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Anastomosis Construction
The intellectual father of the sutured vascular anastomosis is Alexis Carrel (1873-1944), born in France. While 

most people think he was the fi rst developing a technique of connecting blood vessels, actually, the fi rst 

scientifi c report (less than two pages), describing the construction of an anastomosis with sutures, was 

written by the Russian military surgeon Nicholas Eck (1849-1908) and dated 1877.1 He constructed an end-

to-side portacaval anastomosis (later known as Eck’s fi stula) in 8 dogs, trying to demonstrate that a liver 

deprived of its portal blood could sustain life, with the ultimate goal to treat ascites. Seven dogs died, but 

the last one survived. The dog, in good condition, was observed for 2.5 months, after which he escaped 

from the laboratory and was never to be found. Eck concluded that the procedure was safe, but he could 

not perform more experiments; he had to go back to join the army. Ivan Pavlov (1849-1936) repeated Eck’s 

experiments in 20 dogs in 1893, also suturing a portacaval anastomosis.2 He mentioned in his report that the 

anastomotic size was unpredictable and not consistent. Nevertheless, the liver was deprived from blood by 

ligating the portal vein and the dogs with a good anastomosis suffered from ataxia and convulsions, followed 

by death. According to the authors, the dogs suffered from a syndrome called “meat intoxication”, because 

the symptoms could be augmented by a meat diet (modern diagnosis: hepatic encephalopathy). Years later 

(1906), Carrel ameliorated the anastomotic technique described by Eck and Pavlov and was the fi rst to develop 

a successful and reproducible technique of suturing blood vessels together.3, 4 A few years later (1912), he was 

awarded a Nobel Prize for his contribution to vascular anastomosis and transplantation.

Interestingly, the fi rst report of an anastomosis construction, described a technique of connecting blood 

vessels without sutures, but with a “connector”. In 1774, a French medical student, LeConte, used a quill pen to 

treat an injured femoral artery.5 Unfortunately, the successful treatment failed due to an infection. Moreover, 

before Carrel developed his suturing technique, Abbe described a sutureless technique to connect vessels 

with an intraluminal glass prosthesis in 1894,6 Nitze used ivory cuffs in 1897,7 and Payr used absorbable 

extraluminal magnesium rings in 1900,8 and a fl anged ring-pin system in 19049: all sutureless anastomotic 

connectors. 

So, in fact, an anastomotic connector is an old-fashioned idea. After Carrel’s suturing success, 

physicians have always been trying to develop a simplifi ed and automated alternative to the demanding, 

hand-sutured, surgeon-dependent anastomosis, requiring high dexterity. The additional incentive for the 

pioneering physicians in cardiac surgery was the high degree of diffi culty to suture on a moving target, since 

cardiopulmonary bypass (CPB) and cardiac arrest was not available and the materials and instruments were 

far from ideal. Finally, six decades later, in the fi rst clinical coronary artery bypass grafting (CABG) operation 

by Goetz,10 a sutureless anastomotic connector was used: a modifi ed version of the ring-pin system of Payr. 

Coronary Artery Bypass Grafting
As early as 1945, Vineberg was the fi rst to use an internal thoracic artery (ITA) to treat angina pectoris in 

humans caused by coronary artery disease.11-13 Instead of anastomosing the mammary artery directly to a 

coronary artery, he implanted the graft into the myocardium, with variable results in the relief of symptoms. 

In 1953, Demikhov described the use of the left internal thoracic artery (LITA) to directly graft the left anterior 

descending artery (LAD) in dogs, with graft patency confi rmed for up to two years.14 Demikhov used a 

sutureless connector: his personal adaptation of Payr’s technique.

In 1960, Goetz performed the very fi rst clinical CABG at the Albert Einstein College of Medicine – Bronx 

Municipal Hospital Center (New York, USA).10 He connected the right internal thoracic artery (RITA) directly 

to a coronary artery with a sutureless connector device: a modifi ed Payr’s cannula made of tantalum (ie, 

also known as the Rosenbach ring). The anastomotic construction time was only fi fteen seconds and did not 

require CPB. The patient, a 38-year-old male, survived, the postoperative angiography demonstrated a patent 

bypass, and he was free of angina for 12 months. Unfortunately, the patient died and this intervention was the 

fi rst and last bypass operation Goetz performed. His colleagues were violently against the procedure; the new 

and innovative technique did not fi t in the world of cardiothoracic surgery. A decade later, the procedure was 
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more accepted, and then, others got the credit. 

Sabiston, at Johns Hopkins Hospital (Baltimore, USA), performed the fi rst CABG operation using a 

saphenous vein conduit in 1962 and two years later Kolesov did the fi rst successful CABG using a LITA and 

anastomosed it to the left circumfl ex artery by standard hand-suturing.15 Over the next fi ve years he performed 

33 sutured and mechanically stapled anastomoses in Leningrad (now St. Petersburg). At that time, Spencer 

was also pioneering, and he was the fi rst American constructing a LITA-to-LAD coronary artery anastomosis 

in humans.16 

Since then, CABG has evolved into the gold standard therapy for patients with multivessel coronary 

artery disease. Despite advances in percutaneous interventional techniques, CABG remains among the most 

frequently performed operations.17

Off-Pump and Minimally Invasive Coronary Artery Bypass Surgery
In the nineties, “off-pump” coronary artery bypass surgery (OPCAB) gained renewed interest18-20 due to the 

desire to reduce the morbidity associated with “on-pump” CABG. Essential components of the operation such 

as the use of CPB, clamping of the aorta, and the necessity to arrest the heart could lead to thromboembolic 

complications, excessive fl uid retention, blood transfusions, neurologic complications, global myocardial 

ischemia, renal failure, lung dysfunction, and a systemic infl ammatory response.21-23 Kolesov already observed 

these drawbacks.24 In addition to be the fi rst surgeon to use a coronary stapling device clinically, he was also 

the fi rst “OPCAB-believer”. In the sixties, he believed that the global infl ammatory response following CPB 

introduced too great a risk to justify its application in CABG. So, Kolesov continued to perform CABG off-

pump with the purpose to reduce the associated surgical trauma. Between 1964 and 1974, only 18% of the 

CABG procedures performed by him were on-pump.25 

The renewed interest for OPCAB surgery was also driven by innovation, specifi cally by the development 

of cardiac stabilization devices. The Utrecht group of Borst et al. played a major role in this global boost 

toward off-pump and “less invasive” CABG.26-28 They developed a cardiac stabilization device, the Octopus,29-31 

and performed a thorough experimental and clinical evaluation of this device, which eliminated the need for 

CPB, aortic clamping, and cardiac arrest. 

Current studies comparing off-pump versus on-pump CABG do not show superiority of off-pump over on-

pump surgery. In low risk patients, no signifi cant reduction in mortality or major postoperative complications 

has been demonstrated.32, 33 However, many reports of experienced off-pump surgeons have shown favorable 

results applying off-pump techniques in high-risk patients with left ventricular dysfunction, prior stroke, 

renal insuffi ciency, and signifi cant atherosclerotic disease of the ascending aorta. Advances in these patients 

included reduced risk of early morbidity such as stroke, wound and respiratory infection. These patients had 

a lower demand for blood transfusion and a shorter hospital stay.34-43 The evidence from meta-analysis is 

strong that clamping the aorta during CABG increases the risk of postoperative stroke. Hence, a no-touch 

aorta technique has the lowest risk for postoperative stroke for patients undergoing CABG.44, 45 More insight 

in the benefi t of OPCAB surgery might be demonstrated with a future large prospective randomized trial, 

performed by experienced off-pump surgeons, ideally with a reliable anastomotic connector. This facilitates 

the construction of the anastomosis onto the beating heart and thus simplifi es the OPCAB procedure. Such 

a connector could eliminate the potential fl aws of the surgeons’ skill by hand-suturing the anastomosis and 

will result in a more standardized and reproducible construction with a more predictable result and less bias.

Minimally invasive CABG with thoracoscopic or robot-assisted operation techniques,46-48 and less invasive 

CABG via a lateral thoracotomy,49, 50 are sternal-sparing procedures that reduce the size of the incisions. These 

procedures may reduce morbidity like deep sternal wound infection and can markedly reduce transfusion 

rates, patient recovery time, hospital stay, and costs.50-52 Despite the potential benefi ts for a subset of patients 

(eg, patients with diabetes, chronic obstructive pulmonary disease, or obese patients) in need of coronary 

revascularization and satisfactory results,53 adoption of these techniques has not been widespread. One of 

the reasons is that an off-pump, minimally invasive approach for CABG is technically very challenging: the 
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dexterity requirements to construct the anastomosis increase signifi cantly, potentially resulting in a less 

quality anastomosis, and hence, unfavorable long-term patency results. Moreover, complete revascularization 

is often not feasible, or extremely challenging, with prolonged operative time and prolonged operator learning 

curves.53 

Some surgeons argue that in high-risk CABG patients, the potential best treatment is a “hit-and-run” 

hybrid procedure.54-56 In this minimally invasive, sternal sparing procedure, a LITA-to-LAD bypass graft is 

combined with a PCI of the remaining obstructed coronary arteries. However, not all coronary arteries are 

suitable for additional PCI and the benefi t of complete surgical revascularization may outweigh the operative 

risk.57 

In case an anastomotic connector could alleviate the increased dexterity required for anastomosis 

construction in minimally invasive CABG, complete revascularization could be realized. This thought boosted 

the revival of old concepts and the development of new anastomotic connectors. However, in contradiction 

to the incentive of the pioneers in the beginning of the 20th century, now with the incentive to reduce the 

morbidity associated with the surgical trauma of CABG. Thus without CPB, aortic clamping, and cardiac arrest, 

and via small surgical incisions with almost a “PCI-like invasiveness”, though with the long-term benefi ts of 

total arterial complete surgical revascularization.57  

Coronary Anastomotic Connectors 
The trend toward less invasive CABG resulted in the development of anastomotic connectors. Reducing 

the dexterity requirements for anastomosis construction by a connector could facilitate minimally invasive 

construction. Century old concepts58 were recycled and revitalized and in a fast tempo clinically evaluated. 

Due to disappointing results or insuffi cient commercial support, many ideas had to be rejected.59 Staplers, 

surgical glue and sealants, rings, frames, and clips, magnetic connectors, and laser-welding, to mention a few 

of the techniques which have been evaluated.60-71 According to a report by Scheltes et al., 57 patents for distal 

coronary anastomotic connectors had been published between 1970 and 2001.72

A program to develop a coronary anastomotic connector is demanding, due to the major consequences 

and risks of its application during and after bypass surgery. Flaws in the anastomotic construction may cause 

immediate technical failure by vessel obstruction and myocardial infarction or late failures due to a disturbed 

anastomotic healing and intimal hyperplasia. The small size of the coronary arteries and the relatively low 

blood-fl ow in the coronary circulation, involving thrombogenic risks, pose high demands for precision.73-75 

There is hardly any room for mistakes when one is working in this delicate area.

 One of the key principles in anastomosis construction is the intima-to-intima apposition.4 Opposing the 

graft’s intima to the intima of the receiving coronary artery is believed to be the “holy grail” in anastomosis 

construction. It is believed to result in superior long-term results regarding anastomotic patency. Accordingly, 

an anastomotic connector should respect this principle to minimize the thrombogenic risks and maximize 

anastomotic patency, however, it poses major limitations for design strategies.

Intima-to-intima apposition requires vessel wall eversion. Deforming the vessel wall for this purpose leads 

to a high stress concentration in the corners of the coronary arteriotomy. The vessel wall tends to rupture when 

folded over the anvil of a connector and excessive wall strain may promote early anastomosis occlusion.72

Experimental studies have been exploring the possibilities for alternative vessel wall apposition. Despite 

the afore mentioned key principles of anastomosis surgery, it was demonstrated that intima-to-adventitia 

vessel wall apposition could yield patent anastomoses with a limited intimal hyperplasia response in a 

porcine carotid artery bypass graft model.76 The patency of an intima-to-adventitia anastomosis, with a small 

adventitial edge of 0.2 mm exposed to blood, was not inferior to conventional intima-to-intima constructed 

anastomoses in an internal thoracic-to-coronary artery anastomosis in a porcine model. Even under low-fl ow 

conditions (up to 15 mL/min), no difference in patency was observed.77 These fi ndings expanded the horizon 

for design strategies toward accepting unconventional alternative vessel wall apposition other than intima-

to-intima.
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Scheltes et al. described the concept of blood-exposed non-intimal surface (= BENIS) and compared 

the BENIS area in device-constructed anastomoses to the conventionally sutured anastomosis.72 In their 

connector-facilitated anastomoses, the total BENIS area ranged from 4.3 - 80 mm2, compared to 1 - 6 mm2 

in hand-sutured anastomoses. The BENIS can be further subdivided in tissue- and foreign-BENIS. The tissue-

BENIS depends on the apposition, anastomotic orifi ce size, and wall thickness, whereas the foreign-BENIS 

depends on the connector component’s location and size. In developing anastomotic connectors, the BENIS 

area should ideally be kept to a minimum.59

The patency rate does not depend solely on the amount of BENIS. A signifi cant factor in anastomotic 

patency is the amount of tissue injury resulting from the anastomosis construction. Mechanical damage and 

stresses onto the vessel wall could result in late stenosis or occlusion by gradual intimal hyperplasia, or 

acute thrombosis by intimal damage.78, 79 Additionally, fl ow profi les directly related to the geometry of the 

anastomosis,80, 81 anastomotic compliance,82, 83 wall shear stresses,75 and fl ow through the anastomosis,73, 74 

affect intimal hyperplasia and anastomotic patency. 

If foreign material is being used and positioned intraluminal, it is permanently exposed to the bloodstream, 

unless it is endothelialized. Not only the quantity or foreign BENIS area, but also compliance,82, 83 and material 

characteristics84 play an important role in the biological healing process. Anastomotic non-compliance results 

in more wall stress around the anastomosis, potentially increasing the development of intimal hyperplasia.85, 

86 The biological characteristics of the foreign material with regard to infl ammation response, platelet binding, 

and thrombin formation, play an important role in selecting a suitable material for the connector. Some 

materials could promote intimal hyperplasia and lead to a gradual stenosis or even induce a direct thrombotic 

occlusion. The mechanical behavior in terms of strength, fl exibility, and durability and the treatment of the 

surface of a foreign material can completely alter the biological behavior of the material.87 

The Ideal Coronary Anastomotic Connector
Taking all the above in consideration, theoretically, an anastomotic connector should accord to the following 

conditions:

Handling and Practical Use

 ■ Easy-to-use: simplifi ed construction. 

 ■ Safe, reliable, and standardized construction with predictable and reproducible results in terms of:

 ■  vessel wall apposition 

 ■  strong but atraumatic approximation resisting a supraphysiologic blood pressure (300 mm Hg) 

 ■  hemostasis: avoiding extra handling like an extra hemostatic stitch

 ■  anastomotic geometry: no impediment to fl ow

 ■ Feasible on the arrested, as well as on the beating heart: enabling a simplifi ed and reliable construction 

on a moving target. 

 ■ Low-profi le device: facilitating minimally invasive approaches, thus enabling expediency in a small, 

impaired workspace, in a direct approach (eg, MIDCAB) or endoscopic (TECAB).

 ■ Fast construction time: timesaving, with this minimizing myocardial ischemia and operating time. 

 ■ Safe bail-out in case of device malfunctioning: possibility to re-do the anastomosis (connector-facilitated 

or hand-sutured).

Vessel Wall Damage and BENIS

 ■ Minimize tissue trauma, minimize graft manipulation, and avoid intimal contact: minimizing thrombogenic 

risks and intimal hyperplasia formation. 

 ■ BENIS area close to zero. Ideally, an intima-to-intima confi guration (tissue-BENIS zero) and minimal 

exposure of the implanted device to the blood stream (material-BENIS). When there is exposure, 

controlled neointimal growth covering the implanted device is required: minimizing thrombogenic risks. 

 ■ Biocompatibility: avoid a chronic excessive infl ammation or rejection reaction as a result of the used 
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material.

Patency

 ■ Durable and long-term effectiveness: non-inferior long-term patency compared to the conventional 

hand-sutured anastomosis.

Versatility

 ■ Applicable to remote (ie, diffi cult to reach) regions of the heart, with distal and proximal coronary targets: 

accommodating a coronary diameter and vessel wall thickness encountered in clinical practice (± 1.0 – 3.5 

mm inner diameter and 0.3 – 1.2 mm, respectively).88, 89 

 ■ Applicable to all conduit types: venous (eg, saphenous vein) and arterial (eg, ITA and radial artery), 

accommodating a graft diameter and vessel wall thickness encountered in clinical practice (± 1.5 – 6.0 

mm and 0.1 – 0.7 mm, respectively).90-92

 ■ Feasible with different approaches of grafting: side-to-side, end-to-side, single, sequential, Y- or T-graft 

anastomosis.

 ■ Interchangeable proximal/distal sequencing of the anastomosis.

Atherosclerotic Coronary Arteries

 ■ Feasible to both healthy and atherosclerotic coronary arteries: same targets a hand-sutured anastomosis 

is constructed on. 

Clinical Distal Coronary Connector - Micromechanical Bonding
At this time, only one distal coronary anastomotic connector is clinically in use, the C-Port System (Cardica, 

Inc., Redwood City, CA, USA). This stapler-based device enables construction of an end-to-side distal coronary 

anastomosis, resulting in an intima-to-adventitia apposition, and is applicable to a vein or arterial graft. It 

is suitable up to 1.25 mm diameter vessels and the new generation (ie, Flex A) is developed for minimally 

invasive approaches. 

In a prospective randomized controlled study, Verberkmoes et al. constructed distal coronary anastomoses 

with a vein graft by using the C-Port xA system and demonstrated comparable patency results to the 

conventional hand-sutured anastomosis at 12-month follow-up (86 versus 88%).93 Additional stitches were 

necessary in 22 (76%) patients of the device group to obtain hemostasis and 7 (9%) patients with severely 

diseased coronary arteries were excluded. However, the authors comment that the highly selected patient 

group could have positively infl uenced the patency results.

Balkhy et al. described 120 patients undergoing totally endoscopic coronary artery bypass grafting 

using the da Vinci robot with the aid of the Flex A distal anastomotic device and U-clips.94 Eighty-fi ve Flex A 

constructed anastomoses with the internal mammary artery graft in 68 patients were evaluated and 80 were 

patent at a mean of 4 months (94.1%). The patency in 56 LITA-to-LAD grafts was 98.2%. The surgeon of this 

group anticipated bleeding of the anvil hole by placing an anvil stitch before anastomosis construction.

Despite the excellent clinical results, this micromechanical bonding technique is not widely and routinely 

used in everyday practice. This could be explained by the technical challenges starting with the technique; it 

takes a while before a certain level of confi dence exists (ie, learning curve). More importantly, in about 20% 

of cases leakage from the toe can be expected,94 and in addition, the need for an additional hemostatic suture 

to close the anvil hole is undesirable, especially in minimally invasive approaches. Finally, the application 

mechanism is quite bulky and the cost for this technology is high. Thus, this connector is not particularly easy-

to-use, with an extended learning curve, not reliable in terms of hemostasis, it cannot facilitate side-to-side 

and sequential grafting, and the application system is not low-profi le, potentially introducing diffi culties in 

facilitating construction on remote areas of the heart. 

