine were anesthetized, and intubated. A sternotomy was 

performed and pretreatment solution was injected into the pericardium and allowed to 

incubate for 1 hour. Cardioplegia was induced with a high potassium solution and the 

heart was then explanted and cannulated. A given heart was then set up on an ex vivo 

cardiac perfusion apparatus (Visible Heart® methodologies), where it was warmed by the 

perfusion of a Krebs-Henseleit buffer at 36 ºC and reanimated with a 30 J defibrillatory 

shock (LifePack, Physio-Control, Redmond, WA, U.S.).  

Once reanimated, the apparatus served as a dedicated catheterization platform where a 

series of TAVR procedures and coronary management techniques were practiced by 

experienced interventional cardiologists. The procedures were simultaneously recorded 

using fluoroscopy and videoscopes located in the ascending aorta and left ventricle 

(Figure 1). These interventions were performed using commercially available products; 

Resolute Onyx coronary stents, Evolut-Pro TAVR valves, Cougar XT guidewires and 

HSII 7F guiding catheters (Medtronic, Minneapolis, MN, USA) [11].  

Figure 1. A) Superior endoscopic view of the implanted valve. B) Fluoroscopic visualization of the aortic 

volume and coronary ostias. C) Inferior endoscopic view of the implanted valve. D) Direct visualization of 

the coronary ostia being treated. 
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Once these procedures were completed, perfusion was halted, and the hearts were 

carefully removed from the apparatus. They were then taken to a secondary apparatus so 

that they may be perfusion fixed in formalin while also allowing the closure of the 

atrioventricular valves.  Once fixed, these hearts were rinsed for 24 hours to remove the 

traces of formalin, so that they may be taken to a micro-CT scanner for imaging. These 

hearts were imaged, and 3D models were generated from these scans using the same 

parameters and process as described in chapter 1. 

Results 
 

We have successfully performed three different coronary artery management techniques 

after valve implantation on hearts reanimated utilizing the Visible Heart® methodologies. 

Each unique procedure was captured and documented using multimodal visualization, 

i.e., endoscopic imaging with multiple cameras and fluoroscopic imaging. Subsequently, 

each heart was perfusion fixed to allow for micro-CT imaging for post procedure 

analyses of the implanted devices. The 3D models generated from micro-CT images were 

then inspected to gain further insights on how each coronary management technique 

resulted in unique device-device and device-tissue interactions. 

Valve-in-Valve 

This technique represents an established option for the bail-out treatment of suboptimal 

acute TAVR results [14]. Furthermore, TAV-in-TAV has recently started to be 

considered as an elective treatment to be offered for patients with failed TAVR prosthesis 

[15]. When TAV-in-TAV is performed using two ESEPs, the overlapping frames, 

clinically, cannot be perfectly aligned and this creates new cells with unpredictable 
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shapes and sizes. Figure 2 shows the appearance of an RCA ostium after TAV-in-TAV 

was performed by implanting a secondary ESEP after the first ESEP was implanted too 

low. The figure details the overlapping ESEP frames that cause new, smaller cells 

covering the coronary ostium. Of note, the resulting overlapping cells are still large 

enough to permit 6 Fr guiding catheter crossing so that selective coronary angiography is 

performed Figure 2. 

 
Figure 2. (A-F) Direct visualization and fluoroscopic view of a 7F guide catheter gaining access to the 

RCA ostia through two valve frames. (G) Micro-CT reconstruction of the two staggered valve frames and 

the stent in the right coronary. (H) The implanted stent as viewed from within the two valve frames. 

 

 

Chimney 

When the pre-procedure risks of coronary artery occlusion (CAO) are considered as 

unacceptable, preventive coronary stent implantation is considered as a valuable option 

which has recently been associated with good long-term outcomes [16]. The Chimney 
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technique [17], defined by a stent implantation from the coronary ostium to the aorta and 

outside the TAVR prosthesis, represents a widely adopted strategy [18]. Figure 3 shows 

the procedural steps of the Chimney/Snorkel technique to protect the low-take-off left main 

during ESEP implantation (with adverse prosthesis orientation). After balloon removal, the 

delivered stent was able to displace the ESEP from the aortic wall and warrants coronary 

flow maintenance. However, the final configuration of the coronary stent and the ESEP 

frame appears extremely complex (Figure 3), making repeat coronary angiography 

cumbersome. Furthermore, the occurrence of Chimney stent external compression by the 

ESEP has been recently described [19]. 

 
Figure 3. (A-F) Direct visualization and fluoroscopic view of the stent implanted in the left coronary prior 

to the valve being deployed. (G) Final micro-CT rendering of the Chimney technique. (H) When observing 

the stent via micro-CT rendering one can see the proximal portion of the stent crushed with the valveôs 

deployment. 
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Snorkel 

During clinical practice, the need to stent the coronary ostia may emerge in conditions 

where the Chimney technique is not considered to be clinically suitable. These conditions 

include the development of new disease in the proximal artery segment and the 

occurrence of CAO after TAVR conducted without procedural set-up for the 

Chimney/Snorkel technique. When deciding to implant the coronary stent after ESEP 

implantation, it is reasonable to attempt this by re-accessing the coronary artery from the 

inner part of the prosthesis.  

Figure 4 displays the bail-out management of post-TAVR partial coronary obstruction 

due to the dislodgement of the native aortic leaflet. The partially occluded ostium and the 

ESEP frame were crossed with a guiding catheter and guidewire. A stent of appropriate 

length to reach the prosthesis frame was delivered. This technique, termed ñinner-

snorkelò, achieves a more ñanatomicalò configuration (as compared with the Chimney 

technique) of the stent/prosthesis frame. Thus, this bail-out technique has been electively 

practiced to maintain coronary patency during high-risk TAVR with an ESEP. 
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Figure 4. (A-F) Due to the coronary obstruction from the native leaflet, a stent is advanced into the LCA 

through the frame of the implanted valve to perform a snorkel technique. (G) Final micro-CT rendering of 

the Snorkel technique. (H) The implanted stent can be seen coming from the coronary ostia through the 

implanted valve frame. 

 

Conclusion 
 

TAVR procedures can create new clinical conditions where the geometrical relationships 

between the individual patient anatomies and implanted prosthesis location/orientation 

may hinder subsequent coronary accesses and/or cause coronary obstructions. The unique 

figures and videos presented here illustrate the potential pitfalls and complications that 

can result from these attempted interventional procedures. The presented post-implant, 

high-resolution computational models, should aid to inform the designers of the next 

generation of TAVR devices and procedures. We consider that the understandings of 

such described coronary techniques may benefit from procedure simulations in 

reanimated heart models, with the ultimate hope to improve the managements of patients 

treated with TAVR.  
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Section 2: Evaluating bifurcation techniques implanted in 

reanimated swine hearts 

 

The second section of my thesis will focus on evaluating the end results of numerous 

bifurcation techniques implanted in reanimated swine hearts by board certified 

interventionalists. The Visible Heart® Laboratories routinely hosts interventional 

cardiologists from around the world, giving them the opportunity to perform bifurcation 

stenting using the Visible Heart® methodologies. After intervention, the hearts are 

preserved so that 3D models of the implanted stents can be generated using the 

methodologies described in Section 1. This adds to the current literature as similar studies 

in which bifurcation techniques are evaluated are done so in bench top silicone models.  

After a sufficient sample size of 3D models for each of the main bifurcation techniques 

was generated, a methodology was developed to obtain measurements of bifurcation 

stents in a consistent and reproducible way, regardless of technique. Once all 

measurements were obtained, flythrough animations for each 3D model were generated 

to allow for the blind evaluation of the procedures by a single bifurcation expert. By 

attaching a score to each procedure, we were able to establish trends between how the 

various techniques performed in specific anatomies while determining which key 

characteristics of the final results mostly influenced the overall score. 
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Preface 

In the past decade, the Visible Heart® Lab has hosted over 100 interventional 

cardiologists from around the world. Each one has had the opportunity to implant 

bifurcation stents on reanimated swine hearts. Overtime, throughout these visitations it 

became clear that procedural standards changed, and certain bifurcation techniques were 

no longer practiced. Also was also worth noting that favor towards certain bifurcation 

techniques were dependent on the region the physicians were from. 