Lasers in Anastomosis Construction
Various ways to connect vessels have been described, from magnetic couplers to several stapler devices, 
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but also lasers. After Yahr et al. described the use of a neodymium laser to construct an anastomosis for 

the fi rst time in the sixties,95 various kinds of lasers have been used in anastomosis construction and vessel 

repair by melting or welding vessel walls. In 1979, Jain et al. demonstrated a technique for repair of incisions 

in small blood vessels (diameter, 0.3 – 1.0 mm) in the rat using a Neodymium - Yttrium-Aluminium-Garnet 

(Nd:YAG) laser.96 It was possible to seal the incision without the use of sutures and to preserve the lumen 

of the vessel. Frazier used in 1985 a low-powered carbon dioxide laser to perform end-to-end anastomoses 

of growing femoral arteries (diameter, 1.6 mm) in miniature swine.97 After 13 weeks, all nine laser-assisted 

anastomoses were patent, functional, and free of stenosis and the  laser  induced minimal or no fi brosis. 

Quigley et al. assessed the extent of myointimal proliferation after both suture and carbon dioxide laser-

assisted microvascular anastomosis in the rat femoral artery model.98, 99 At 2 weeks the average intimal height 

of the laser-anastomosed vessels was signifi cantly smaller than found in the sutured arteries, however, the 

results were equivalent by 6 weeks. Their next paper, however, showed the major drawback of laser-welding 

with a carbon dioxide laser: aneurysm formation.100 In a series of 125 adult rats, end-to-end anastomoses of 

the femoral artery were constructed, using either a carbon dioxide laser or the conventional suture technique. 

The rate of late aneurysm formation (1 week or longer after operation) for the laser group was 30% (20/67). In 

addition, in 1989, Shapiro described end-to-side, laser-assisted vascular anastomosis construction by using 

a Nd:YAG laser on rat carotid arteries.101 The anastomotic patency was 86%, however, aneurysm formation 

occurred in 23%. Laser welding thus introduces a signifi cant amount of vessel wall damage, resulting in 

adverse remodeling over time.

Consequently, laser-assisted anastomosis construction lost interest, until in 1993 Tulleken et al. found 

a new way for laser-assisted anastomosis construction with an excimer laser: the excimer laser-assisted 

nonocclusive anastomosis (ELANA) technique.102 This technique enables a nonocclusive connection of a 

bypass graft to a recipient artery. First, the 2 vessels are connected with sutures, and subsequently, a laser 

creates an opening by laser-punching the arterial wall (ie, no laser welding) without occlusion of the recipient 

artery. Hence, the construction is associated with zero ischemia during the whole construction.

ELANA Technique – A Paradigm Shift
Former chief of the Department of Neurosurgery of the University Medical Center Utrecht, the Netherlands, 

neurosurgeon prof. dr. Tulleken, is founder of the ELANA technique. He started in 1979 to develop techniques 

to operate on cerebral arteries with reduced ischemia time, enabling treatment of patients never considered 

treatable. Those patients suffer for example from life threatening giant cerebral artery aneurysms. If operated 

conventionally, with a hand-sutured bypass, the arterial occlusion time required for constructing the bypass 

would result in brain ischemia with subsequent brain damage. This stresses the signifi cance of a nonocclusive 

(ie, zero ischemia) technique.

Interestingly, to reduce ischemia time, prof. Tulleken ignored the general assumption in anastomosis 

construction, ie, to appose the intima of the graft to the intima of the recipient, and hence, Tulleken’s fi rst step 

in anastomosis construction was to suture the graft onto the recipient, before the arteriotomy.103 Just before 

placing the fi nal sutures, the recipient artery was occluded and the arteriotomy created by excising a disk of 

arterial wall. A small rim of adventitia of the recipient artery remained blood-exposed inside the anastomosis. 

Strikingly, after 3 weeks, scanning electron microscopy showed complete endothelialization of the anastomotic 

line. This idea was further developed toward complete nonocclusive anastomosis construction. Via a side-port 

of the graft a Nd:YAG laser was introduced and positioned onto the recipient artery.104 Following lasering 

through the arterial wall, the laser was retrieved, and the side port closed with sutures, all without occlusion 

of the recipient artery. After experimental testing in a rabbit model, the fi rst patient was treated successfully. 

The laser-assisted technique was further ameliorated, because the adventitia of the recipient artery had fi rst 

to be dissected before lasering, introducing potential surgical risks (ie, bleeding). 

An excimer laser was then evaluated for the nonocclusive anastomosis construction. However, the solid tip 

of the laser created separate small holes in the recipient artery, instead of one suffi cient orifi ce, which resulted 
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in disappointing patency results. Therefore, the laser catheter was modifi ed to enable laser-punching a round 

disk of arterial wall. The new laser catheter consists of a double circular row of laser fi bers with centrally 

located a vacuum lumen.102, 105 The vacuum lumen enables retrieval of the laser-punched round fragment of the 

arterial wall by vacuum suction. However, experimental testing demonstrated that the laser-punched fragment 

was not completely circumferentially excised and remained inside the lumen of the anastomosis. The lateral 

sides were not adequately excised, which was caused by the natural curvature of the recipient artery. The 

excimer laser requires tissue contact to adequately laser through the vessel wall. Without a straight surface, 

the laser-tissue contact is inadequate. Tulleken and his team found the solution: a ring. A round open platinum 

ring was sutured onto the recipient artery, ensuring a straight surface of the recipient artery wall. With the ring, 

the lateral sides of the laser catheter do have perpendicular laser-tissue contact. Subsequent experimental 

studies with the Excimer Laser-Assisted Nonocclusive Anastomosis (ELANA) technique showed favorable 

patency results and the fi rst patient was operated in 1993 in the UMC Utrecht.105 Currently, this technique 

is still being clinically applied in neurosurgical practice and in 2011 the ELANA technique received its Food 

Drug Administration (FDA)-approval. In medical science this technique is quite unique and revolutionary; after 

years of conventional anastomosis construction (ie, fi rst the arteriotomy and second suturing the intima-to-

intima vessel wall approximation, all with interrupted recipient blood fl ow), a paradigm shift was introduced 

of fi rst the vessel wall apposition (ie, adventitia-to-intima) and second the lasered-arteriotomy, resulting in 

zero-ischemia during construction, hence, enabling treatment of patients never considered treatable.

Aim and Outline of the Thesis
The aim of the described research in this thesis is to develop and evaluate a new coronary anastomotic 

connector, which is based on the unconventional principles and simplifi ed basics of the ELANA technique. It 

should ultimately enable a simplifi ed, sutureless, and reliable connection of the graft to the coronary artery 

and it should result in a comparable patency as the conventional hand-sutured anastomosis on the long-

term. Moreover, the easy-to-use connector should enable construction of the anastomosis via a less invasive 

surgical approach (sternal-sparing), and ultimately, via a (robot-assisted) thoracoscopic approach.

As earlier described, many attempts have been made to develop a coronary anastomotic connector, but 

currently, only 1 distal coronary anastomotic connector is sparsely being used clinically (ie, Cardica C-Port). 

Undoubtedly, our aim to develop an anastomotic connector is extremely challenging. However, owing to the 

unique characteristics of the ELANA technique, it basically introduces a whole new concept of anastomosis 

construction that has potential to fi ll the missing link toward expansion of minimally invasive CABG. The 

essential of the ELANA technique is the two-step approach: fi rst, the graft is connected to the recipient artery 

with a connector device, without occlusion of the recipient artery and before making the arteriotomy of the 

recipient artery, this in sharp contrast to the conventional anastomosis construction. The second step is making 

the arteriotomy, which is created in a standardized, simplifi ed, and automated fashion by a laser, completely 

nonocclusive, ie, without interrupting the native coronary artery fl ow. This step enables the construction of 

an anastomosis in a bloodless surgical fi eld and without occlusion of the coronary artery, so hence, resulting 

in zero myocardial ischemia. In comparison to the single distal coronary anastomotic connector clinically 

in use (ie, Cardica C-Port), this two-step approach is particularly unique: it discards the need for snaring or 

handling of the coronary artery with a separate incision or a standard hemostatic stitch, thus resulting in less 

manipulation, and the application system is low-profi le. Thus hereby simplifying the off-pump procedure and 

being a particular interesting concept for minimally invasive CABG. 

This research project did not start with a fi nalized, cardio-surgical market ready product, but instead, it 

began with the original and unique concept used in neurosurgery, in which the approximation of the graft 

to the recipient is executed by suturing a ring onto the vessels and, moreover, which is only applicable to 

large caliber vessels (> 3 mm outer diameter) with a much higher arterial fl ow compared to the smaller 

coronary targets in CABG surgery.73, 74 Hence, the amelioration and further development of the basic concept 

of the ELANA technique toward a preclinical, sutureless, coronary anastomotic connector, applicable to small 
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caliber coronary arteries in a minimal invasive surgical approach, will be described in the course of this thesis: 

A Journey into the Development and Preclinical Evaluation.

Part A – The Slide Connector
Chapter 2: The feasibility of a fi rst-generation ELANA-based prototype connector, the “Slide connector”, is 

evaluated in an acute rabbit abdominal aortic-bypass model. In addition, two surgical sealants are tested to 

facilitate optimal anastomotic hemostasis in the current device prototype.

Part B – The Clip Connector
Chapter 3: The feasibility and anastomotic healing of an ameliorated second-generation ELANA-based 

prototype connector, the “Clip connector”, is evaluated in an acute rabbit study and in a long-term porcine 

OPCAB study.

Chapter 4: This pilot study extensively evaluated the anastomotic healing of the Clip connector at 6 months in 

a porcine OPCAB model by multiple imaging modalities.

Part C – The Trinity Clip Connector
Chapter 5: This protocol-based paper is supported by an online video of a third-generation ELANA-based 

prototype connector, the “Trinity Clip connector”, which is further ameliorated toward clinical application. 

Design modifi cations of the connector and the excimer laser catheter enable a completely sutureless 

construction on to clinically relevant, small caliber coronary arteries. The paper extensively outlined the 

procedural steps of the anastomotic construction in a porcine OPCAB model. Furthermore, multiple options 

are described for intraoperative, postoperative, and postmortem assessment of the anastomotic quality.

Chapter 6: In this study, the effi cacy of the Trinity Clip is evaluated on human diseased ex vivo coronary 

arteries. Additionally, the acute laser effects onto small caliber target coronary arteries were initially assessed 

in an ex vivo (porcine heart) model, which was subsequently followed by the evaluation in an in vivo rabbit 

model (carotid and femoral arteries), and fi nally validated in the porcine OPCAB model.

Chapter 7: This pilot study evaluated the feasibility of total arterial minimally invasive direct coronary artery 

bypass (MIDCAB) surgery by using the Trinity Clip anastomotic connector in an acute porcine model.

Chapter 8: This preclinical safety study evaluated the Trinity Clip on small caliber coronary arteries in a long-

term porcine OPCAB model. The patency, healing, and hemodynamic function of the connector-facilitated 

anastomoses were compared to the hand-sewn anastomoses.

Part D – Discussion and Future Development
Chapter 9: This chapter discusses the fi ndings in this thesis in the light of the in Chapter 1 mentioned criteria 

for an ideal coronary anastomotic connector.

Chapter 10: This fi nal chapter outlines the future development and challenges toward clinical application.

Introduction and Objectives
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Figure 1. The round platinum ELANA ring (ELANA b.v., Utrecht, The Netherlands), with an inner diameter of 2.8 mm

Figure 2. ELANA technique

A and B: Two grafts are mounted onto the platinum ring and subsequently sutured end-to-side to the recipient artery, proximal and distal of the 

aneurysm. 

C: The ELANA catheter is introduced via the graft, exactly into the ring and onto the recipient artery (see magnifi ed subsection). Vacuum suction is 

initiated and an opening into the recipient artery is laser-punched under full native fl ow, without occlusion of the recipient artery. 

D: The laser catheter is retrieved, including the laser-punched disk of arterial wall, the fl ap. This is repeated for the distal bypass.

E: Both grafts are temporarily occluded with a clip and the free ends of the two bypass grafts are sutured together in an end-to-end fashion. 

F: The clips are removed from the donor vessels, completing the bypass.

G: The aneurysm is totally excluded from the circulation and the bypass replaces the fl ow.

The ELANA Ring
As described in the Introduction of this thesis, Tulleken and his team ameliorated the laser-assisted anastomosis 

technique by developing a round open platinum ring, which was sutured onto the recipient artery, ensuring a 

straight surface of the recipient artery wall. The fi rst experimental studies with the ELANA technique showed 

favorable patency results and subsequently, the fi rst patient was operated in 1993 in the UMC Utrecht. 

Preface Part A: The  Slide Connector

A B C

D E F

G



27

Figure 3. Vacuum pump (Medela Dominant 50 Pump, Baar, 

Switzerland)

Figure 4. Excimer laser (CVX-300, Spectranetics Corp., Colorado Springs, 

CO, USA)

The round extravascular platinum ring (Figure 1), with an inner diameter of 2.8 mm, is used for apposition 

of the graft and recipient vessel wall by conventional suturing. First, one end of the bypass graft is everted 

from inside the ring and anchored with 8 sutures (Figure 2). Subsequently, the mounted ring is sutured, with 

again 8 sutures, onto the unopened recipient artery under full native arterial fl ow. Once the ring is sutured 

onto the recipient artery, the ring ensures a straight surface of the recipient artery wall. 

Next, the laser catheter (Chapter 2, Figure 1B), which fi ts exactly into the ring, is introduced intravascularly 

into the graft, and is perpendicularly positioned onto the recipient artery. Tactile feedback is used to verify 

correct positioning. Gentle upward traction onto the graft with pick-ups is performed, to prevent dislocation 

of the laser catheter. Vacuum suction by a vacuum pump (Figure 3) through the lumen of the laser catheter, 

onto the recipient arterial wall, is initiated. The Excimer Laser (Figure 4) activates the laser fi bers, and the 

laser catheter laser-punches the recipient arterial wall, hereby creating a round opening. The laser catheter 

is retrieved, including the laser-punched fragment of the recipient arterial wall (the so-called “fl ap”), which 

is attached to the laser catheter by vacuum suction. Directly following removal of the laser catheter from the 

graft, a temporary clip is placed onto the graft to prevent blood loss. Consequently, with this technique, the 

anastomosis is constructed without occluding the recipient artery and, hence, without ischemia.

To bypass a lesion (eg, a cerebral aneurysm), a second ELANA anastomosis is created on the other side 

of the lesion (Figure 1). Finally, both free ends of the two grafts are connected by hand suturing, end-to-end, 

to complete the bypass. Subsequently, the temporary clips are removed and if indicated, the aneurysm is 

excluded from the circulation.

The ELANA technique thus requires hand suturing for the connection of the graft to the ring, and the ring 

to the recipient artery. Suturing the ring onto the graft can be done easily on a side table, outside the patient. 

However, suturing the ring onto the recipient cerebral artery, deep inside the brain of the patient, is performed 

Device Development: A Journey from Ring to Slide
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in a reduced working space, often with a suboptimal view, and can be very challenging, even for well-trained 

and skilled surgeons. Therefore, the need for a simplifi ed connection of graft to recipient artery existed. And 

so, Tulleken and his team started development of a sutureless connection.

The Slide Connector
The next generation ELANA anastomotic connector is called the sutureless ELANA (SELANA), or the ELANA 

Slide connector, and consists of a ring with attached 2 pins with a circumferential part (ie, a ‘fork’; stainless 

steel; developed by prof. Tulleken, ELANA b.v.; Chapter 2, Figure 1A). To construct an end-to-side anastomosis, 

mounting of the graft onto the Slide connector still requires several sutures. However, the most diffi cult 

connection, ie, connection of the mounted Slide connector onto the recipient artery, is sutureless, hereby 

signifi cantly reducing surgical dexterity requirements and, thus, simplifying the anastomosis construction. 

However, the Slide does not actively compress the vessel walls of both the bypass graft and recipient artery, 

and therefore, sealing of the anastomosis with a surgical sealant (ie, glue) is required to obtain complete 

hemostasis. Moreover, in contrast to the conventional ELANA ring, which remains completely extravascular 

after construction (ie, no foreign material exposure into the bloodstream), the circumferential part of the pins 

of the Slide connector is positioned intraluminal, and hence, is exposed to blood. 

Similar to the anastomosis construction with the conventional ELANA ring, fi rst, one end of the graft 

is everted over the ring of the Slide connector and anchored by several sutures. Next, by using a standard 

needle holder, the mounted Slide is connected to the recipient artery by introduction of the 2 pins. The pins 

puncture the recipient wall and the device is pushed forward. The pins are penetrated outward again, and the 

connector is pushed further until the recipient arterial wall ‘clicks’ over the circumferential part of the pins 

of the device. Subsequently, the anastomosis is circumferentially sealed with a surgical sealant to achieve 

complete hemostasis following lasering. Then, the laser catheter is introduced, laser-punches an opening, and 

the anastomosis is completed similarly to the conventional ELANA technique.

Van Doormaal et al. extensively assessed the Slide in experimental animal1, 2 and cadaver3 studies. They 

showed in a porcine carotid-bypass model that the SELANA technique is not inferior to the conventional 

ELANA technique, regarding (long-term) patency and bypass fl ow. Endothelialization of the intraluminal 

exposed foreign material was seen within 3 weeks with scanning electron microscopy (SEM) and histology. 

Furthermore, the construction time was signifi cantly reduced from 14.8 ± 2.6 min to 2.5 ± 1.8 minutes2 and 

it was easier to reach diffi cult area’s within the surgical fi eld, with less manipulation of the surrounding 

structures.3

In the search to facilitate CABG, in the fi rst study of this thesis (Chapter 2), the Slide was evaluated in 

an acute rabbit model in a side-to-side confi guration, in contrast to the end-to-side confi guration used in 

neurosurgery, due to a favorable bypass angle for coronary bypass application. Feasibility was demonstrated 

and this was the fi rst evidence showing that the ELANA technique has potential to facilitate CABG.
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ABSTRACT 

Objective: The Excimer Laser Assisted Non-occlusive Anastomosis (ELANA) technique is a non-occlusive, 

facilitated bypass technique that is currently CE- and FDA-approved for clinical application in neurosurgery. 

In the current study we assessed the safety and feasibility of a newly developed ELANA-based prototype 

coronary anastomotic connector in an acute rabbit abdominal aortic-bypass model prior to the application 

in experimental coronary bypass surgery. In addition, two sealants were tested to facilitate anastomotic 

hemostasis in the current device prototype.

Methods: 40 anastomoses were constructed on the abdominal aorta (outer diameter 3.5 mm) of 10 rabbits. 

The anastomotic circumference was sealed by a surgical sealant to obtain complete hemostasis (BioGlue 

versus TachoSil). The anastomoses were evaluated by fl ow measurements, construction time, hemostasis, 

histological analysis and burst pressure testing.