In this work, we wanted to remove the subjectiveness between bifurcation techniques to 

develop a method to evaluate a completed bifurcated stent based on quantifiable 

characteristics. The procedures performed in this work were done by numerous 

interventional cardiologists throughout the past five years. Clinical insights were 

provided by our clinical experts. I was responsible for the scanning of the specimens, 

generation of 3D models, development of the methodology for obtaining measurements, 
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performing measurements, data analysis and drafting of this manuscript. All other authors 

contributed to the drafting and editing of this manuscript. 

Summary 
 

Due to variation in coronary anatomies, bifurcation techniques have been developed to 

conform these stents to the unique vascular anatomies. These techniques include: (1) 

provisional, (2) culotte, (3) crush, (4) double kissing (DK) crush, (5) T, and (6) T and 

Protrusion (TAP). It has been found that depending on the relative tapering of the vessels, 

difference in branch diameters and bifurcation angles, certain techniques yield better 

results than others. 

Utilizing the Visible Heart® methodologies, porcine hearts were reanimated and coronary 

stenting were performed: utilizing fluoroscopy, direct endoscopic guidance, and optical 

coherence tomography (OCT). After performing multiple bifurcation procedures, each 

heart (n=33) was perfusion-fixed in an end diastolic state using formalin. Post-fixation, 

the formalin was rinsed for 24 hours, and each heart were taken to a micro-CT scanner 

where each bifurcation stent placement was scanned. These scans were then imported and 

reconstructed using a DICOM analysis software to produce 3D models for further 

analyses and measurements. Subsequently, these 3D models were analyzed by three PCI 

experts who were given a grading rubric to evaluate and score the models based on the 

outcomes for each technique.  

We have collected and generated fifty-three 3D models of various bifurcation techniques 

performed in swine coronaries. Experts evaluated and scored these models to allow these 

procedures to be sorted and compared. 
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High resolution 3D models of bifurcating stents were generated to show various 

outcomes of performing bifurcation procedures. These generated models and evaluations 

provide critical educational insights for interventional cardiologists as how one might 

best perform a given technique and what might result if one deviates from procedural 

recommendations. 
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Introduction  
 

Cardiovascular disease (CVD) is the number one cause of mortality worldwide, resulting 

in an estimated 17.9 million death every year and accounting for one third of premature 

deaths in patients under the age of 70 [1]. Coronary artery disease (CAD) is the most 

common form of CVD, often resulting in acute heart attacks caused by poor coronary 

perfusion due to atherosclerotic buildup. Percutaneous coronary interventions (PCIs) are 

well-recognized treatments that are less clinically invasive alternative compared to 

surgical coronary artery bypass grafting (CABG) [2]. However, ~20% of all stenting 

procedures occur at a bifurcation [3] thus requiring the implantation of multiple stents. 

Various techniques have been developed that allow these single vessel stents to conform 

to a patientôs unique bifurcated vessel anatomy. These techniques include (1) provisional, 

(2) T, (3) T and Protrusion (TAP), (4) culotte, (5) crush, and (6) double kissing (DK) 

crush.  

The adoption of certain bifurcation techniques over others varies within regions, 

hospitals, and even physicians. To combat this, the European Bifurcation Club (EBC) 

have released a series of documents over the years outlining procedural recommendations 

based on the current literature [3-5]. Topics discussed in these documents include the 

creation/modification of lesion classifications, decision making trees/flowcharts for 

bifurcation stent implantation, recommendations/emphasis on the importance of certain 

procedural steps, and even findings from the latest computational modeling and flow 

simulations [6]. However, when it comes to comparing bifurcation techniques with one 

another, it is most often metanalysis from clinical procedures, or from benchtop silicone 
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models. In this work, we hope to build upon the findings of the EBC by creating a novel 

way to evaluate bifurcation stents which have been implanted in live beating hearts.  