Results: The connector enabled a non-occlusive and fast (6.0 ± 1.7 minutes, mean ± SD [including sealing]) 

anastomosis construction and complete hemostasis in 95% (35/37). Sealing with BioGlue was faster compared 

to TachoSil (19% versus 53% of construction time). Despite technical imperfections (7/40 failures to completely 

retrieve the fl ap by the laser), all 40 anastomoses were patent, showed a reproducible construction with 

intima-adventitia apposition, streamlining thrombus coverage of the intraluminal laser rim and no vessel wall 

damage. All anastomoses resisted ex-vivo supra-physiological pressures (>300 mm Hg). 

Conclusions: This study demonstrated that the ELANA connector is safe, reliable and can be effi ciently applied 

in an acute rabbit abdominal aortic-bypass model. Provided limitations can be addressed, this easy-to-use 

and non-occlusive technique has potential for minimally invasive coronary bypass surgery.

Chapter 2
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INTRODUCTION

To facilitate minimal access coronary artery bypass surgery (CABG), a reliable and simplifi ed alternative 

for hand-sutured coronary anastomosis has to be developed. The Excimer Laser Assisted Non-occlusive 

Anastomosis (ELANA) technique1 is a non-occlusive, facilitated bypass technique that is currently CE- and 

FDA-approved for clinical application in neurosurgery. In the current study, we evaluated the safety and 

feasibility of a newly developed ELANA-based prototype coronary anastomotic connector in an acute rabbit 

abdominal aortic-bypass model prior to application in experimental coronary bypass surgery. In addition, 

two types of sealant were tested (BioGlue versus TachoSil) to facilitate optimal anastomotic hemostasis in the 

current device prototype.

METHODS

ELANA Prototype Anastomotic Connector and Procedure
The ELANA anastomotic connector consists of a 2.6 mm (inner diameter [ID]) stainless steel ring (thickness 

0.25 mm) with 2 pins (6.2 mm length, Figure 1A). The current prototype is suitable for target vessels of 3-5 mm 

outer diameter (OD) in either an end-to-side or a side-to-side confi guration. The bypass graft (OD 5-6 mm) is 

currently mounted onto the connector (arteriotomy of 2.5-mm length) using 6 Prolene 8-0 stitches (Ethicon 

Inc, Somerville, NJ) in such a way the intima of the graft completely covers the inner surface of the ring 

(Figure 2A). The mounted ELANA connector is inserted into the recipient artery by introduction of the 2 pins 

using a standard needle holder (Spring-style needle holder, Scanlan International Inc., Saint Paul, MN), prior 

to the - lasered - arteriotomy. The pins puncture the recipient arterial wall and the device is pushed forward 

(Figure 2B). Subsequently, the pins penetrate outwards again and the connector is pushed further until the 

recipient arterial wall ‘clicks’ over the circumferential part of the pins of the device (Figure 2C). If proper 

positioning is established, the anastomotic circumference, in the current prototype, is sealed by a surgical 

sealant in order to achieve complete hemostasis. After polymerization of the sealant, the anastomotic site and 

donor are rinsed intraluminal with heparinized saline to prevent hindering of the laser-to-tissue contact by 

blood. Subsequently, a laser catheter (OD 2.5 mm, laser fi bers OD 2.0 mm, Figure 1B) is introduced through 

the laser introduction-conduit, ie, the free distal - not blood exposed - end of the graft, and perpendicularly 

positioned into the ring of the mounted device onto the recipient artery vessel wall (Figure 2D). Vacuum 

suction through the lumen of the catheter is initiated onto the recipient artery wall and the anastomosis is 

lasered open, without occluding the recipient artery, resulting in an anastomotic orifi ce with a diameter of 2 

mm. Subsequently, the laser catheter is retrieved, including the lasered fragment of the arterial wall (‘fl ap’) 

attached to the grid of the vacuum lumen (Figure 2E). A small protruding adventitial rim of the abdominal 

aorta, the laser edge, is exposed intraluminal after lasering the anastomosis (Figure 2E, magnifi ed section). To 

complete the anastomosis, the distal end (laser introduction conduit or ‘cul de sac’) of the graft is ligated using 

a hemoclip (Weck Hemoclip, Telefl ex Medical, NC) and after construction of the second anastomosis fl ow over 

the bypass is initiated (Figure 2F). 

Animals
Ten New Zealand White rabbits (3 kg) were used. The animals were fed a normal diet and received humane 

care in compliance with the “Guide for the Care and Use of Laboratory Animals” (Institute of Laboratory 

Animal Resources, National Research Council [revised 1996]). The animal experimentation committee of 

the Utrecht University approved the protocol. The animals did not receive any anticoagulant or antiplatelet 

medication preoperatively.

A New Nonocclusive Laser-Assisted Coronary Anastomotic Connector in a Rabbit Model
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 A  B

Figure 1. ELANA prototype anastomotic connector (A) and laser catheter (B)

A: The prototype anastomotic connector: 2 sharp pins [1] (6.2 mm length) attached to a ring [2] (2.6 mm ID). 

B: Laser catheter (2.5 mm OD): the grid of the vacuum channel [1] is located centrally and surrounded by laser fi bers [2] (OD 2.0 mm). The outer 

band [3] (OD 3.0 mm) provides safety and stabilization into the ring of the anastomotic connector. 

Inner diameter = ID; outer diameter = OD.

Chapter 2
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D E F

Figure 2. ELANA anastomotic procedure in the rabbit abdominal aortic-bypass model

A: The graft is mounted onto the connector by 6 stitches. The intima of the graft (enlightened) completely covers the inner surface of the ring of 

the connector. 

B: A standard needle holder (not shown) is used to insert the connector. The pins of the connector puncture the abdominal aortic wall. 

C: The pins penetrate outwards again. The anastomotic circumference is sealed by a surgical sealant (not shown). 

D: Perpendicular positioning of the laser catheter (intima of the graft is enlightened). 

E: The catheter with a lasered fragment (‘fl ap’) of the abdominal aortic wall (graft is illustrated transparently). A small protruding adventitial rim of 

the abdominal aorta, the laser edge, is exposed intraluminal (see magnifi ed section [not shown: complete coverage of the ring of the connector 

by the graft]). 

F: Final abdominal aortic-bypass with 2 anastomoses. Ligating hemoclips are placed at both ends of the graft and a clip occludes the abdominal 

aorta in between the 2 anastomoses.

Anesthesia and Euthanasia
Anesthesia was induced with acepromazine (0.5 mg/kg), methadone (1 mg/kg) intramuscularly and etomidate 

(0.3 mg/kg) intravenously. After intubation and ventilation, anesthesia was maintained by continuous 

intravenous infusion of midazolam (50 μg/h/kg) and sufentanil (50 μg/h/kg). The rabbit was put in a supine 

position and mean arterial blood pressure was kept at 60 mm Hg during the whole procedure. The rabbits 

were terminated with 200 mg/kg sodium pentobarbital intravenously.
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Surgery and Experimental Model
The abdominal aorta (OD 3.5 mm) was dissected from its bifurcation up to the left renal artery using a 

microscope (Leica MS1, Leica Microsystems GmbH Wetzlar, Germany) and loose periadventitial tissue 

was removed. Before anastomosis construction, heparin was administered intravenously to obtain an 

activated clotting time (ACT) (Hemotec, Inc, Englewood, CO) of at least 4 times the normal value. Two 

bypass constructions, each consisting of 2 side-to-side anastomoses (Figure 2F), were constructed on 

the abdominal aorta with the use of an ex vivo rabbit thoracic aorta bypass graft (5-6 mm OD) (total 10 

animals, 40 anastomoses). In this study, 2 different sealants were evaluated to seal the anastomosis: (1) 

BioGlue (Cryolife Inc., Kennesaw, GA) and (2) TachoSil (Nycomed Inc., Zurich, Switzerland). After construction 

of 2 anastomoses, the native abdominal aorta was occluded in between the anastomoses by an aneurysm 

clip (Yasargil aneurysm-clip system, Peter Lazic, GmbH, Germany) after fl ow over the bypass was initiated.  

The safety and feasibility of the anastomosis technique were assessed (in a non-blinded fashion by 

either 1 or 2 independent investigators) by anastomosis construction time (assessed by 1 investigator), 

patency (ie, fl ow measurements and histology), vessel wall apposition, thrombus formation and vessel wall 

damage. Furthermore, the reliability of 2 surgical sealants was assessed by application time (assessed by 1 

investigator), hemostasis, sealant localization (histology), any potential acute infl ammatory cell reactions and 

burst pressure testing. The anastomoses (n=40) were evaluated intraoperative and at 1 hour at sacrifi ce.

Flow Measurements
Baseline abdominal aortic fl ow (mL/min) was measured with a calibrated transit time fl ow probe (3S model 

T208; Transonic Systems, Inc, Ithaca, NY) before anastomosis construction at a mean blood pressure of 60 

mm Hg. After anastomosis construction, aortic fl ow was continuously measured and recorded for at least 1 

hour at 60 mm Hg until termination.

Hemostasis
After anastomotic construction, leakage was assessed. Hemostasis was quantifi ed as either completely 

hemostatic or oozing or brisk leakage. Any leakage that was self-limiting or could be controlled by short 

tamponation (maximally 3 minutes) was defi ned as oozing. If it was necessary to add more sealant, place a 

stitch or occlude the artery temporarily to obtain hemostasis, the leakage was defi ned as brisk. 

Histologic Examination
After sacrifi ce, the anastomoses were removed and fl ushed under low pressure with heparinized saline. 

Of each bypass, 1 anastomosis was fi xated overnight in 4% formalin for histological analysis (n=20). The 

anastomoses were embedded in plastic (methyl methacrylate) and subsequently sectioned in transversal 

(n=10) or longitudinal (n=10) planes (at 300-μm intervals), starting at 5 mm downstream up to 5 mm upstream 

of the anastomosis. The sections were stained with hematoxylin and eosin. Vessel wall apposition (eg, intima-

adventitia, intima-intima), protrusion of the intraluminal rim (mm), thrombus formation at the intraluminal 

rim (height of thrombus [μm]) and blood exposed non-intimal surface (BENIS2; medial and adventitial surface 

[intraluminal exposed rim] and intraluminal connector surface area) were recorded. Tissue damage (eg, 

medial necrosis of recipient vessel: ie, opposite and lateral vessel walls and intraluminal vessel wall rim 

[pyknosis of smooth muscle cell nuclei]), acute infl ammatory cell reaction (polymorphonuclear cells and 

macrophages) of the recipient vessel wall and sealant localization (eg, in-/outside the anastomosis) were 

assessed. Measurements were performed with use of software package AnalySiS (Soft-Imaging Software 

GmbH, Münster, Germany).

Burst Pressure
Of each bypass, 1 anastomosis was used for burst pressure testing (n=20). The anastomoses that were 

intraoperative classifi ed as oozing or complete hemostatic, were included in the burst pressure analysis. To 

test the burst pressure, the anastomoses were attached to a calibrated pulsatile pressure system with water. 

A New Nonocclusive Laser-Assisted Coronary Anastomotic Connector in a Rabbit Model
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The pressure was increased by 100 mm Hg/min until a maximum of 300 mm Hg was reached. If detachment 

occurred and/or leakage appeared at the anastomotic line, the anastomosis was scored as bursted and 

pressure recorded.

Statistical Analysis
Data are presented as means ± SD or as otherwise noted. To assess differences in sealing time between the 2 

subgroups, P-values were calculated using a Mann-Whitney test (SPSS 17.0). Wilcoxon Signed Ranks test was 

used to assess differences in aortic fl ow before and after anastomosis construction (SPSS version 17.0, SPSS 

Inc, Chicago, Ill).

RESULTS

Surgery 
All anastomoses were performed by 1 investigator (D.S.). Mean anastomosis construction time was 6.0 ± 1.7 

minutes (Table 1) of which an average of 2.3 ± 1.6 minutes (38% of construction time) was required for sealing 

the anastomosis. Sealing with BioGlue was faster compared to TachoSil (19% versus 53% of construction 

time, p<0.01 [Table 1]). Mounting of the graft onto the prototype connector took 20.3 ± 3.2 minutes. Other 

operative data are given in Table 2. After lasering the anastomosis, a fl ap was successfully retrieved in 33 of 

40 anastomoses (83%, Table 2). 

Flow Measurements
All individual anastomoses (n=40) showed consistent graft fl ow until termination. Mean aortic fl ow following 

construction of all the anastomoses (n=4 per aorta) was lower compared to baseline aortic fl ow (45 ± 18 mL/

min versus 72 ± 28 mL/min, p<0.01).  

Table 1. Anastomotic Construction and Sealing Time

Construction time (min) Sealing time (min)

Total 6.0   ±   1.7
2.3   ±   1.6

(38%*)

BioGlue 4.5   ±   0.5
0.9   ±   0.4

(19%*)              P < 0.01

TachoSil 7.3   ±    0.8
3.9   ±   0.8

(53%*)

Data presented as mean minutes ± SD. 

Construction time: insertion, sealing, positioning laser catheter, vacuum suction, lasering and closure of distal end of the graft (mounting time not 

included). Sealing time: time needed for circumferential anastomosis sealing. 

* Sealing time as a percentage of construction time.

Table 2. Operative Data

Anastomoses (n) Flap retrieval rate (%) Complete hemostasis (%)* Bursted (%)#

Total 40 83 95 0

BioGlue 20 85 100 0

TachoSil 20 80 89 0

* 3 of 40 anastomoses were excluded for hemostasis assessment due to vessel wall lesions after incorrect lasering.

# 3 of 20 anastomoses were excluded for burst pressure testing due to leakage through a side-branch of the donor vessel.  
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Hemostasis
95% of all anastomoses were completely hemostatic after construction (35/37, Table 2) and in 5% brisk leakage 

occurred (2/37). In the latter 2 cases (TachoSil subgroup), the leakage was caused by insuffi cient application or 

detachment of the sealant. In both cases, reapplication of sealant resulted in complete hemostasis. Complete 

direct hemostasis was achieved in all anastomoses of the BioGlue subgroup. 

Histology
Vessel wall apposition. In all anastomoses, the intima of the graft was opposed to the adventitia of the 

recipient aorta along the full circumference of the anastomosis and a small protruding rim of the recipient 

artery (mean length 0.11 ± 0.12 mm) was exposed intraluminal (Figure 3). A sharp laser-cut edge with a 

streamlined cover of platelets and fi brin (mean height 37 ± 21 μm) was observed. No platelets or fi brin were 

seen at the intraluminal exposed part of the connector. In cases in which the fl ap was not retrieved directly by 

the catheter, an incompletely lasered fl ap resided in the anastomotic orifi ce partly attached via a small, non-

lasered bridge of aortic vessel wall. No evidence of distal embolization of parts of the fl ap was found.

BENIS. The anastomoses showed a BENIS area of approximately 4.4 mm2 (intraluminal connector surface 

area: ~2.5 mm2 and intraluminal exposed rim: ~1.9 mm2).

Medial necrosis. No medial necrosis was observed near the connector or sealant. In addition, at the intraluminal 

rim, we did not observe medial cell damage caused by the laser, but a sharp cut-edged viable rim of recipient 

vessel wall. No medial necrosis was observed at the recipient arterial wall. However, compression of the 

recipient vessel wall was seen between the ring and the pins of the device. 

Sealant localization. Intraluminal exposure of sealant was seen in 1 anastomosis in the BioGlue subgroup and 

in 1 of the TachoSil subgroup. No acute infl ammatory cell reaction was found. 

Burst Pressure 
All anastomoses resisted a pressure of 300 mm Hg (Table 2).  

A B

Figure 3. Histological sections of the ELANA anastomosis in the rabbit abdominal aortic-bypass model

A: Longitudinal section at the middle of the anastomosis (12.5x magnifi cation). The ring of the anastomotic connector is visible [1]. A small protru-

ding rim [2] of the abdominal aorta [R] is exposed to blood. No sealant [3] is in contact with blood. Lumen of the graft [G]. 

B: Transverse section (12.5x magnifi cation). The magnifi ed (40x) subsection demonstrates the intima [I] - to - adventitia [A] vessel wall apposition 

and a sharp laser-cut edge [Rim] with a streamlined cover of platelets and fi brin [F]. 

Graft = G; recipient artery = R.
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DISCUSSION

The principal results of the study are the following: (1) Despite technical imperfections (ie, failure to retrieve 

the fl ap by the laser catheter), all 40 anastomoses were patent and showed a predictable and consistent 

construction with intima-adventitia apposition in a rabbit abdominal aortic-bypass model. (2) The technique 

enabled easy-to-use, non-occlusive and fast (mean 6.0 ± 1.7 minutes) anastomosis construction and 

the anastomosis resisted ex-vivo supra-physiological pressures. (3) Anastomoses sealed with BioGlue 

demonstrated more favorable results with regard to construction time and hemostasis.

Common objections to the ELANA technique are related to a relatively large BENIS. The non-occlusive 

character of the ELANA anastomotic technique and inherent lasering of the recipient artery wall (ie, 

unconventional intima-adventitia apposition) causes a relatively large BENIS (inherent to distal anastomotic 

connectors2-6) of 4.4 mm2 compared to 1.3 mm2 in conventional hand-sewn anastomosis.2 However, Buijsrogge 

et al. demonstrated that this unconventional intima-adventitia vessel wall apposition did not adversely affect 

early patency rates in a pig coronary bypass model, even under prothrombotic low base fl ow conditions.7 

Furthermore, healing of the unconventional apposition in the ELANA anastomosis has been extensively 

investigated by histological and scanning electron microscopy analyses in a pig carotic-bypass model, which 

demonstrated complete re-endothelialization of intravascular pins and adventitial rim after 21 days without 

detriment on patency.8 However, the long-term effects of the specifi c characteristics (ie, large BENIS) of the 

new ELANA anastomotic technique have to be investigated in an off-pump porcine coronary artery bypass 

survival study.

Potential Key Features of the ELANA Anastomotic Connector to Facilitate Distal Coronary 
Anastomosis
Despite imperfections of the studied prototype, the ELANA connector comprises several interesting features 

- compared with other coronary anastomotic connectors2-6 - to facilitate the distal coronary anastomosis 

construction. (1) It is completely non-occlusive. Thus, the technique’s fi rst action is the apposition of the graft 

onto the recipient artery, prior to the - lasered - arteriotomy, without cardiac ischemia during construction. 

Consequently, it is possible to check for proper positioning of the connector in a bloodless fi eld, without 

time-constraint. In case of malposition, it is feasible to bail-out and reposition the connector. (2) The laser 

catheter creates a rounded anastomotic orifi ce of 2 mm in a standardized and reproducible fashion. (3) The 

anastomotic construction is simple, fast and safe without the use of bulky applicators. Hence, it might be 

applicable to limited access CABG. 

Limitations of the Procedure
However, the current ELANA prototype connector has limitations. Essential improvements have to be 

implemented to make the technique successful in minimally invasive coronary bypass surgery.

First, with the current prototype it is necessary to seal the anastomosis with a sealant to obtain complete 

hemostasis. This procedural step increases the amount of surgical maneuvers, ie, increases surgical dexterity 

requirements. Moreover, the potential risk of intraluminal introduction of the sealant is a major drawback 

in its application. Second, while most coronary bypasses are constructed in a coronary diameter range of 

1.5 - 2.5 mm OD, downsizing of the anastomotic connector is of paramount importance. Third, the achieved 

fl ap retrieval rate in the current study (83%) may be lower compared to our experience in earlier studies 

using the same prototype connector.8 In contrast to previous studies,8 the connector was used for side-to-

side anastomotic confi gurations. In the current study, the side-to-side anastomotic confi guration combined 

with the bulkiness of the polymerized sealant hampered perpendicular laser catheter positioning, introducing 

errors. Fourth, in the current design, mounting of the graft requires stitching which is time-consuming and 

increases dexterity requirements.

Chapter 2
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Future Perspectives 
In order to address the mentioned limitations, a new - downsizable - prototype is designed. This new modifi ed 

ELANA-based connector actively compresses the intravascular fork (ie, pins) and extravascular ring of the 

connector by a spring at the back of the device, resulting in an immediate leak-free anastomosis. With this 

design change sealant is redundant, which will simplify and accelerate anastomotic construction. In addition, 

in case of incomplete fl ap retrieval, it offers the potential for bail-out, ie, retrieve the fl ap manually. 

Conclusion
This study demonstrated that the ELANA-based prototype anastomotic connector is safe, feasible and can 

be effi ciently applied in an acute rabbit abdominal aortic-bypass model. Provided the limitations can be 

addressed, this easy-to-use and non-occlusive technique has the potential for minimally invasive coronary 

bypass surgery. 
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The Clip Connector
In the search to facilitate CABG surgery, a new generation ELANA anastomotic connector, the ELANA Clip 

connector, was designed to address several limitations of the Slide connector. The design of the ELANA Clip 

is based on the Lazic Miniclip (aneurysm clip, Peter Lazic, GmbH, Tuttlingen, Germany) and the ELANA Slide. 

The current prototype is suitable for target vessels with a 3- to 5-mm outer diameter, similar to the Slide.

The Clip connector (Chapter 3, Figure 1) now actively compresses the intravascular fork (ie, pins) and 

extravascular ring of the connector by a spring at the back of the device, resulting in an immediate leak-free 

anastomosis and, hence, sealant is redundant. An extra advantage of the clip design is opening and closing 

of the connector, at any time, by an applicator, offering a potential ‘‘bail out’’ in the case of incomplete fl ap 

retrieval (ie, manual retrieval of the laser-punched fl ap). In contrast, the ELANA Slide had a fi xed distance 

between the upper ring and lower fork segment, in this way not accounting for the variable thickness of vessel 

walls. The ELANA Clip connector is opened during insertion, hereby considerably decreasing resistance 

during application and, moreover, enhancing visibility.  

A potential downside of the new design is the following. Due to the small size of the target vessels, the 

relative large extravascular spring needs to be miniaturized. In terms of clinical acceptance, the mass of the 

connector outside (and inside) the vessel should be minimized.  

Pilot Study
After the initial idea of connecting the pins and ring of the Slide to a hinge, multiple prototypes were designed, 

fi ne-tuning the concept of the ELANA Clip connector, and these were all evaluated in vitro. Subsequently, 

a pilot study in a rabbit model (n=6 rabbits, 30 anastomoses) was initiated, comparing two fi nal designs 

(Figure 1). In the fi rst design, the ring is positioned straight on top of the fork. The second design was named 

the “push-button” design: the fork is positioned within the upper ring, as a push-button. The fork protrudes 

upwards inside the ring, so that the fork and ring aligns horizontally at the level of the anastomotic orifi ce. 

Following the anastomosis construction, the fork and ring should adequately compress the two vessel walls 

circumferentially in both designs, hereby preventing anastomotic leakage.

Preface Part B: The Clip Connector

Figure 1. Prototypes of the Clip connector

All parts are made out of titanium.

A: Ring straight on top of the fork. The fork and ring have both an inner diameter of 2.4 mm and an outer diameter of 2.9 mm (material thickness 

of 0.25 mm).

B: The push-button design: the fork is positioned within the upper ring. The fork protrudes upwards inside the ring, so that the fork and ring aligns 

horizontally at the level of the anastomotic orifi ce. The fork has an inner diameter of 2.4 mm and an outer diameter of 2.9 mm and the ring an inner 

diameter of 2.9 mm and an outer diameter of 3.4 mm (material thickness of 0.25 mm). 

A
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The results of the pilot study showed that hemostasis after application was in favor of the push-button 

design (83% [15/18] versus 50% [6/12], directly hemostatic), burst pressure tests (up to 400 mm Hg) were 

comparable (91% [10/11] versus 88% [14/16], not bursted), and slip force tests were in favor of the push-button 

design (ie, more force was needed to dislocate the connector after application). 

After the fi rst 4 animals, it appeared that the fork and ring of the push-button design did not align precisely. 

Therefore, the prototypes were revised, in such a way the ring and fork aligned perfectly, and the following 

experiments did not show any anastomotic leakage, and, moreover, the anastomoses did not burst during 

the burst-pressure tests. 

Another important fi nding during the study was that the ELANA laser catheter did not optimally fi t into 

the push-button prototype connector, which caused failures to retrieve the fl ap in the fi rst two rabbits (50% 

[3/6]). In order to facilitate laser positioning and stabilization into the push-button design, a cone-shaped tip 

was engineered at the tip of the laser catheter (Chapter 3, Figure 1B; conventional laser catheter in Chapter 2, 

Figure 1B). After implementing the cone-shaped catheter, a 100% (12/12) fl ap retrieval rate in the push-button 

design was demonstrated. Importantly, by using the new cone-shaped laser catheter in the Clip connector, 

visual feedback of correct laser positioning was introduced, whereas before, the surgeon had only tactile 

feedback and his or her experience. Once introduced via the graft into the connector, by moving the laser from 

left to right, one can see the connector move synchronically, suggesting correct positioning. In addition, to 

prevent dislocation of the laser catheter a temporary fi xation clip (Figure 2) is placed onto the graft and laser 

catheter.  

Figure 2. Fixation clip

Based on this pilot study, the push-button principle did show superior results. Moreover, most essential 

for the future downsizing process, is that the graft is mounted onto the ring by everting the graft, from inside 

the ring. In contrast to the “fork on top of the ring” design, the everted graft will not reduce the anastomotic 

surface or orifi ce in the push-button design, since the ring is larger than the fork. 

However, mounting of the graft still requires suturing, which requires a signifi cant amount of dexterity 

in minimal access settings. In addition, the connector is suitable for coronary arteries with a minimal inner 

diameter of 2.4 mm and, ultimately, the connector should be suitable for coronaries of 1.5 – 3.0 mm inner 

diameter. 

Feasibility on the Beating Heart and Long Term Evaluation in a Porcine Model
The previous prototype (ie, Slide connector) was evaluated in an acute abdominal aortic bypass model 

in the rabbit, leaving questions regarding the healing and patency at the long-term unanswered. Tulleken 

et al. described the healing of the unconventional adventitia-to-intima apposition in the ELANA Ring 

facilitated anastomosis extensively in earlier reports.1-3 In addition, Buijsrogge et al., described the healing of 

unconventional vessel wall apposition in hand-sutured anastomoses in a porcine off-pump bypass model.4 

However, the specifi c characteristics of the Clip connector, with a compression device, introduction of a 

nonintimal surface inside the anastomosis, laser-punching through the coronary artery, and the spring outside 

the anastomosis resting onto the coronary artery, are all factors not earlier studied or described elsewhere. 

In the next chapters, the Clip connector was fi rst studied in a pilot feasibility study in an acute rabbit 

Device Development: A Journey from Slide to Clip
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model, and subsequently studied in a long-term porcine off-pump bypass model, described in Chapter 3 and 

4. Different techniques were used to evaluate the anastomosis technique on the short- and long-term (eg, 

graft fl ow measurements, coronary angiography, fractional fl ow reserve, coronary fl ow reserve, intravascular 

ultrasound, optical coherence tomography, histology, and electron microscopy). These studies showed for the 

fi rst time the proof-of-concept of the anastomotic technique on the beating heart and the long-term effects of 

the specifi c characteristics of the Clip connector facilitated anastomosis on the process of anastomotic healing 

and remodeling. 



45

REFERENCES 

1. Streefkerk HJ, Kleinveld S, Koedam EL, Bulder MM, Meelduk HD, Verdaasdonk RM, et al. Long-term 

reendothelialization of excimer laser-assisted nonocclusive anastomoses compared with conventionally 

sutured anastomoses in pigs. J Neurosurg. 2005;103:328-36.

2. Tulleken CA, Verdaasdonk RM, Beck RJ, Mali WP. The modifi ed excimer laser-assisted high-fl ow bypass 

operation. Surg Neurol. 1996;46:424-9.

3. Wolfs JF, van den Ham LF, ter Laak MP, van der Zwan A, Tulleken CA. Scanning electron microscopic 

evaluation of nonocclusive excimer laser-assisted anastomosis in rabbits. Acta Neurochir (Wien). 

2000;142:1399-407.

4. Buijsrogge MP, Grundeman PF, Verlaan CW, Borst C. Unconventional vessel wall apposition in off-

pump porcine coronary artery bypass grafting: low versus high graft fl ow. J Thorac Cardiovasc Surg. 

2002;123:341-7.

Device Development: A Journey from Slide to Clip





47

3
Published
Journal of  Thoracic and Cardiovascular Surgery 2014;147:1390-7

Presented
American Association for Thoracic Surgery 
Minneapolis, MN, USA, 2013
 
European Association for Cardio-Thoracic Surgery - Techno College
Live surgical demonstration, Barcelona, Spain, 2012

International Society for Minimally Invasive Cardiothoracic Surgery
Los Angeles, CA, USA, 2012
 
Dutch Association of Cardiothoracic Surgery  
Utrecht, The Netherlands, 2012

Symposium of Experimental Research of Surgical Specialties (SEOHS) 
Amsterdam, The Netherlands, 2012 

THE NONOCCLUSIVE LASER-ASSISTED CORONARY ANASTOMOTIC 

CONNECTOR IN AN OFF-PUMP PORCINE BYPASS MODEL

David Stecher,1 Frebus J. van Slochteren,2 Imo E. Hoefer,3 Gerard Pasterkamp,3 Cornelis A.F. Tulleken,4 Lex A. 
van Herwerden,1 and Marc P. Buijsrogge1

From the Department of Cardiothoracic Surgery,1 Cardiology,2 and Experimental Cardiology3 of the Heart and 
Lungs Division, and Department of Neurosurgery of the Brain Division,4 University Medical Center Utrecht, 
Utrecht, The Netherlands.



48

ABSTRACT 

Objective: To facilitate minimally invasive coronary artery bypass grafting, a simplifi ed alternative for hand-

sutured anastomoses has to be developed. We assessed the feasibility and anastomotic healing of the 

ameliorated Excimer laser-assisted nonocclusive anastomosis (ELANA) coronary prototype connector in an 

acute rabbit study (Study 1) and in a long-term porcine off-pump coronary bypass (OPCAB) study (Study 2).

 

Methods: Eighteen anastomoses were constructed on the abdominal aorta of the rabbit. In the porcine 

model, 15 left internal thoracic artery to left anterior descending coronary artery bypasses were evaluated 

intraoperatively and at 4 hours, 4 days, 10 days, 2 weeks, 3 weeks, 5 weeks, and 6 months (each n=2 

anastomoses). The anastomoses were examined by angiography, fl ow measurements, fractional fl ow reserve 

(FFR), coronary fl ow reserve, histology, and scanning electron microscopy (SEM). 

Results: Study 1: All anastomoses (n=18) were patent and resisted supraphysiologic pressures (n=12, 300 mm 

Hg). Study 2: The connector enabled nonocclusive and fast (mean 7.7 ± 2.2 minutes) anastomosis construction. 

All but 1 of 15 anastomoses (due to a technical error) were fully patent (FitzGibbon grade A) at follow-up. 

Histology and SEM demonstrated complete endothelialization of the anastomoses at 10 days. At 6 months, no 

fl ow-limiting but streamline-covering intimal hyperplasia was shown (FFR 0.93 ± 0.07).

Conclusions: The new nonocclusive coronary connector is easy-to-use and long-term results suggest 

favorable healing and remodeling in the porcine model. Following downsizing, this anastomotic device, with 

its emphasis on zero ischemia and simplifi ed prebounding of vessel walls, has intrinsic potential for minimally 

invasive OPCAB surgery.

Chapter 3
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INTRODUCTION

To facilitate the distal coronary anastomosis construction for minimal invasive CABG, we recently developed 

an Excimer laser-assisted nonocclusive anastomosis (ELANA) prototype coronary connector and assessed 

its feasibility in an acute rabbit abdominal aortic bypass model.1 As a result, we implemented several design 

modifi cations (ie, improving anastomotic hemostasis without mandatory sealing1).

In the present study, the initial safety and feasibility of the ameliorated ELANA coronary prototype 

connector were assessed in the same acute rabbit model (Study 1). Subsequently, the connector was 

evaluated (ie, anastomotic healing and hemodynamic function) in an off-pump porcine LITA-to-LAD survival 

study up to 6 months (Study 2).

METHODS

ELANA Coronary Connector and Procedure
In contrast to the previous prototype,1 the novel ELANA connector (Figure 1A) consists of a ring and a fork 

with 2 sharp pins. A spring (Peter Lazic, GmbH, Tuttlingen, Germany) at the back of the device enables the fork 

and ring of the connector to open and close, with the use of an applicator (Aneurysm clip applier; Peter Lazic, 

GmbH, Tuttlingen, Germany). The connector (titanium, thickness 0.25 mm) is currently applicable to target 

vessels with an inner diameter (ID) of ± 2.4 mm (≈ 3.0 mm outer diameter [OD], lumen 4.5 mm2). 

1) Mounting the graft. The graft (minimal OD of 2.0 mm) is mounted onto the extravascular ring of the 

opened connector (arteriotomy, ± 3.0 mm long), using 4-8 Prolene 8-0 stitches (Ethicon, Somerville, NJ), 

such that the intima of the graft completely covered the inner surface of the ring (Figure 1C). 

2)  Nonocclusive prebounding of graft to coronary. The mounted connector is opened by the applicator and 

the fork is inserted into the recipient artery with the pins directed downstream (Figure 1D). Subsequently, 

the connector is closed by releasing the applicator (the connector stays in situ and is not removed). Hence, 

it is possible - due to the nonocclusive prebounding of the graft onto the artery, prior to the arteriotomy 

- to check for proper positioning of the connector without a time constraint, nor blood actively obscuring 

the fi eld. In the case of malposition, it is feasible to reopen the connector and reposition the device.

3)  Laser-punched arteriotomy. Subsequently, a cone-shaped laser catheter (2.5 mm OD, laser fi bers 2.0 mm 

OD; Figure 1B) is introduced intravascularly, via the distal - not blood exposed - end of the graft, into the 

connector. Vacuum suction (2 minutes) through the lumen of thelaser catheter onto the recipient (eg, 

coronary) wall is initiated, the laser is activated, and the anastomosis is lasered open, resulting in an 

anastomotic orifi ce of ± 1.8-2.0 mm diameter (≈ 2.5-3.1 mm2, cave LAD 4.5 mm2). Subsequently, the laser 

catheter is retrieved, including the laser-punched fragment of the recipient wall (ie, “fl ap”) by vacuum 

suction (the laser catheter does not weld or seal the anastomosis, but laser-punches an opening). Hence, 

an adventitial rim of the recipient wall, the laser edge, is exposed intraluminally (Figure 1E)1 In case the 

fl ap is not retrieved by the catheter (ie, an incompletely lasered fl ap is still partly attached to the recipient 

wall), the fl ap is retrieved manually (by micro-forceps) after opening the connector. 

4)  Bypass completion. Following fl ap retrieval, the distal end of the graft is ligated using a hemoclip (Weck 

Hemoclip; Telefl ex Medical, Research Triangle Park, NC; Figure 1F). 

Initial Feasibility Study (Study 1) of the ELANA Coronary Connector in a Rabbit Model 
Eighteen anastomoses were constructed on the abdominal aorta (3.0 mm OD) of 3 New Zealand white rabbits 

(female, 3 kg; see Supplemental Methods) and evaluated intraoperatively and after death (follow-up: 2.5 

hours).1 All anastomotic procedures (see Supplemental Figure 1) were performed by 1 investigator (D.S.). 

The fl ap was directly retrieved in 16 (89%) of 18 anastomoses (2 of 18 fl aps were retrieved manually after 

opening the connector) and consistent graft fl ow was seen until termination (26 ± 8 mL/min versus 27 ± 8 

mL/min). Hemostasis was established in 89% (16/18) and all anastomoses were patent. Histological analysis 

The Nonocclusive Laser-Assisted Coronary Anastomotic Connector in an Off-Pump Porcine Bypass Model
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Figure 1. ELANA coronary connector, laser catheter, and procedure

A: The slightly opened prototype connector with a fork (1; 2.9 mm outer diameter [OD]) with 2 sharp pins (4.5 mm length) and a ring (2; 3.4 mm OD). 

A spring (3) at the back of the device enables the ring and fork of the connector to open and close, with the use of an applicator (4). 

B: Laser catheter (2.5 mm OD): the grid of the vacuum channel (1) is located centrally and surrounded by laser fi bers (2; 2.0 mm OD). The cone-sha-

ped tip (3) (widest part, 3.0 mm OD) facilitates positioning and stabilization into the anastomotic connector. 

C: The graft is mounted onto the connector using stitches. The intima of the graft (highlighted) completely covers the inner surface of the ring of 

the connector. 

D: An applicator (not shown) is used to insert the connector. The pins of the connector puncture the recipient wall. 

E: After laser-punching an opening into the anastomosis, the catheter - with a lasered fragment (“fl ap”) of the recipient wall (graft illustrated 

transparently) - is retrieved. A small protruding adventitial rim of the recipient artery, the laser edge, is exposed intraluminally (see magnifi ed 

subsection [complete intimal coverage of the ring of the connector by the graft not shown]). 

F: Final anastomosis. A ligating hemoclip placed at the distal end of the graft.

E F

DC

A B

(n=6) showed reproducible and consistent constructions without detriment of the opposite and lateral walls 

of the recipient artery (see Supplemental Figure 2). Twelve ex vivo anastomoses were attached to a pressure 

system with water and the pressure was increased by 100 mm Hg/min. All anastomoses (n=12) resisted 

supraphysiologic pressures (300 mm Hg).