Methods 
 

Stent implantation 

The Visible Heart® Laboratories has for decades performed translational experimental 

research utilizing reanimated large mammalian hearts on a supporting apparatus [7]. In 

more recent advancements the laboratories have since employed the Visible Heart® 

methodologies to assess the device-tissue interfaces while performing percutaneous 

coronary intervention (PCI) in coronary bifurcations [8]. Briefly, male swine typically 

ranging between 70-90kg were anesthetized and intubated. Once in a deep plane of 

anesthesia, a medial sternotomy was performed and a standard cardioplegia solution was 

administered to depolarize (arrest) the heart. The heart was then explanted, cannulated 

and placed on an apparatus where it was perfused and warmed using a Krebs-Henseleit 

buffer and shocked into a native sinus rhythm using a 30J defibrillator shock. Once in a 

sinus rhythm, PCIs techniques were performed using Resolute Onyx stents (Medtronic, 

Minneapolis, Minnesota) with multimodal imaging, i.e., 2.4mm and 4mm endoscopic 

cameras (Olympus, Japan) are used in parallel with OEC Elite Fluoroscopy (GE, Boston, 

Massachusetts) and OCT (Abbott, Chicago Illinois) when available.  

In the past 6 years, the Visible Heart® Laboratories have hosted 92 physicians from all 

regions of the globe. Each physician had the opportunity to be involved in performing 

PCIs on the reanimated swine hearts. Because the heart is isolated, physicians were 

encouraged to try performing techniques that they would not have commonly used 
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clinically; in some cases these were techniques they have never performed or even 

purposely performed poorly so to observe what could happen if done incorrectly relative 

to clinical guidelines.  Importantly, these procedures were performed in a non-

consequential environment, hence providing novel learning insights. After these 

procedures had been performed a given heart it was carefully taken off the Visible Heart® 

apparatus to then carefully positioned with our fixation apparatus where each heart was 

perfused with a formalin solution at physiological pressures head; this fixes each 

specimen in an end diastolic state, i.e., keeping the coronaries patent [9].  

Scanning and creating the models 

After a given heart has been fixed, the formalin solution could be easily rinsed with water 

for 24 hours to clear the formalin solution. Once rinsed, each fixed heart was taken to an 

X5000 micro-CT scanner (North Star Imaging, Minneapolis, Minnesota) where it was 

scanned using appropriate parameters for coronary stents. The scans were converted into 

Digital Imaging and Communications in Medicine (DICOM) images and reconstructed 

using a DICOM analysis software Mimics (Materialise, Belgium). Using Mimics, a high 

threshold masks were created to segment out the stent to create a 3D model to be 

exported into 3-Matic (Materialise, Belgium) shown in Figure 1a. Within this software, 

additional measurements and visual assessments were performed to evaluate each 

resultant bifurcation stent procedure.  

Performing measurements 

Each stent underwent a series of steps and manipulations within 3-Matic to ensure that 

the measurements obtained were consistent, regardless of technique. First, an artificial 
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blood volume was made using the ñwrapò function with a large enough ñclosing gapò 

value to ensure a full volume as shown in Figure 1b. The next step was to create a 

centerline from the newly created blood volume (Figure 1c). Since the centerline was 

created from the wrapped volume around the stent, it was assumed that it was an 

appropriate centerline for the stent itself. 

 

Figure 1. a) After a stent is rendered using a high-density mask in Mimics, it must then be exported into 3-

Matic. b) Once in 3-Matic, an artificial volume is generated by wrapping the stent. c) The generated blood 

volume is used to create a centerline of the stent. d) Planes normal to the centerline are created to allow the 

separation of the stent into separate section and allow for the measurement of the bifurcation angle. e) The 

POC is one of the four segments created and it is used to measure the bifurcation angle as well as (f) the 

area of the distal MV and proximal MB and SB. 