This initial evaluation demonstrated the safety and feasibility of the new ELANA connector in a rabbit 

model. The improved features of the connector are as follows. First, the connector provides active compression 

of the graft onto the recipient artery by the spring at the back of the device, hereby eliminating the use of a 
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sealant,1 thus simplifying and accelerating anastomotic construction, and still resisting supraphysiological 

pressures. Second, cone-shaping of the catheter ameliorates positioning and stabilization of the catheter into 

the connector and so enhances fl ap retrieval (89% versus 83% in our previous study1). Third, by reopening 

the connector, a “bail out” (ie, manual fl ap retrieval) is offered in case the fl ap is not retrieved directly by the 

laser catheter. 

Evaluation of the ELANA Coronary Connector in the Off-pump Porcine LITA-to-LAD Survival 
Study (Study 2)

Animals
Fifteen Dutch Landrace pigs (female; 70-90 kg) were studied. The animals were fed a normal diet and received 

humane care in compliance with the “Guide for the Care and Use of Laboratory Animals” prepared by the 

Institute of Laboratory Animal Resources, National Research Council (revised 1996). The animal experimentation 

committee of the Utrecht University approved the protocol. All pigs received 80 mg of acetylsalicylic acid and 

75 mg clopidogrel orally daily, starting 3 days before surgery. This anticoagulation protocol was continued 

until termination (anesthesia and euthanasia protocol: see Supplemental Methods). 

Surgery and Experimental Model
After a partial sternotomy, LITA harvesting, and partial heparinization (activated clotting time [ACT] > 200; 

not counteracted at the end of the procedure), the ring of the connector was mounted onto the LITA (OD 2.0-

4.0 mm; Figure 1C), as previously described. Subsequently, after the LAD was immobilized by the Octopus 

3 Tissue Stabilizer (Medtronic, Inc, Minneapolis, Minn) at the intended site (OD 3.0 mm, measured with a 

caliper), the connector was inserted into the LAD. After bypass construction, the LAD was ligated ± 1.0 cm 

upstream with 3 medium hemoclips. Finally, the LITA was tagged onto the epicardium, using Prolene 6-0, and 

the pericardium closed. Before chest closure, graft fl ow (mL/min) was monitored continuously for 90 minutes 

with a calibrated transit time fl ow probe (size 3S; fl owmeter model T208; Transonic Systems, Inc, Ithaca, NY), 

at a mean blood pressure of 90 mm Hg. 

The safety of the technique was assessed by anastomotic hemostasis, graft fl ow measurements, 

hemodynamic function (angiography, fractional fl ow reserve [FFR], and coronary fl ow reserve [CFR]), 

and anastomotic healing (ie, effects of implant and vessel wall compression by the connector; histologic 

examination and scanning electron microscopy [SEM]). The anastomoses were evaluated intraoperatively 

(n=15), at 4 hours, 4 days, 10 days, 2 weeks, 3 weeks, 5 weeks, and 6 months (each subgroup 2 anastomoses). 

The follow-up was completed for 14 animals (1 pig died postoperatively at ± 12 hours).

Hemostasis
Hemostasis was quantifi ed as either completely hemostatic, or oozing, or brisk leakage. Any leakage that was 

self-limiting or could be controlled by short tamponation (maximally 3 minutes) was defi ned as oozing. If a 

stitch was necessary, or the anastomosis had to be tamponated for more than 3 minutes, or the artery needed 

to be occluded temporarily to obtain hemostasis, the leakage was defi ned as brisk. 

Angiography, Fractional Flow Reserve (FFR), and Coronary Flow Reserve (CFR) 
All anastomoses (n=15), including 1 dead animal, were visualized at follow-up by coronary angiography and 

graded by 2 observers according to the FitzGibbon criteria.

The FFR was calculated from (3 consecutive) measurements directly distal (coronary) and proximal 

(LITA) to the anastomoses (n=14; at follow-up), and in the circumfl ex coronary artery (Cx; control coronary 

artery). Measurements were performed at baseline and during maximal hyperemia, induced by a bolus of 

intracoronary adenosine (60 μg). The CFR was calculated as the ratio of maximal hyperemic fl ow velocity by 

the fl ow velocity at baseline (ComboWire XT, pressure/fl ow guide wire, Volcano Corporation, Rancho Cordova, 

CA).

The Nonocclusive Laser-Assisted Coronary Anastomotic Connector in an Off-Pump Porcine Bypass Model
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Histological Analysis  
One anastomoses per subgroup (n=8; including 1 dead animal) was embedded in methyl methacrylate and 

sectioned in transverse planes (at 300-μm intervals), starting at 5 mm downstream, and continuing up to 

5 mm upstream of the anastomosis, and stained with hematoxylin and eosin.1 The vessel wall apposition, 

protrusion of the intraluminal rim, anastomotic area, thrombus formation, intimal hyperplasia, blood-expo-

sed nonintimal surface2 (BENIS; intraluminal exposure of medial, adventitial [intraluminal exposed rim], and 

connector surface), acute and chronic infl ammatory cell reaction (polymorphonuclear cells, macrophages, 

and foreign body giant cells), and tissue damage were recorded and assessed as previously.1 Measurements 

were performed using the software package AnalySiS (Soft-Imaging Software GmbH, Münster, Germany).

Scanning Electron Microscopy (SEM)
The intravascular anastomotic surface of 1 anastomosis per subgroup (n=7) was evaluated (ie, assessment 

of endothelial and/or thrombocyte coverage) using a scanning electron microscope (Philips XL30LAB; FEI 

Europe, Eindhoven, The Netherlands; see Supplemental Methods).

Statistical Analysis

The data are presented as the mean ± standard deviation or as noted otherwise. 

RESULTS

Surgery
All anastomotic procedures were performed by 1 investigator (D.S.; operative data Table 1). Following grafting, 

all anastomoses (n=15) demonstrated consistent graft fl ow (38 ± 14 mL/min at t=0; 36 ± 10 mL/min at t=90 

min). Of all 15 anastomoses, 1 oozed, and in 1 brisk leakage occurred. However, after repositioning of the 

latter (ie, connector inserted slightly more distal into the LAD) complete hemostasis was obtained. None of 

the animals showed ventricular arrhythmias or died during the operative procedure. The ACT at 0 minutes, 

during the anastomotic procedure, and at 140 minutes after heparinization was 100 ± 9, 258 ± 89, and 145 ± 

41 seconds, respectively.

Chapter 3

Table 1. Operative Data 

Anastomoses (n) 15

LITA (mm, OD) 3.6 ± 0.3

LAD (mm, OD) 3.3 ± 0.1

Arteriotomy (mm; LITA) 3.2 ± 0.2

Construction time (min) 7.7 ± 2.2

Mounting time (min) 27 ± 5

Flap retrieval rate % (n) 93 (14/15)*

Complete hemostasis % (n) 87 (13/15)

Extra stitch 0

Graft baseline fl ow (mL/min) 38 ± 13

Peak hyperemic fl ow response (peak/baseline fl ow)# 4.2 ± 0.8

Data presented as mean minutes ± SD or as noted otherwise. Construction time: insertion, positioning laser catheter, vacuum suction, lasering, 

and closure of distal end of the graft. *In 1 of 15 anastomoses the fl ap was not retrieved directly by the catheter, but the fl ap was removed 

manually. #Following LITA clamping for 30 seconds, the coronary peak hyperemic fl ow response was determined as the mean peak graft fl ow 

divided by the mean baseline fl ow at 90 mm Hg. OD=outer diameter
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Follow-up
The scheduled follow-up was completed for 14 animals. All anastomoses were patent at follow-up, except 

1 that was occluded (assessed by post-mortem angiography and histology; the animal was found dead at 

± 12 hours postoperatively). A technical error of the laser during anastomotic construction resulted in an 

asymmetric  fresh anastomotic-occluding thrombus attached to the rim. 

Angiography, FFR, and CFR measurements
All but 1 of 15 anastomoses were fully patent at follow-up (FitzGibbon grade A; Figure 2A). The mean FFR of 

the anastomoses at 4 hours follow-up was 0.82 ± 0.17 and increased over time to 0.93 ± 0.07 at 6 months. The 

mean CFR increased over time to 4.6 ± 0.7 at 6 months. The mean FFR and CFR in the control Cx at 4 hours 

were 0.96 ± 0.01 and 4.7 ± 0.6, respectively, and at 6 months 0.99 ± 0.01 and 3.5 ± 0.1 (Table 2). 

Histology
Anastomotic healing and remodeling.

In all anastomoses, the intima of the LITA was opposed to the adventitia of the LAD. A protruding rim of the 

latter (the laser rim; mean length 0.63 ± 0.09 mm and 0.42 ± 0.04, at 4 hours and at 4 days, respectively), with 

a sharp laser-cut edge and limited platelets and fi brin coverage, was observed at 4 hours (Figure 2B) and 4 

days. The pins of the fork, distal to the anastomotic orifi ce, were compressed onto the upper wall of the LAD, 

without a detriment. 

At 10 (Figure 2C) and 14 days, neointima formation covered both the retracted adventitial rim of the 

LAD and the intraluminally exposed fork of the connector. At 3 and 5 weeks, intimal hyperplasia completely 

covered the anastomotic line, without narrowing the lumen. 

At 6 months, the spring of the connector was fully integrated between the LITA and LAD without erosion 

damage and the coronary adventitial laser rim was remodeled and replaced by neointima tissue (Figure 2D). 

In addition, the pins of the connector at the toe of the anastomosis were completely integrated into the upper 

wall of the LAD (see Supplemental Figure 3). At the mid of the anastomosis, the fork of the connector was 

covered by a thin layer of endothelial cells. The anastomotic recesses at both sides of the connector (ie, in- 

and outfl ow) were fi lled with streamlining intimal hyperplasia, which was, however, less abundant than seen 

at 5 weeks, suggesting at least stabilization of neointima formation. The anastomotic orifi ce area expanded 

over time from 2.6 ± 0.3 mm2 at 4 hours (LAD 4.5 ± 1.4 mm2) to 3.7 ± 0.5 mm2 at 6 months (LAD 8.7 ± 0.3 mm2; 

Table 2). 

Blood-exposed nonintimal surface (BENIS). 

The anastomosis showed a total BENIS-area of 7.9 mm2 (intraluminal connector surface area, ~3.8 mm2 and 

intraluminal exposed rim, ~4.1 mm2) at 4 hours. The BENIS gradually reduced to zero over time (note: at 10 

days, the nonintimal surface was fully covered with neointima).

Medial necrosis, tissue damage, and infl ammation. 
Compression of both vessel walls, between the ring and fork, was observed with some pyknosis (ie, 

Interval

LAD Anastomotic orifi ce LITA-LAD Cx

(mm2) (mm2) FFR CFR FFR CFR

4 h 4.5 ± 1.4 2.6 ± 0.3 0.82 ± 0.17 3.0 ± 0.2 0.96 ± 0.01 4.7 ± 0.6

35 d 6.4 ± 1.0 2.9 ± 0.2 0.95 ± 0.02 2.8 ± 0.1 0.98 ± 0.01 2.4 ± 1.0

180 d 8.7 ± 0.3 3.7 ± 0.5 0.93 ± 0.07 4.6 ± 0.7 0.99 ± 0.01 3.5 ± 0.1

Data presented as mean ± SD. LAD: lumen area, based on angiography (n=2) of reference LAD (1.0 cm downstream to the anastomosis). Anasto-

motic orifi ce: based on histology (n=1) and SEM (n=1). Note the anastomotic orifi ce increasing over time and increasing LAD due to animal growth. 

FFR=fractional fl ow reserve, CFR=coronary fl ow reserve, Cx=circumfl ex coronary artery (=control).

Table 2. Postoperative and Postmortem Measurements

The Nonocclusive Laser-Assisted Coronary Anastomotic Connector in an Off-Pump Porcine Bypass Model
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degeneration) of smooth muscle cell nuclei at 4 hours and 4 days. However, no medial necrosis was seen at 

the compression surface and no adverse remodeling (eg, erosion, luxation, or pseudoaneurysm formation) 

was demonstrated over time. The arterial walls of the LAD and LITA were unaffected, without thermal damage 

due to the laser, nor acute, nor long-term infl ammation over time. 

Figure 2. 6-month angiogram and histologic transverse sections of the ELANA LITA-to-LAD anastomosis at different time-points postoperatively

A: Angiogram of a LITA-to-LAD bypass at 6 months postoperatively. The arrow points at the anastomosis. Note the relatively undersized anasto-

mosis due to the increased LAD (animal growth).

B: At 4 hours, mid-anastomosis (12.5x magnifi cation). A 0.2-mm compression surface of LITA to LAD, between the fork (1) and the extravascular 

ring (2), is visible. The magnifi ed (40x) subsection demonstrates the laser rim with a sharp laser-cut edge (Rim), with limited platelets and fi brin 

coverage (P), and the intima (I)–adventitia (A) vessel wall apposition. 

C: At 10 days, mid-anastomosis (12.5x). The laser rim is retracting and neointima formation (N-I) covers the adventitial rim and the intraluminally 

exposed fork (subsection, 40x).

D: At 6 months, mid-anastomosis (12.5x). Streamlining intimal hyperplasia (IH) is seen. Note the remodeled laser rim and viable intima in between 

the fork and ring (ie, the compression surface), without medial necrosis. No chronic infl ammatory cell reaction is seen (subsection, 100x). A small 

layer of endothelial cells covers the intraluminal fork of the connector. 

Note: interruption of the inferior coronary wall being caused by longitudinally opening of the coronary artery prior to inspection.

A B

C D

Scanning Electron Microscopy
After 4 hours, a clear demarcation between the endothelial surface of the coronary artery and the connector 

(Figure 3A), and between the endothelium of the LITA and the adventitial laser rim (Figure 3B), was observed. 

No endothelial damage of either the coronary artery nor the graft (eg, due to laser damage), but limited 

platelets and fi brin coverage of the connector and the rim was seen. Additionally, a sharp laser cut through 

the coronary artery was demonstrated. 
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Figure 3. Scanning electron microscopy of the ELANA LITA-to-LAD anastomosis at different time-points postoperatively

A and C: View from inside the LAD. From left to right: heel, middle, and toe of the anastomosis. 

B and D: View from inside the LITA.

A: At 4 hours (160x magnifi cation). The puncture site of the fork through the coronary wall (1), laser rim (2), and pin of the fork (3). No endothelial 

damage and limited platelets and fi brin coverage of the fork is seen.

B: At 4 hours (204x). The intima (I)–adventitia (A) vessel wall apposition (arrows). The magnifi ed (750x) subsection demonstrates the adventitial 

laser rim with limited fi brin and platelets coverage. Note the sharp laser cut through the coronary artery.

C and D: At 10 days (from left to right: 138x, 146x, and 146x). Complete endothelialization is demonstrated. Note the continuity of endothelial 

surface from the lumen of the coronary artery over the connector (C: 1, heel; 2, middle; 3, toe) and adventitial rim, to the LITA (D: 198x). Arrows 

are pointed at the former intima (I)–adventitia (A) vessel wall apposition border and the magnifi ed (1000x) subsection shows a continuum of 

endothelium covering the rim.

D

The Nonocclusive Laser-Assisted Coronary Anastomotic Connector in an Off-Pump Porcine Bypass Model
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At 4 days, partial coverage of the connector and rim with platelets, fi brin, and endothelial cells was seen, 

demonstrating initiation of endothelialization of the non-intimal surface, which was completed after 10 days 

(Figure 3C and D). Note a continuous endothelial surface from the coronary artery over the connector and the 

rim (Figure 3D: 1000x magnifi ed subsection), into the LITA at 10 days.

At 14, 21, 35 days, and 6 months, no differences in anastomotic surface were found compared to the 

anastomosis at 10 days. All anastomoses showed patent anastomotic orifi ces, completely covered with 

endothelial cells, which expanded over time (Table 2).

DISCUSSION

After initial testing in the acute rabbit bypass model, the main purpose of the porcine OPCAB survival study 

was to investigate the healing of the novel ELANA coronary connector (ie, BENIS, the residual implant, and the 

active compression of vessel walls). Favorable healing and remodeling were demonstrated despite inherent 

undersizement of the anastomosis, with suffi cient hemodynamic function over time. 

Healing and Remodeling of the Alternative Vessel Wall Connection
Despite the unconventional construction (ie, apposition of the intima of the graft to the adventitia of the 

coronary artery) and the undersized anastomotic geometry, favorable anastomotic healing and remodeling 

were demonstrated. At 10 days, the non-intimal surface was completely covered with neointima (Figures 

2 and 3). In addition, the anastomotic orifi ce tended to expand over time by retraction of the laser rim and 

no fl ow-limiting (FFR 0.93 ± 0.07) intimal hyperplasia was seen at 6 months in the porcine model (latter 

follow-up being comparable to 1.5 to 3-year follow-up in the stented human coronary artery3). Supported by 

earlier experiments with laser-assisted anastomosis constructions in rabbits1,4 and pigs,5 correspondingly, no 

endothelial damage or thermal effects of the laser were found in our experimental CABG study. Moreover, one 

of the concerns with the use of a laser and a compression device is the risk for pseudoaneurysm formation.6 

However, at 6 months no adverse remodeling or anastomotic aneurysm formation, and in addition, no erosion 

effects of the implant were observed.

Facilitating Minimally Invasive Distal Coronary Anastomosis Construction
The connector includes several interesting features, compared with other coronary anastomotic connectors,2,7-10 

to facilitate - minimally invasive or endoscopic - distal coronary anastomosis construction. First, the most 

discriminating feature is the relatively simple fi rst step of nonocclusive prebounding of vessel walls, which 

enables anastomotic construction in a bloodless fi eld, without a time constraint. Hence, coronary conditioning 

(ie, shunting or snaring7-10) is redundant. Similarly, neither placing additional stitches to obtain hemostasis,8 

nor a separate incision into the target coronary is necessary,7-10 thus reducing manipulation and conditioning 

of the coronary artery and so, most importantly, simplifying the off-pump bypass procedure, especially in an 

endoscopic or minimally invasive setting. Moreover, due to the two-step approach it is feasible, in the case 

of malposition, prior to the point of no return (ie, the arteriotomy), to reopen and reposition the connector.

Second, in addition, the ELANA connector is a low-profi le device, without a bulky device-deployment 

system,7-10 so not hampering the bypass construction on diffi cult to reach or remote areas on the heart.

Limitations of the ELANA Coronary Connector
The connector requires optimization steps before clinical introduction. The round and fi xed confi guration 

of the anastomosis combined with the use of a cone-shaped laser catheter resulted, at least initially, in (1) 

a relative undersizing of the anastomosis (Table 2; FFR of 0.82 ± 0.17) by extension of the blood-exposed 

adventitial laser rim (Figure 2B; rim length 0.63 ± 0.09 mm versus 0.11 ± 0.12 mm in a previous study1 without a 

cone-shaped catheter), and so (2) applied for more than half of the total BENIS. BENIS, however, is inherent to 

distal anastomotic connectors.2,7-10 Buijsrogge and coworkers stated that BENIS intima-adventitia apposition 
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per se is not detrimental in a porcine low-fl ow LITA-to-LAD bypass model, but the tolerance to additional 

technical errors becomes smaller.11 In the current study, the additional technical error of an asymmetrically 

lasered rim, hence resulted in a fatal thrombotic occlusion in 1 pig. So, modifi cations to both the laser catheter 

as well as the anastomotic confi guration (ie, oval shaped) will result in a relatively larger anastomotic orifi ce 

(proper matching of anastomotic area to target coronary artery area), a reduction of the nonintimal surface 

within the anastomosis, and optimal fl ap retrieval. 