 

The newly created centerline was then used to identify six regions of interest; the 

proximal main vessel, distal main vessel, proximal main branch, distal main branch, 
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proximal side branch and distal side branch. The process began by locating where the 

centerline first straightens from the bifurcation vertex into each of the three vessels. In 

doing so, the distal main vessel, proximal main and side branch have been identified, thus 

creating a polygon of confluence (POC) [10]. The remaining three regions (proximal 

main vessel and distal main and side branch) were identified as the point along the 

centerline most distal to the bifurcation vertex. Once all regions were identified, a plane 

normal to the centerline was generated at each site (Figure 1d). 

The bifurcation angle was calculated by using 3-Maticôs 3-point method. The three points 

used in each bifurcation measurement was 1) the point where the centerline intersects the 

proximal main branch plane, 2) the bifurcation vertex and 3) the point where the 

centerline intersects the proximal side branch plane. At this point, each plane created was 

used to ñcutò the blood volume into four segments; the main vessel, main branch, side 

branch and POC (Figure 1e). Once segmented, each face that corresponding to our six 

regions of interest was highlighted so that 3-Matic can automatically calculate the area 

(Figure 1f). Lastly, the length of each carina was measured from the point where both 

stents first intersect to the furthest protrusion point within the POC.  

Bifurcation Evaluation  

A well experienced academic member of the European Bifurcation Club (EBC) 

volunteered to evaluate this array of bifurcation procedures performed within reanimated 

swine hearts. The evaluation procedure consisted of a single blind study where the 

operator who reconstructed the models displayed one model at a time to the grader 

providing multiple visual points as shown in Figure 2. In short, the grader was asked to 
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carefully consider the main vessel (MV), main branch (MB) and side branch (SB) 

segments, the POC, the resulting metallic carina and overall stent shape. Once the grader 

was comfortable inspecting all points of the stents, they were asked to fill out a score 

sheet to grade the quality of the bifurcation technique itself on a scale of 1-10. After 

scoring, the grader was asked to provide a few comments to justify the score given. Each 

model was assigned a random identification number and sub-categorized into the 

different techniques groups which was discussed in detail in the following section.  

 
Figure 2. a) The grader was asked to focus onto four segments of the bifurcation stent; the MV, MB, SB 

segment as well as the POC. b) Within the POC, the grader was given a perspective from within the lumen 

to more closely evaluate the newly developed metallic carina.  

 

The Techniques 

Since bifurcation techniques began to be used in clinical practices, modifications to these 

techniques are constantly being made so to ultimately improve patient outcomes. The 

earliest of the bifurcation models preserved in fixed swine coronaries used for the present 

study dates to April 2016. Thus notably, the recommendations on when and how to 

perform these various bifurcation procedures have evolved over time and thus some of 

those evaluated here were not done so with current clinical guidelines. Therefore, we 

cannot categorize outcomes based on the exact procedural steps performed but rather as 

more generalized results. 
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Provisional 

This bifurcation stenting technique is the only one that utilizes a single stent and is the 

preferred technique recommended by the EBC because it is the least technically 

demanding technique. Further, this approach minimizes the amount of foreign material 

introduced into the body; but also allows for the clinical flexibility to implant a secondary 

stent if deemed necessary. At the given coronary bifurcation, the stent is introduced and 

deployed in the vessel with the most disease. After successful implantation, the second 

branch is rewired to allow the advancement of a balloon to optimize flow or make patent, 

the said side branch using a kissing balloon technique [11]. A completed provisional is 

shown in Figure 3a, b. Following the amended MADS guidelines in the 14th EBC 

consensus [4] this procedure can be left as is or an additional stent can be added, 

converting this provisional into a T, TAP or culotte technique (see appropriate sections 

below). 

T/TAP 

Following the MADS guidelines, a T or TAP procedure are other potential candidates if a 

second stent is considered to be needed immediately following a performed provisional 

technique. An additional stent can be advanced and deployed in the second branch where 

the proximal end of the stent does not protrude into the first stent resulting in a T 

technique, shown in Figure 3c, d. A TAP is a subtle variation of the T technique where 

the proximal portion of the second stent protrudes into the first, resulting in a slight 

overlap, shown in Figure 3e, f. The overlap of struts resulting from a TAP is not as 
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drastic as that of the culotte, therefore no additional rewiring to patent the opposing 

branch is considered necessary relative to determined guidelines. 

Culotte 

This technique is also one of the procedures which could follow an initial provisional 

deployment. More specifically, after patenting the second branch, a second stent is 

advanced and deployed in said branch with the proximal portion overlapping the first 

stent. This overlapping dual layers of stent struts is a key characteristic of the culotte 

procedure and is highlighted in Figure 3g, h. The implantation of this second stent 

obstructs flow into the vessel where the first stent was placed, therefore additional wiring 

and a kissing balloon techniques are needed to regain proper flows in both coronary 

branches. 

Crush/DK Crush 

These procedures are considered today as one of the more technically demanding as they 

are considered an ñupfront two stent techniqueò. This means the operator cannot bail on 

the procedure after implanting only the first stent. The side branch stent is implanted first 

and then it is subsequently, as the name suggests, crushed along the main vessel wall. 

This results in a section of multiple stent strut layers along one portion of the main vessel, 

which is the crushôs unique characteristic, as shown in Figure 3i, j. Once crushed, the 

secondary stent is deployed in the main branch and along the main vessel overlapping the 

crushed portion. Like the culotte, a kissing balloon is needed to patent both branches and 

complete the crush procedure. However, there are times where a second kissing technique 

is performed as an intermediate step before the second stent implantation. Crush 
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procedures were double kissing (DK) techniques are used are referred to as DK crush 

procedures.  

 

Figure 3. During the evaluation process, the grader was given as much time as they desired to carefully 

observe a full 360 view of the outside of the stent as well as within stent lumen to better evaluate the POC 

of provisional (a,b), T (c,d), TAP (e,f), culotte (g,h), crush and DK crush (i,j). 

Results 
 

All bifurcation stents used in this study (n=53) were successfully 3D reconstructed to 

allow for post-implant measurements and evaluation. By having a single user use the 

same criteria to score bifurcation stents implanted in unique anatomy, we were able to 

determine how each technique performed in various anatomies. By analyzing these 
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results, we are now closer to determining which techniques perform best in certain 

anatomies and what particular configurations yield better or worse results. 

In this study, we wanted to ensure that we had a minimum sample size of 8 per technique. 

This was achieved for all techniques with the exception of the Crush; as clinical data has 

shown that the DK Crush technique is superior to the Crush, and therefore visiting 

physicians no longer performed said technique. Despite this, a relatively equal 

distribution was achieved with most physicians opting to perform a Culotte technique, as 

shown in Figure 4a. After determining the average scores, it was found that the single 

stent provisional technique performed best and the Crush techniques (both single and 

double kissing) performed the worst (Figure 4b). Lastly, we gathered the scores for all 

techniques to determine an overall average, along with upper and lower quartile averages. 

Any procedure that had a score below the interquartile range was deemed ñunacceptableò 

(in red), within the interquartile range was deemed ñacceptableò (in yellow) and any 

score above was deemed ñsuperiorò (green) as shown in Figure 4c. 

By using the methodology described in this work, we were able to successfully and 

reproducibly obtain bifurcation angles, carina lengths, lumen areas and diameters 

regardless of the technique. By obtaining the stentôs inner lumen area at proximal and 

distal portions of the three segments (two in the case of provisional), we were also able to 

determine the tapering at each segment by using the distal measurement as a reference. 