Future Perspectives
A new downsized, oval-shaped ELANA connector (anastomotic orifi ce ≈ 1.3 mm2) is being designed, which 

can be mounted completely sutureless and is applicable to target coronary arteries with an OD of 1.5 mm 

(ie, ± 1.2 mm ID ≈ 1.1 mm2). Prior to clinical application in CABG, the safety and quality of this downsized 

connector will be evaluated both in a long-term experimental porcine OPCAB study, as well as in a human 

atherosclerotic model. 

Conclusion
The new nonocclusive coronary connector is easy-to-use and the long-term results suggest favorable healing 

and remodeling in the porcine OPCAB model. Following downsizing, this coronary anastomotic device, with 

its emphasis on zero ischemia and simplifi ed prebounding of vessel walls, has intrinsic potential for minimally 

invasive or endoscopic OPCAB surgery.
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SUPPLEMENTAL METHODS

Animals
Rabbits

Three female New Zealand white rabbits (3 kg) were used. The rabbits were fed a normal diet and received 

humane care in compliance with the “Guide for the Care and Use of Laboratory Animals” (Institute of 

Laboratory Animal Resources, National Research Council [revised 1996]). The animal experimentation 

committee of the Utrecht University approved the protocol. The rabbits did not receive any anticoagulant or 

antiplatelet medication preoperatively.

Anesthesia was induced with acepromazine (0.5 mg/kg), methadone (1 mg/kg) intramuscularly and 

etomidate (0.3 mg/kg) intravenously. After intubation and ventilation, anesthesia was maintained by 

continuous intravenous infusion of midazolam (50 μg/kg/h) and sufentanil (50 μg/kg/h). The rabbit was put in 

a supine position and mean arterial blood pressure was kept at 60 mm Hg during the whole procedure. The 

rabbits were terminated with 200 mg/kg sodium pentobarbital intravenously

Pigs

Anesthesia was induced with ketamine (10 mg/kg), midazolam (0.5 mg/kg), and atropine (0.04 mg/kg) 

intramuscularly. Each animal received antibiotic prophylaxis (augmentin 1000/100 mg), thiopental sodium (4 

mg/kg), midazolam (0.5 mg/kg), and sufentanil citrate (6 μg/kg) through an intravenous line. The animals were 

intubated and ventilated with a mixture of oxygen and air (1:1 volume/volume). Anesthesia was maintained 

by a continuous intravenous infusion of midazolam (0.7 mg/kg/h), analgesia was obtained with an infusion 

of sufentanil citrate (6 μg/kg/h), and muscle relaxation with pancuronium bromide (0.1 mg/kg/h). During 

the operation, each animal received a continuous infusion of saline solution (300 mL/h). Metoprolol was 

administered intravenously (range, 5-20 mg) to reduce the mechanical irritability of the heart until a heart 

rate of approximately 70 beats/min was obtained. Postoperatively, amoxicillin-clavulanic acid (7.5 mg/kg) was 

administered and analgesia was obtained with durogesic 25 μg transdermally for 3 days. Animals were put 

to death with sodium pentobarbital (200 mg/kg) intravenously, after having been heparinized to obtain an 

activated clotting time (ACT; Hemotec, Inc, Englewood, Colo) of at least 4 times the control value. 

Scanning Electron Microscopy (SEM)
In the porcine model, 1 anastomosis per subgroup (n=7) was fi xated in 2% glutaraldehyde solution buffered 

in 0.1 M purifi ed phosphate buffer. Fixation was completed after the anastomosis was left in 1% buffered 

osmium tetroxide for 1 hour. After fi xation, the anastomosis was dehydrated in a graded series (50, 70, 90, and 

100%) of ethanol and dried in liquid CO2 by using the critical point method. Subsequently, the backwall of the 

LAD and the upper wall of the LITA at the anastomotic site were opened longitudinally, fi xed on scan tubs, and 

covered with a thin layer of platinum by sputter processing to enhance the image quality.

The intravascular anastomotic surface was evaluated (ie, assessment of endothelial and/or thrombocyte 

coverage) using a scanning electron microscope (Philips XL30LAB; FEI Europe, Eindhoven, The Netherlands).

The Nonocclusive Laser-Assisted Coronary Anastomotic Connector in an Off-Pump Porcine Bypass Model
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Supplemental fi gure 1. The rabbit abdominal aortic ELANA bypass model 

Final abdominal aortic bypass with 2 anastomoses. Ligating hemoclips are placed at both ends of the graft, and a hemoclip occludes the abdomi-

nal aorta in between the 2 anastomoses.

Supplemental fi gure 2. Histologic section of the ELANA anastomosis in the rabbit abdominal aortic bypass model 

Transverse section (12.5x magnifi cation). The fork (1) and the ring (2) of the anastomotic connector are visible. The magnifi ed (40x) subsection 

demonstrates intima (I)–adventitia (A) vessel wall apposition and the sharp laser-cut edge (Rim). Compression of the recipient vessel wall between 

the ring and fork is seen. G, lumen of the graft; R, recipient artery.

Supplemental fi gure 3. Histologic section of the LITA-to-LAD ELANA anastomosis at 6-months in the porcine model

Transverse section (12.5x magnifi cation). The pins of the connector (1) at the toe of the anastomosis (ie, distal to the anastomosis) are integrated 

into the upper wall of the LAD. N-I, neo-intima formation.

Supplemental fi gure E1 Supplemental fi gure E2 Supplemental fi gure E3
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ABSTRACT

Objective: This pilot study evaluates the anastomotic healing of the Excimer Laser Assisted Nonocclusive 

Anastomosis (ELANA) coronary connector at 6 months in a porcine off-pump coronary artery bypass (OPCAB) 

model. 

Methods: In 2 animals, left internal thoracic artery (LITA) to left anterior descending (LAD) coronary artery 

and in 1 animal, LITA-to-LAD and right internal thoracic artery (RITA) to right coronary artery (RCA) bypasses 

were evaluated intraoperatively and at 6 months. The anastomoses (n=4) were examined by angiography, 

intravascular ultrasound (IVUS), optical coherence tomography (OCT), scanning electron microscopy (SEM), 

and histology.

 

Results: At follow-up, all anastomoses (n=4) were fully patent (FitzGibbon grade A). SEM demonstrated 

complete endothelial coverage of the anastomotic surface and histology showed minimal streamlining intimal 

hyperplasia. The in vivo IVUS and OCT acquisitions confi rmed histologic fi ndings. OCT demonstrated 0.06 mm 

intimal coverage of the intraluminal part of the connector along the full circumference of the anastomosis.

Conclusions: In this pilot study, the ELANA coronary connector showed an excellent healing response on the 

long-term in the porcine OPCAB model. Hence, this new concept might be a potential alternative to hand-

sutured anastomosis in (minimally invasive) OPCAB surgery. 

Chapter 4
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INTRODUCTION

A new coronary anastomotic connector has been developed to facilitate minimally invasive off-pump 

coronary artery bypass (OPCAB) surgery.1 Initial short-term results showed that the zero ischemia Excimer 

Laser Assisted Nonocclusive Anastomosis (ELANA) coronary connector is easy-to-use and enables a reliable 

and standardized anastomotic construction in an off-pump porcine left internal thoracic artery (LITA) to left 

anterior descending (LAD) coronary artery bypass model,2 presented at the ISMICS Annual Meeting 2012. 

However, the long-term results, particularly regarding the healing and remodeling of the unconventional 

construction (ie, laser-punched arteriotomy and apposition of the intima of the graft to the adventitia of 

the coronary artery) are unknown. This pilot study evaluated the coronary connector in the porcine OPCAB 

model at 6 months follow-up (comparable to 1.5 – 3 years of human clinical follow-up3) with angiography, 

intravascular ultrasound, optical coherence tomography, scanning electron microscopy, and histology.

METHODS

Animals
Three Dutch Landrace pigs (female; weighing 70-90 kg) were used. The animals were fed a normal diet 

and received humane care in compliance with the “Guide for the Care and Use of Laboratory Animals” 

prepared by the Institute of Laboratory Animal Resources, National Research Council (revised 1996). The 

animal experimentation committee of the Utrecht University approved the protocol. Starting 3 days before 

surgical intervention, all animals received 80 mg of acetylsalicylic acid and 75 mg clopidogrel orally daily. This 

anticoagulation protocol was continued until termination.

ELANA Coronary Connector and Procedure 
The prototype connector (titanium; Figure 1A) is suitable for coronaries with an inner diameter (ID) of 2.4 mm. 

The graft (2.0-4.0 mm outer diameter [OD]) is mounted onto the ring of the opened connector, following an 

arteriotomy (3.0 mm long), using 4 to 8 Prolene 8-0 stitches (Ethicon, Somerville, NJ), such that the ring is 

completely covered with intima (Figure 2A). An applier (Aneurysm clip applier; Peter Lazic, GmbH, Tuttlingen, 

Germany) is used to open and insert the connector into the lumen of the unopened, non-occluded coronary 

artery (Figure 2B). The connector is closed by releasing the applicator, and hereby, it compresses both vessel 

walls by the spring of the connector. Subsequently, a laser catheter (2.5 mm OD, laser fi bers 2.0 mm OD; 

Figure 1B) is introduced via the distal end of the graft and vacuum through the lumen of the laser onto the 

coronary is initiated. The laser punches an opening of ± 1.8-2.0 mm diameter (≈ 2.5-3.1 mm2, cave lumen 

coronary ≈ 4.5 mm2) into the coronary (the laser does not weld or seal the anastomosis), the lasered fragment 

Figure 1. ELANA coronary connector and laser catheter

A: Prototype connector with a fork (1) (2.9 mm outer diameter, 2.4 mm inner diameter) with 2 sharp pins (4.5 mm length) and a ring (2) (3.4 mm 

outer diameter, 2.9 mm inner diameter). A spring (3) at the back of the device enables the ring (2) and fork (1) of the connector to open (right) and 

close (left), with the use of an applicator (4).

B: Laser catheter (2.5 mm outer diameter): the grid of the vacuum channel (1) is located centrally and surrounded by laser fi bers (2) (2.0 mm outer 

diameter). The cone-shaped tip (3) (widest part, 3.0 mm outer diameter) facilitates positioning and stabilization into the anastomotic connector.

6-Month Healing of the Nonocclusive Coronary Anastomotic Connector in an Off-Pump Porcine Bypass Model
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A B C D

Figure 2. ELANA anastomotic procedure

A: The graft is mounted onto the connector using 4 to 8 stitches. The intima of the graft (highlighted) is everted over the ring from the inside, and, 

subsequently, completely covers the inner surface of the ring of the connector. 

B: An applier (not shown) is used to open and insert the connector into the lumen of the coronary artery. The pins of the connector puncture the 

unopened, non-occluded coronary artery wall, downstream, towards the distal tract of the coronary. 

C: After laser-punching an opening into the anastomosis, the catheter with a lasered fragment of the coronary artery wall (“fl ap”, see curved arrow) 

is retrieved (graft illustrated transparently). A small protruding adventitial rim of the coronary artery, the laser edge, is exposed intraluminally (see 

magnifi ed section [complete intimal coverage of the ring of the connector by the graft not shown]). 

D: Final bypass. A ligating hemoclip is placed at the distal end of the graft. Note that the implanted connector stays in situ and is not removed 

afterwards.

of the coronary wall (ie, “fl ap”) is vacuum-attached to the grid of the laser (Figure 1B), and subsequently the 

laser - including the fl ap - is retrieved. Hence, an adventitial rim of the coronary, the laser edge, is exposed 

intraluminally (Figure 2C).1 The bypass is completed by ligation of the distal end of the graft using a hemoclip 

(Weck Hemoclip; Telefl ex Medical, Research Triangle Park, NC; Figure 2D). 

Anesthesia and Euthanasia
Anesthesia was induced with ketamine (10 mg/kg), midazolam (0.5 mg/kg), and atropine (0.04 mg/kg) 

intramuscularly. Each animal received antibiotic prophylaxis (amoxicillin-clavulanic acid 1000/100 mg), 

thiopental sodium (4 mg/kg/), midazolam (0.5 mg/kg), and sufentanil citrate (6 μg/kg) through an intravenous 

line. The animals were intubated and ventilated with a mixture of oxygen and air (1:1 volume/volume). 

Anesthesia was maintained by a continuous intravenous infusion of midazolam (0.7 mg/kg/h), analgesia was 

obtained with an infusion of sufentanil citrate (6 μg/kg/h), and muscle relaxation with pancuronium bromide 

(0.1 mg/kg/h). During the operation, each animal received a continuous infusion of saline solution (300 mL/ h). 

Metoprolol was administered intravenously (range, 5-20 mg) to reduce the mechanical irritability of the heart 

until a heart rate of approximately 70 beats/min was obtained. Postoperatively, amoxicillin-clavulanic acid (7.5 

mg/kg) was administered and analgesia was obtained with fentanyl 25 μg transdermally for 3 days. Animals 

were put to death with pentobarbitalsodium (200 mg/kg) intravenously, after having been heparinized to 

obtain an activated clotting time (ACT; Hemotec, Inc, Englewood, Colo) of at least 4 times the control value. 

Surgery and Experimental Model
After a partial sternotomy, harvesting the ITA, partial heparinization (activated clotting time [ACT] > 200; not 

counteracted), and immobilization of the coronary (OD 3.0 mm) by the Octopus 3 Tissue Stabilizer (Medtronic, 

Inc, Minneapolis, MN), the bypass was constructed. Following construction, the coronary was ligated ± 1.0 cm 

upstream with 3 medium hemoclips, the ITA was tagged onto the epicardium, and the pericardium closed. 

Before chest closure, graft fl ow (mL/min) was monitored for 2 hours with a transit time fl ow probe 

(diameter 3.0 mm; fl owmeter model T208; Transonic Systems, Inc, Ithaca, NY), at a mean blood pressure of 90 

mm Hg. Following ITA clamping for 30 seconds, the coronary peak hyperemic fl ow response was determined 

(45 minutes after construction, in duplicate at an interval of at least 10 minutes) as the peak graft fl ow divided 

by the baseline fl ow.

In 2 animals, LITA-to-LAD and in 1 animal, LITA-to-LAD and RITA-to-RCA bypasses were constructed. The 

anastomoses (n=4) were evaluated intraoperatively by fl ow measurements, and at 6 months by angiography 

intravascular ultrasound (IVUS; n=1, RITA-RCA), optical coherence tomography (OCT; n=1, RITA-RCA), 
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scanning electron microscopy (SEM; n=1, LITA-LAD), and histology (n=2, LITA-LAD). 

Catheterization Techniques
All catheterization was performed before death, at 6 months. All anastomoses (n=4) were visualized by 

angiography and graded by 2 independent observers according to the FitzGibbon criteria. 

IVUS acquisition of the RITA-to-RCA bypass was performed using an ultrasound catheter (Revolution 

45MHz Catheter, Volcano Corporation, Rancho Cordova, CA) with an automated pullback-speed of 0.5 mm/s. 

The frequency domain OCT system (C7 Dragonfl y, LightLab Imaging, Inc., Westford, MA) was used for imaging 

the RITA-to-RCA bypass with an automated pullback-speed of 20 mm/s and a continuous fl ush of contrast by 

manual injection. Intimal hyperplasia and the dimension of the bypass (ie, the reference lumen area of the 

RCA and RITA 1.0 cm down- and upstream to the anastomosis, respectively, and the anastomotic orifi ce) were 

recorded and assessed by 2 independent investigators.

Scanning Electron Microscopy (SEM) and Histologic Analysis 
The anastomotic surface of 1 anastomosis was evaluated using a scanning electron microscope (Philips 

XL30LAB; FEI Europe, Eindhoven, The Netherlands).

Two anastomoses were embedded in methyl methacrylate, sectioned in transverse planes (at 300-μm 

intervals), and stained with hematoxylin and eosin. The dimensions (ie, coronary lumen area [reference part, 

1.0 cm distal to the anastomosis] and the anastomotic orifi ce), neointimal hyperplasia, adverse remodeling, 

and chronic infl ammatory cell reaction were assessed (AnalySiS, Soft-Imaging Software GmbH, Münster, 

Germany). 

Statistical Analysis
The data are presented as the mean ± standard deviation or as noted otherwise. 

RESULTS

Surgery
All anastomotic procedures were performed by 1 investigator (D.S.). The mean anastomotic construction time 

was 6.8 ± 1.0 minutes, mounting of the graft required 28 ± 3 minutes, and all anastomoses were constructed 

without interrupting coronary fl ow. The intraoperative mean peak hyperemic fl ow response was 4.3 ± 1.3 

(base fl ow 50 ± 17 mL/min) and all anastomoses showed consistent graft fl ow up to 2 hours after construction 

(43 ± 15 mL/min at t=2 hours). 

Catheterization 
At follow-up, all anastomoses (n=4) were fully patent (FitzGibbon grade A; Figure 3A). In 1 animal, an imperfect 

occlusion of the hemoclip at the LAD proximal to the anastomosis was found, resulting in a partial occlusion 

(approximately 40% residual lumen); however, it had not affected anastomotic patency. 

IVUS acquisition of the RITA-to-RCA bypass demonstrated a lumen area of the RCA of 10.1 mm2 and 

11.8 mm2 of the RITA. The anastomotic width, measured with both IVUS and OCT, was 2.2 mm. Limited 

neointimal formation and a 0.06 mm intimal coverage of the intraluminal part of the connector along the full 

circumference of the anastomosis was found with OCT (n=1; Figure 3B-D).

Scanning Electron Microscopy (SEM) and Histology 
SEM demonstrated complete endothelial coverage of the anastomotic surface, and a smooth and patent 

orifi ce was seen. The endothelial surface is completely continuous from the coronary artery, covering the 

connector and the laser rim, to the LITA (Figure 4B). 

Histology showed minimal intimal hyperplasia, without lumen-narrowing neointimal formation (Figure 

6-Month Healing of the Nonocclusive Coronary Anastomotic Connector in an Off-Pump Porcine Bypass Model
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4C). The initial intraluminal exposed coronary adventitial rim (Figure 2C) was completely remodeled and 

replaced by streamlining neointimal tissue, which caused the anastomotic orifi ce to expand over time from 

± 2.5-3.1 mm2 (LAD ± 4.5 mm2) at the time of construction to 3.8 ± 0.6 mm2 at 6 months (LAD 8.6 ± 0.7 mm2). 

The extravascular spring of the connector (Figure 1A-3) was fully integrated in a maze of connective tissue, 

between the LITA and LAD, and did not induce adverse erosion effects to neither one of the adjacent arteries. 

In addition, the initial intraluminal exposed fork was incorporated into the upper wall of the outfl ow tract 

of the LAD and covered by a layer of neointima (Figure 4D). No adverse remodeling (eg, erosion, luxation, 

or pseudoaneurysm formation) was demonstrated over time and no excessive chronic infl ammatory cell 

reaction was found. 

 A  B

Figure 3. Angiogram, IVUS, and OCT images of a representative ELANA bypass at 6 months postoperatively 

A: Angiogram at 6 months. Ligating hemoclips on the distal end of the mammary (1), and at the proximal part of the coronary (4), are visible. Note 

the relatively undersized anastomosis (2) due to an increased LAD (animal growth). The spring of the connector (3) is only slightly visible and 

over-projected by the mammary artery fi lled with contrast.

B: Intracoronary IVUS, transverse section. A minimal anastomotic width of 2.2 mm is demonstrated. Note: the IVUS wire is visible in the lumen.

C: Intracoronary OCT, transverse section. Note: the OCT wire is visible in the lumen. The arrows point at the fork of the connector (C). The ring of 

the connector cannot be seen owing to the scattering of the fork. C= fork of the connector.

D: Magnifi cation of Figure 3C. The connector (radiopaque; on its right side its shadow) is covered by a layer of neointima of 0.06 mm.

 A  B  C  D

Figure 4. Macroscopic, SEM, and histologic images of the ELANA anastomosis at 6 months postoperatively

A: Macroscopic view onto an ex vivo anastomosis, with a longitudinally opened LAD. The connector is completely covered by neointima and 

hence not visible.

B: SEM image of the anastomotic edge (1780x magnifi cation). Complete coverage - of initial nonintimal tissue - with endothelium is demonstrated. 

C: Histologic transverse section, midanastomosis (12.5x magnifi cation), stained with hematoxylin and eosin. Note that the black dots, on each 

lateral side of the fork of the connector (C), represent the ring of the connector. C = fork of the connector, IH = intimal hyperplasia.

D: Histologic transverse section (12.5x magnifi cation), stained with hematoxylin and eosin. The pins of the connector (1) at the toe of the anasto-

mosis (ie, distal to the anastomosis) are integrated into the upper wall of the LAD. N-I = neointimal formation.

 C  D
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DISCUSSION

This pilot study evaluated the long-term results of the zero ischemia ELANA coronary connector in a porcine 

OPCAB model at 6 months. The ELANA bypass was assessed by multiple imaging modalities at 6 months, 

which demonstrated fully patent anastomoses and consistent healing and remodeling with minimal intimal 

hyperplasia. 

The ELANA Connector: Healing of an Unconventionally Constructed Anastomosis 
In contrast to other coronary anastomotic connectors,4,5 the unconventional ‘reciprocal’ construction requires 

connection of the vessel walls as a fi rst step, before making the arteriotomy; hence, allowing a completely 

nonocclusive, simple, and bloodless construction. In addition, in contrast to the conventional hand-sewn, intima 

apposed to intima, anastomosis, the facilitated ELANA anastomosis has some unconventional features, which 

were comprehensively examined in this pilot study at 6 months follow-up. The unconventional anastomosis 

construction, with 1) a laser-punched arteriotomy, 2) active compression of the vessel walls between the fork 

and ring of the connector, 3) apposition of the intima of the graft to the adventitia of the coronary artery, and 

4) the residual implant (ie, the extravascular spring at the back of the connector and the intraluminal, blood-

exposed fork), had no detriment on the long-term patency or remodeling of the anastomosis. Moreover, 

neither erosion effects, nor lumen-narrowing intimal hyperplasia, but rather consistent and streamlining 

neointimal coverage along the full circumference of the connector was seen at 6 months follow-up. Despite 

the preexistent undersizing (ie, mismatch of the anastomotic area [± 2.5-3.1 mm2] to the target coronary [± 4.5 

mm2]), which increased over time due to the physiological growth of the porcine coronaries (lumen LAD 8.6 ± 

0.7 mm2), the anastomotic area expanded (3.8 ± 0.6 mm2). 

OCT acquired high resolution, in vivo “near-histological” images. This imaging technique offers a ten-fold 

higher resolution than IVUS, which results in acquisition of easy-to-interpret images without loose of detail.6,7 

This technique is the gold standard for the assessment of coronary device (eg, stents) coverage; however, 

its resolution is just above the dimension of endothelial cells and therefore it cannot characterize tissues. 

Thus, its implication in the current application (ie, assessment of intimal coverage of the intraluminal fork) is 

not validated. However, OCT has potential in the (experimental) ad interim assessment of the anastomosis 

coverage (ie, acquiring “near-histological” data), without the need to sacrifi ce the animal. In addition, it might 

have clinical implications as a follow-up assessment technique (ie, assessment of connector and vessel wall 

apposition, anastomotic healing, and remodeling).  

Limitations and Future Perspectives
There are some limitations. This is a pilot study, and inherently, a limited number of anastomoses were 

evaluated. However, the obtained long-term data in this study provide a “proof of concept” and hence it 

stimulates the ongoing quest and research towards a clinically useful, unconventional anastomotic connector. 

With regard to the undersizing of the anastomosis, the connector will be downsized to an oval shaped-

confi guration, with proper matching of anastomotic fl ow area to coronary lumen area, in order to target 

clinically relevant small caliber coronary arteries (1.2 mm ID). Moreover, to further simplify and accelerate the 

anastomosis construction, the newly designed connector will be completely sutureless, applicable for (robotic 

assisted) minimally invasive or totally endoscopic off-pump coronary artery bypass procedures.8-12 

Conclusion
In this pilot study, the ELANA coronary connector showed an excellent healing response with only minimal 

streamlining intimal hyperplasia formation on the long-term in the porcine OPCAB model. Hence, this new 

concept, following ameliorations, might be a potential alternative to hand-sutured anastomosis in (minimally 

invasive) OPCAB surgery. 

6-Month Healing of the Nonocclusive Coronary Anastomotic Connector in an Off-Pump Porcine Bypass Model
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From Clip to Trinity Clip 
After the proof-of-concept of the Clip connector was demonstrated in the porcine off-pump bypass model 

and favorable long-term patency results and anastomotic healing was confi rmed (Part B of this thesis), the 

experimental anastomosis concept was further ameliorated towards clinical application. Therefore, two major 

obstacles had to be addressed: 1) its size (ie, suitable for relatively large caliber coronary arteries) and 2) the 

need for mounting sutures, to connect the graft to the connector. How these two obstacles have been tackled 

is described in the following paragraphs. 

Downsizing of the Connector 
Oval shaping of the initial round connector and laser catheter (Figure 1 and Chapter 5, Figure 2) enabled 

the technique to target smaller caliber coronary arteries. The fi nal sizing of the connector is based on the 

following principle: the surface of the anastomotic orifi ce (ie, anastomotic fl ow area) has to be at least equal 

to the cross-sectional area of the target coronary artery (ie, coronary luminal fl ow area). To obtain suffi cient 

anastomotic orifi ce, logically, only a maximum in anastomotic width is allowed for: if the device is too wide, 

the connector will deform the coronary artery (ie, fl attening or sea-gulling effect). The maximal anastomotic 

width for a particular target coronary artery was determined in an ex vivo study (not published). In porcine 

cadaver hearts, connector-prototypes with different sizes (from 1.0 – 3.0 mm width, with a 0.2 mm interval 

between each prototype) were introduced into coronary arteries (from 1.0 – 3.0 mm outer diameter). In the 

fi rst part of the study, deforming of the coronary artery after connector introduction was assessed by the 

formation of luminal casts of the coronary artery (by alginate dental impression material), and in the second 

part of the study by coronary angiography. The results indicated that the maximum width of the connector is 

allowed for to be 85% of the outer diameter of the target coronary artery. 

To cover target coronary arteries in the range of 1.6 – 3.0 mm outer diameter (ie, clinically relevant target 

sizes; covering the majority of coronary targets), multiple connector sizes have to be developed to be suffi cient 

in anastomotic fl ow surface in the indicated range. One size connector will not fi t all: it will be too large for the 

smallest coronary artery in the range and too small and undersized for the largest. To evaluate the potential 

of the technique, fi rst a connector developed for the smallest range (ie, highest risk) will be evaluated in a 

long-term animal series (Chapter 8). If the technique is proven to be safe in this model on the long-term, 

subsequently, the connector will be up-sized. The smallest coronary target range was set at 1.6 – 1.8 mm outer 

diameter. Developing a connector based on the ELANA technique for coronary targets smaller than 1.6 mm 

outer diameter is technically extremely challenging and due to the specifi c characteristics of the connector (ie, 

intraluminal connector positioning), will probably not yield a viable device; the anastomotic orifi ce will be too 

small and consequently, prone for (acute) thrombotic occlusions. 

The connector should not be wider than 1.4 mm (85% of the width of the smallest in the range), according 

to the results of the above-described study. Subsequently, the anastomotic orifi ce width is dependent of 

the following two variables: 1) the laser rim (ie, the length of the edge of the coronary wall that resides 

afterlasering) and 2) the connector material thickness (ie, the thickness of the pins of the fork). Regarding the 

length of the laser rim inside the anastomosis, the length was empirically set at 0.10 mm; this is enough vessel 

wall length in case of minor vessel wall slippage. 

The second factor that limits the size of the anastomotic fl ow area is the material thickness of the pins 

of the fork. Ideally, the material thickness is kept as low as possible to introduce a minimum amount of 

foreign body into the bloodstream. However, the connector should be strong enough to resist pressures 

and forces, for example while introducing it into a stiff coronary wall. Therefore, various sizes of forks of the 

connector (titanium), up to 0.10 mm thickness in combination with different heights, were assessed in an ex 

vivo study (not published). We demonstrated that the ideal material thickness of a pin of a fork is 0.2 by 0.2 

mm, with regard to strength and stabilization of the device in relation to the foreign material surface inside 

the anastomosis (ie, BENIS).

Preface Part C: The Trinity Clip Connector
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Sutureless Connection of Graft to Coronary Artery 
Tag-points

The need for mounting sutures, to connect the graft to the connector, was a major obstacle towards future less 

invasive application of the technique. The fi rst attempt to realize a sutureless connection was the attachment 

of tag-points onto the upper ring of the ovalized Clip connector (Figure 2). Initially the position of the tag-

points was lateral onto the ring of the device. In case the graft was relatively small, the connection resulted in 

a stenosis of the graft at the side of the anastomosis, hereby blocking the way for the laser catheter. Several 

prototypes were evaluated and tested ex vivo with different forms (to make them sharper) and different 

positions of the tag-points (on the lower side of the ring to reduce the stenosis). However, it was cumbersome 

and not practical and hence seemed to have limited potential in facilitating minimally invasive coronary artery 

bypass surgery.  

Now, with all known variables, the anastomotic orifi ce width can be calculated: 

Anastomotic orifi ce width = 1.4 – (2*0.20 [material thickness]) – (2*0.1 [laser rim]) = 0.8 mm.

The anastomotic orifi ce length could be determined with the before mentioned rationale ‘anastomotic 

fl ow area = coronary luminal fl ow area’. The anastomotic fl ow area should be at least equal to the luminal 

fl ow area of the biggest coronary artery in the range of 1.6 – 1.8 mm outer diameter. Hence, assuming that the 

coronary wall thickness is 0.2 mm, the luminal fl ow area = Pi*r2 = Pi*((1.8-(0.2*2))/2)2 = 1.5 mm2. Consequently, 

the anastomotic fl ow area should be at least 1.5 mm2 and so, with the previously determined width of 0.8 mm, 

the length is calculated and should be at least 2.0 mm. 

As much as we would like to oversize the anastomotic fl ow area, the length of the anastomotic orifi ce 

could not be infi nite. The laser catheter mainly limits the length of the anastomotic orifi ce. The laser catheter 

laser-punches the exact size of the anastomotic orifi ce and therefore, the tip of the laser catheter thus will be 

as big as the size of the anastomotic orifi ce. If the tip of the laser catheter is too long, the laser catheter does 

not fi t into the graft. In addition, the longer the connector is, the more diffi cult it is to introduce it correctly 

into the lumen of a small tortuous coronary artery. With the above determined anastomotic orifi ce width and 

length of 0.8 by 2.0 mm for the target coronary artery range of 1.6 – 1.8 mm, the calculated minimal inner 

diameter of the graft is 2.2 mm. However, assuming a 15% extension/distension possibility of the graft,1 the 

inner diameter of the target graft could be smaller (1.9 mm).

Figure 1. The tip of the laser catheter with a laser-punched fragment of an arterial wall

Device Development: A Journey from Clip to Trinity Clip
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Figure 2. Oval ring with tag-points attached for connection of the graft to the connector

A: The ring only.

B: The oval ring with a graft mounted. Everting the graft results in a stenosis of the graft.

A B

Double Forks and Premounting of the Laser Catheter

A different idea was the use of two forks (Figure 3). A second fork replaced the ring of the Clip connector and 

the now called ‘upper fork’ will be simply inserted into the graft. Hence, the graft could be connected totally 

sutureless onto the connector and subsequently onto the coronary artery. This whole new concept brought 

along some new challenges and subsequent solutions.

A  B  C

Figure 3. Double fork prototypes

A: Fork-fork on top.

B and C: Fork-fork push-button.

One potential problem, especially by targeting small caliber coronary arteries, is the introduction of a 

second fork into the bloodstream. This increases the amount of material BENIS (3.8 in the Clip connector to 6.3 

mm2). However, the intima-adventitia apposition, found in the Clip connector facilitated anastomosis, is now 

changed into an adventitia-adventitia apposition (ie, only an edge of media and adventitia exposure) by using 

the double fork design, thus reducing the tissue BENIS (4.1 to 1.9 mm2). Long-term studies should elucidate 

the exact effects of these shifts in BENIS on patency and healing.

One of the essentials in the anastomosis construction changed signifi cantly: the laser now also laser-

punches the graft. This new construction method introduced some opportunities in simplifying the construction 

but also raised some questions regarding the effects of laser-punching the grafts vessel wall. We found out 

that the laser cannot effectively and safely laser-punch the wall of the graft and coronary artery and retrieve 

both tissue fl aps at the same time. Moreover, if the graft is laser-punched, the laser is removed, and the lower 

fork is subsequently inserted into the coronary artery, we observed that after re-introduction of the laser and 

opening of the coronary artery, the two anastomotic orifi ces (ie, the opening of the graft and the opening of 

the coronary) are not exactly positioned on top of each other, and overlap (resulting in adventitia exposure 

and a smaller anastomotic orifi ce). Therefore, to avoid repetitive introduction of the laser catheter (ie, time-

costly and potential damaging), and hereby the risk of slippage of the grafts vessel wall (and thus overlapping 

orifi ces predisposing to occlusion of the anastomosis), the new idea of ‘premounting the laser catheter’ was 

developed. 

After introduction of the upper fork of the connector into the graft, the laser is introduced via the distal 

end of the graft into the connector, were it is temporary fi xated by a fi xation clip (Chapter 5, Figure 3). The 

laser is activated, laser-punches the graft, and the fl ap is removed a vue. Importantly, now, the laser catheter 
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is not removed and stays in situ (ie, premounted for insertion into the coronary artery). The next step is 

introducing the lower fork of the connector into the coronary artery, while the laser catheter is still positioned 

and fi xated exactly in the connector. Hence, after application onto the coronary artery, the laser catheter 

is directly correctly positioned and the surgeon can laser-punch without wondering if the laser catheter is 

correctly positioned. This in contrast to the procedure with the Clip connector, in which the laser catheter is 

manually positioned after the Clip connector is inserted into the coronary artery. Finally, the coronary artery is 

opened, the fi xation clip is removed, and the laser catheter retracted. 

The fi xation clip (Chapter 5, Figure 3) is key in the premounting concept. The fi xation clip should form a 

robust and stabile complex with the laser catheter, graft, and connector. It ensures the correct position and 

prevents dislocation of the laser catheter, especially during the insertion of the lower fork of the connector 

into the coronary artery, where most forces will challenge the complex, and thus dislocation. We designed the 

fi xation clip in such a way that it has two fulcra: the premounted laser catheter (ie, the graft and laser catheter; 

the graft is pulled up) and a fi xed standardized point at the connector itself (ie, the neck, between the fork and 

the spring). 

The initial experience with premounting was most promising, with 100% fl ap retrieval rates. However, 

the design of upper fork on top of the lower fork resulted in unstable anastomoses with brisk anastomotic 

leakage at the toe. Different prototype designs were tried, amongst other designs also a ‘fork-fork push-

button’, in which the lower fork falls into the slightly bigger upper fork. However, none resulted in satisfactory 

anastomoses. 

Trinity Clip

The unstable design of the clip with the two forks was greatly enhanced by the introduction of a band or ring 

placed around the two forks. This novel idea leaded to the development of the Trinity Clip. 

The spring of the clip is modifi ed in such a way two shafts at the back of the spring enables the 2 forks to 

open and close, individually one by one by placing an applicator into one of the two shafts of the spring. An 

extravascular immovable band (2 times the thickness of the fork) is positioned adjacent to the forks over their 

full length, hereby obtaining extra lateral compression, and it provides stabilization of the mechanics of the 

connector (Chapter 5, Figure 1). While opening the lower fork during insertion into the coronary artery, the 

upper fork maintains compression (of the graft) onto the band, hereby preventing shifting of the grafts vessel 

wall. The upper fork is longer than the lower fork and its tip is positioned in an indentation at the front of the 

extravascular band, so compression of its full length onto the lower fork is obtained. The shorter lower fork is 

completely positioned inside the outer band.

The introduction of a new spring with two shafts led to the development of a new applier. The standard 

applier of the Clip connector opened the lower fork of the Trinity Clip connector in such a way both the lower 

fork and upper fork (plus band) moved, divergently. This is unfavorable, because this will introduce extra 

forces onto the premounted complex during insertion of the lower fork into the coronary artery and will 

therefore increase the risk of dislocation of the laser catheter. In addition, it can also promote slippage of the 

grafts vessel wall and subsequent overlapping orifi ces. Hence, our team developed a new applicator (Chapter 

5, Figure 4B), suitable for open chest bypass surgery and MIDCAB approaches, which opens the lower fork 

of the connector and only results in movement of the lower fork, away from the upper fork (plus band). The 

upper fork will be compressed against the band and will not move.

Preclinical Evaluation
The above described design modifi cations of the connector and the laser catheter enables a simplifi ed and 

accelerated construction on to clinically relevant, small caliber coronary arteries. The next part of this Thesis will 

describe the preclinical evaluation of the Trinity Clip, with in Chapter 5 an extensive protocol of how to use and 

evaluate the Trinity Clip in an experimental porcine model (supported by an online video). Chapter 6 describes 

the feasibility and effi cacy of the anastomotic technique in a human atherosclerotic model and additionally, 

the acute laser effects onto small caliber target coronary arteries. A pilot study is described in Chapter 7, in 

Device Development: A Journey from Clip to Trinity Clip
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which the feasibility of total arterial minimally invasive direct coronary artery bypass (MIDCAB) surgery by 

using the Trinity Clip anastomotic connector was evaluated in an acute porcine model. Finally, Chapter 8 

describes the preclinical safety study on small caliber coronary arteries in a long-term porcine OPCAB model 

in which the patency, healing, and hemodynamic function of the connector-facilitated anastomoses were 

compared to the hand-sewn anastomoses.