This is because when interventionalists implant coronary stent, they typically size in 

accordance to the distal diameter and not the proximal. This allowed for us to determine 

how different anatomical and stent characteristics result in different scores based on the 

technique used. 
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Figure 4. a) Creating a pie chart of the distribution of techniques show relatively equal distribution except 

for crush and culotte techniques as previously described in the text. b) Average scores along with their 

standard deviations allow us to look at how techniques compared with one another in all anatomies. c) By 

looking at the distribution of the scores given for all procedures, we established that scores of 9-10 are 

considered superior, 4-8 are acceptable and 1-3 are unacceptable. 

 

Discussion 
 

In this study we presented a new methodology to create the polygon of confluence for a 

bifurcation stent. Previous studies have generated 3D models of bifurcated lesions from 

two 2-D fluoroscopic images. While this is a viable noninvasive method that is used in 

the clinical setting, it does have its limitations as the resulting 3D anatomy could vary 

depending the on two 2D projections obtained which could, as a result, vary the 

measurements obtained from the 3D image. We believe this method to be superior as it 

does not matter how the bifurcation stent is viewed as the resulting measurements, angles 
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and areas will be the same as this method takes the 3D geometry into consideration from 

the beginning.  

We also want to address the consistency of our graderôs scores. Grading was performed 

in two sessions; 40 bifurcations were graded in February 2020 and 17 more were graded 

in February 2021. In the second grading session, 4 of the 17 bifurcations were randomly 

selected from the first session to ensure that scoring remained consistent. Table 1 shows 

the original and second score of the four bifurcation stents that were randomly chosen for 

regrade. We can conclude that our expertôs scoring was reliable as the procedures that 

were regraded fell within 1 point of the original score. 

 Score Feb. 

2020 

Score Feb. 

2021 

Culotte 7 7 6 

DK Crush 7 8 9 

Provisional 1 8 7 

TAP 5 3 2 

Table 1. The procedures in this table were randomly selected and blindly evaluated twice by the grader 

with one year apart. As the grader was instructed to follow the same criteria for both evaluations, the 

second scores were only 1 point off (on the same 10-point scale) from the original score. 

 

Figure 5, shows the resulting stent bifurcation angle in relation to the score received for 

each technique. As we can see from the graphs, T and Culotte techniques typically 

performed better in larger bifurcation angles while Provisional and Crush achieved worse 

results as angles increased and TAP and DK Crush showed no trends. This further shows 

that each techniqueôs unique stent to stent interactions in specific anatomies can 

determine how overall stent results. When looking at carina lengths (Figure 6), all 

techniques scored worse the longer the carina was with the exception of the Crush 
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procedure. This was not unexpected as longer metallic carinas mean that there is a larger 

amount of ñfloating strutsò which could result in an increased likelihood of thrombosis.  

 
Figure 5. Comparing bifurcation angles in relation to score by techniques showed that T and culotte 

procedures performed better as angles increased, provisional and crush performed worse as angles 

increased and TAP and DK crush showed no notable difference. 

 

When looking at stent tapering, we decided to focus on all three segments (two for 

provisional) for each technique, as shown in Figure 7. As previously mentioned, the 

distal measurement was used as a reference to compare to the proximal measurement to 

determine the type of stent tapering. In all main and side branches, the vast majority of 

procedures showed distal tapering of the lumen areas regardless of the bifurcation 
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technique. However, when it comes to the main vessel, there was general tapering trend 

as it varied per technique. This means that the POC is affected to greater extents and the 

resulting taper will vary depending on the technique. Further investigations would be 

needed to investigate more into POC variations between techniques.  

 

Figure 6. Comparing the length of the carina in relation to score by techniques showed that most 

techniques were considered worse the longer the resulting metallic carina. This was true for all cases except 

for crush techniques. 
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Figure 7. For all techniques, both MB and SB tended to taper distally past the bifurcation. However, 

tapering trends in the MV were shown to occur in both the proximal and distal portions depending on 

which technique is being observed. 










































































































































