77

REFERENCES

1. van Andel CJ, Pistecky PV, Borst C. Mechanical properties of porcine and human arteries: implications for 

coronary anastomotic connectors. Ann Thorac Surg. 2003;76:58-64.

Device Development: A Journey from Clip to Trinity Clip





79

Published
Journal of Visualized Experiments 2014;(93):e52127

Presented
International Society for Minimally Invasive Cardiothoracic Surgery
Boston, MA, USA, 2014 

Video Presentation
http://www.jove.com/video/52127/

5
EVALUATION OF A NOVEL LASER-ASSISTED CORONARY ANASTOMOTIC 

CONNECTOR – THE TRINITY CLIP – IN A PORCINE OFF-PUMP BYPASS 

MODEL

David Stecher,1 Glenn Bronkers,2 Jappe O.T. Noest,2 Cornelis A.F. Tulleken,3 Imo E. Hoefer,4 Lex A. van 
Herwerden,1 Gerard Pasterkamp,4 and Marc P. Buijsrogge1

From the Departments of Cardiothoracic Surgery1 and Experimental Cardiology,4 Heart and Lungs Division, 
and Department of Neurosurgery,3 Brain Division, University Medical Center Utrecht, Utrecht, The Netherlands. 
Corvasco Medical b.v.,2 Utrecht, The Netherlands.



80

ABSTRACT

To simplify and facilitate beating heart (ie, off-pump), minimally invasive coronary artery bypass surgery, 

a new coronary anastomotic connector, the Trinity Clip, is developed based on the excimer laser-assisted 

nonocclusive anastomosis technique. The Trinity Clip connector enables simplifi ed, sutureless, and 

nonocclusive connection of the graft to the coronary artery, and an excimer laser catheter laser-punches the 

opening of the anastomosis. Consequently, owing to the complete nonocclusive anastomosis construction, 

coronary conditioning (ie, occluding or shunting) is not necessary, in contrast to the conventional anastomotic 

technique, hence simplifying the off-pump bypass procedure. Prior to clinical application in coronary artery 

bypass grafting, the safety and quality of this novel connector will be evaluated in a long-term experimental 

porcine off-pump coronary artery bypass (OPCAB) study. In this paper, we describe how to evaluate the 

coronary anastomosis in the porcine OPCAB model using various techniques to assess its quality. 

Representative results are summarized and visually demonstrated.

Chapter 5
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INTRODUCTION

Off-pump coronary artery bypass (OPCAB) surgery can potentially reduce the morbidity associated with 

the use of cardiopulmonary bypass in coronary artery bypass surgery (eg, thromboembolic complications, 

excessive retain of fl uid, blood transfusions, and activation of the immune system) and can be of benefi t for 

patients at high risk for complications associated with cardiopulmonary bypass and aortic manipulation.1 

Minimally invasive coronary artery bypass surgery (eg, thoracoscopic or robotic-assisted surgery), reduces 

the size of the incisions, and hence, reduces patient recovery time, hospital stay, and morbidity rates.2 Despite 

the potential benefi ts for (a subset of) patients in need for coronary revascularization, adoption of these 

techniques has not been widespread. One of the reasons is that an off-pump minimally invasive approach for 

coronary bypass surgery is technically very challenging. 

To simplify and facilitate beating heart (ie, off-pump), minimally invasive coronary artery bypass 

surgery, a new coronary anastomotic connector is developed, the Trinity Clip,3,4 based on the excimer laser-

assisted nonocclusive anastomosis (ELANA) technique.5-9 The connector enables simplifi ed, sutureless, and 

nonocclusive connection of the graft to the coronary artery, and an excimer laser catheter laser-punches the 

opening of the anastomosis. Consequently, owing to the complete nonocclusive anastomosis construction, 

coronary conditioning (ie, occluding or snaring and shunting) is not necessary, in contrast to the conventional 

anastomotic technique, hence simplifying the bypass procedure. 

Preceding studies regarding a predecessor prototype ELANA coronary connector, demonstrated its 

feasibility on relatively large arteries (inner diameter [ID] 2.4 millimeter [mm]) in an acute rabbit model.5 

Moreover, in a porcine open sternotomy OPCAB model, proper healing with minimal intimal hyperplasia was 

found at the long-term.6,7

Recently, the coronary anastomotic technique was further ameliorated towards clinical application. 

Design modifi cations of the connector and the excimer laser catheter enable a simplifi ed and accelerated 

construction (ie, sutureless mounting of the graft) on to clinically relevant, small caliber coronary arteries (ID 

1.4-1.6 mm). Prior to clinical application in coronary artery bypass grafting, the safety and quality of this novel 

connector will be evaluated in a porcine open sternotomy OPCAB model at the long-term (6 month follow-up), 

according to the protocol described in this paper.

This protocol describes our experimental porcine OPCAB model and provides a detailed description of 

the coronary anastomotic procedure. Furthermore, options are described for intraoperative, postoperative, 

and post-mortem assessment of the anastomosis, which are of paramount importance in evaluating the 

anastomotic quality. In this paper, the Representative Results section summarizes the fi ndings of a pilot 

study in the porcine OPCAB model (n=3 pigs, with a follow-up of 5 hours), which was performed prior to the 

preclinical study.
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Figure 1. The Trinity Clip 

A: Animated images of the coronary anastomotic connector, a side view. The connector is constructed of titanium and is suitable for target co-

ronary arteries with an inner diameter (ID) between 1.4 and 1.6 mm.

The connector consists of:

1: A spring, which enables the 2 forks to open and close, individually one by one (lower left and right panel), by placing an applicator into 1 of the 

shafts of the spring (see asterisks, applicator not shown). Additionally, it provides active compression of the 2 forks. 

2 and 3: Two forks with each 2 sharp pins, attached to the spring (1); the upper fork (2, red) will be inserted into the graft, the lower fork (3, blue) 

will be inserted into the coronary artery. 

4: An extravascular band (2 times the thickness of the pins; illustrated transparently in the upper panel), adjacent to the forks over their full length, 

hereby obtaining extra lateral compression. It is attached to the spring, in between the anchor-points of the forks. While opening the lower fork (3, 

blue; lower right), the upper fork (2, red) maintains compression (of the graft) onto the band (4). The magnifi ed subsection (top left) demonstrates 

the position of the tip of the longer upper fork (2, red) in an indentation at the front of the extravascular band (4). 

B: Animated image of the connector, a diagonal top view. The upper fork is opened (applicator not shown).

Chapter 5
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Figure 2. The oval laser catheter

The oval laser catheter is used for the laser-punched arteriotomy into the graft and the coronary artery. Please note that the laser catheter does 

not weld or seal the anastomosis.

A: The outer band (1; widest part) facilitates positioning and stabilization into the anastomotic connector and provides safety (ie, it prevents the 

laser catheter of slipping through the connector and damaging the inferior wall of the coronary artery). The vacuum channel (2) is located centrally 

and is surrounded by laser fi bers (3). 

B: A top view at the tip of the laser catheter. A row of 2 laser fi bers is visualized. 

Figure 3. The fi xation clip

An external, temporary fi xation clip is used to fi xate and stabilize the laser catheter into the mounted anastomotic connector, ensuring proper 

perpendicular positioning of the catheter during the anastomosis construction.

A: A side view (left) and an inferior view (right). The spring (1) provides force onto both the shell (2), which holds the catheter, and the bars (3), 

which catch the connector. 

B: The arrows point at the catheter, which is perpendicularly fi xated by the fi xation clip and forms a stabilized complex with the connector and 

the graft (not shown).

BA

A B

PROTOCOL TEXT

The animals received humane care in compliance with the “Guide for the Care and Use of Laboratory 

Animals” prepared by the Institute of Laboratory Animal Resources, National Research Council (revised 1996). 

The animal experimentation committee of the Utrecht University approved the protocol.

1. The Coronary Anastomosis Procedure

CAUTION: Always use laser protection glasses when the laser is active.

1.1 Mounting of the Trinity Clip

1.1.1 Open the upper fork of the connector3 (Figure 1) with the Aneurysm clip applier (Figure 4A) and insert 

into the lumen of the perfused graft, directed distally (Figure 5A). Make sure the full length of the fork is 

positioned intraluminally. Subsequently, release the applicator.
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1.1.2 Occlude the mammary artery proximally with an atraumatic bulldog clip and carefully rinse the 

graft’s lumen with a heparin-saline solution. Subsequently, introduce the laser catheter4 (Figure 2) 

intravascularly, through the distal free end of the graft, into the connector, and fi xate it by the external 

fi xation clip (Figure 3). 

1.1.3 Initiate vacuum suction through the catheter onto the graft (to apply vacuum through the catheter, 

connect a vacuum tube to the catheter and to a vacuum pump), activate the laser and laser-punch the 

graft a vue, resulting in an anastomotic orifi ce of 0.8 by 2.0 mm. Release the vacuum suction directly 

after lasering. Visually check if the arterial wall is fully excised.

1.1.4 Remove the laser-punched fragment of the graft (ie, “fl ap”), which is attached to the vacuum channel of 

the catheter, and leave the catheter fi xated in the graft and the connector (Figure 5B).

 

Figure 4. The applicators

A: A standard Aneurysm clip applier controls the upper fork via the lower application shaft of the spring (see the subsection) and, in addition, the 

fi xation clip.

B: A prototype VasCo applicator controls the lower fork via the upper application shaft of the spring (see the subsection). 

A

B
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D E

Figure 5. The coronary anastomosis procedure with the Trinity Clip System

A: Mounting of the coronary anastomotic connector: an applier (not shown) is used to insert the upper fork of the connector into the lumen of the 

perfused graft, directed distally. 

Note: by releasing the applicator, the connector closes and actively compresses the graft between the 2 forks and the extravascular band.

B: The mounted and laser-punched graft: the connector actively compresses the graft between the 2 forks and the extravascular band. The laser 

catheter is introduced intravascularly, through the distal free end of the graft, into the connector, and is perpendicularly fi xated by the external 

fi xation clip. The graft is laser-punched. The arrow points at the laser-punched fragment of the graft (ie, “fl ap”).

C: Nonocclusive connection of the graft to the coronary: an applier (not shown) is used to insert the lower fork. The fork punctures the coronary wall 

and is fully inserted into the lumen of the perfused coronary, directed distally. During the insertion, the upper fork maintains compression of the 

graft onto the extravascular band, ensuring proper fi xation of the graft during this maneuver, while the fi xation clip ensures proper perpendicular 

positioning of the laser catheter.

D: Laser-punched arteriotomy of the coronary artery: the connector is closed and compresses both vessel walls (ie, graft and coronary artery) 

between the 2 intraluminal forks and the extravascular band. The coronary wall is laser-punched by the fi xated catheter, perpendicularly positio-

ned onto the coronary artery wall. Subsequently, the fi xation clip is removed and the catheter retracted, including the retrieved fl ap (see arrow).

E: Final anastomosis. A ligating hemoclip is placed at the distal end of the graft.

Note: The complete connector stays in situ and is not removed after anastomosis construction.
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1.2 Nonocclusive Connection of Graft to Recipient

1.2.1 Open the lower fork of the connector with the VasCo applicator (Figure 4B) and insert into the lumen 

of the perfused coronary artery, directed distally (Figure 5C). Make sure the full length of the fork is 

positioned intraluminally. Subsequently, release the applicator. 

1.3 Laser-punched Arteriotomy

1.3.1 Initiate vacuum suction onto the coronary wall and subsequently laser-punch the coronary wall under 

full native coronary fl ow, resulting in an orifi ce of 0.8 by 2.0 mm. Do not apply force onto the catheter 

during the construction.

1.3.2 Remove the fi xation clip with the Aneurysm clip applier and subsequently retract the catheter. Check if 

the laser-punched fl ap is attached to the vacuum channel of the catheter and cease the vacuum suction 

(Figure 5D).

1.3.3 Following the fl ap retrieval, occlude the distal end of the graft by a temporary clip (eg, bulldog clip). If 

a functional bypass is confi rmed (ie, successful fl ap retrieval and adequate bypass fl ow), permanently 

ligate the distal end of the graft using a hemoclip (Figure 5E). 

1.3.4 In case of a fl ap retrieval failure (ie, an incompletely lasered fl ap is still partly attached to the coronary 

wall), retract the connector, close the partially lasered coronary artery with sutures (8-0 prolene), and 

create a new anastomosis, starting at step 1.1.2.

2. Animals, Anaesthesia, and Euthanasia

2.1 Animals and Anaesthesia

2.1.1 Use female (eg, Dutch Landrace) pigs (70-90 kilogram [kg]) and feed a normal diet.

2.1.2 Administer 320 milligram (mg) of acetylsalicylic acid and 75 mg clopidogrel orally daily, starting 3 days 

before surgery. Continue this anticoagulation protocol until termination.

2.1.3 Administer fentanyl 25 microgram (mcg) transdermally for 3 days: 25 mcg 24 hours preoperatively and 

25 mcg at day 1 postoperatively for post-surgical analgesia. 

2.1.4 For anaesthesia induction administer ketamine (10 mg/kg), midazolam (0.5 mg/kg), and atropine (0.04 

mg/kg) intramuscularly. 

2.1.5 Subsequently, administer thiopental sodium (4 mg/kg), midazolam (0.5 mg/kg), sufentanil citrate (6 mcg/

kg), and 1000/100 mg amoxicillin-clavulanic acid (antibiotic prophylaxis) through an intravenous line.

2.1.6 Intubate and ventilate with a mixture of oxygen and air (1:1 volume/volume). 

2.1.7 Use an eye salve and subsequently close the eyes to prevent dehydration of the eyes.

2.1.8  Then administer as a continuous intravenous infusion midazolam (0.7 mg/kg/h), sufentanil citrate (6 mcg/

kg/h), pancuronium bromide (0.1 mg/kg/h), and saline solution (300 mL/h). Start with 300 mg amiodaron 

in 500 mL hydroxyethyl starch solution through the intravenous line. 
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2.1.9 Insert an arterial line in the femoral artery for intra-arterial blood pressure monitoring and arterial blood 

samples.

Note: No surgery will be started before this pressure line is functional. One can detect pain, in case the 

animal is not suffi ciently anaesthetized, by an increase of heart rate and blood pressure. If an increase 

of heart rate and blood pressure is detected, increase the administration of midazolam and sufentanil 

citrate.

2.1.10 Administer metoprolol intravenously (range, 5-20 mg) to reduce the mechanical irritability of the heart             

until a heart rate of approximately 50-70 beats/min is obtained. 

2.1.11 Catheterize the bladder via the urethra during the procedure. 

2.2  Recovery

2.2.1 Stop the anesthesia if the drains are removed.

2.2.2 If the animal is alert and regained suffi cient consciousness to breath adequately after extubation, return 

the animal to the stable (ie, dormitory). Do not leave the animal unattended before this point.

2.2.3 Place a 0.5 liter (L) oxygen mask in front of the snout. 

2.2.4 Do not return an animal that has undergone a surgical treatment to the company of other animals until 

fully recovered. 

2.2.5 Postoperatively, administer synolux (amoxicillin-clavulanic acid; 250 mg/20 kg) orally twice a day at day 

1 as an antibiotic prophylaxis, and meloxicam (0.4 mg/kg) intramuscularly daily at day 1 and 2 for post-

surgical analgesia.

2.3 Euthanasia 

2.3.1 Fully heparinize by 25,000 I.U. of heparin (obtain an activated clotting time [ACT] of at least 4 times the 

control value) to prevent post-mortem coagulation. 

2.3.2 Euthanize the animals with pentobarbital sodium (200 mg/kg) intravenously. 

3. Surgery 

Note: A standard operating room is required for the procedure, containing all standard material and 

equipment (at least a blood pressure monitor, an electrocardiography device, and a pulse oximeter). 

A standard thoracotomy set, an internal thoracic artery (ITA) retractor, a microsurgical set and the 

experiment-specifi c instruments must be prepared and sterilized. The use of a surgical loop and a 

surgical headlight is recommended. 

3.1 Open the thorax through a sternotomy. Bluntly dissect (with your fi nger) the pericardium of the 

sternum. Then saw or split (with a hammer and graver) the sternum from the xyphoid process up to the 

manubrium. Use bonewax to prevent leakage from the sternal marrow. 

Evaluation of a Novel Laser-Assisted Coronary Anastomotic Connector – the Trinity Clip – in a Porcine Off-Pump Bypass Model



88

Chapter 5

3.2 Harvest the left (or right) ITA from the second rib up to the diaphragm, partially heparinize (ACT at least 

2.5 times the control value), and clip and dissect the ITA at the distal site.

3.3 Immobilize and present the target coronary artery by a tissue stabilizer at the intended site (outer 

diameter [OD] 1.6-1.9 mm, measured with a caliper; or, ID 1.4-1.6 mm, measured with epicardial 

ultrasound [ECUS]). Dissect the target coronary, remove the loose peri-adventitial tissue, and cover the 

target coronary with a papaverine-soaked gauze.

3.4 Prepare the permanent ligation of the native coronary artery ± 2.0-3.0 cm proximally to the anastomosis 

(see section 3.7) by extensive lateral dissection of the coronary artery, in such a way a hemoclip can 

completely ligate the coronary artery.

3.5 Dissect the target area of the ITA, ± 2.0-3.0 cm proximally to the distal free end, remove the peri-adventitial 

tissue, and measure the caliber (OD 2.0-4.0 mm).

3.6 Construct the anastomosis with the Trinity Clip as previously described, or alternatively, construct a 

hand-sutured anastomosis and use a shunt to minimize myocardial ischemia. 

3.7 Ligate the coronary artery proximally with 3 medium hemoclips. Make sure no side branches are 

occluded and the ligation is 100% occlusive, preventing competitive fl ow. 

Note: Adjust and set the graft fl ow by placing temporary atraumatic ligation clips at the coronary artery, 

while maintaining a representative mean arterial blood pressure and physiological position of the heart; 

to create a low-fl ow bypass, ligate the coronary suffi ciently distally, and to allow more graft fl ow, ligate 

the coronary relatively more proximal.10 

3.8 Cover the anastomosis with a pericardial patch to prevent uncontrolled traction onto the anastomosis, 

after closing the thorax. 

3.9 Place a mediastinal and/or a pleural drain and connect to a suction system.

3.10 Close the chest.

3.11 Once the drains stop producing, remove the drains. 

4. Intraoperative Examination

4.1 General Intraoperative Data

4.1.1 Record the target dimensions of the ITA and coronary artery with a caliper (OD) or ECUS (ID; see section 

3.3), the anastomotic construction time (minutes or seconds), any anastomotic leakage (categorize: eg, 

direct hemostasis, oozing, or brisk leakage5,6), and note if extra stitches are needed to obtain hemostasis.

4.2 Transit Time Flow Measurement (TTFM)

4.2.1 Record the mean fl ow, fl ow curves, diastolic fi lling percentage, and the pulsatility index (PI), combined 

with the mean arterial pressure.

Note: Modern TTFM consoles calculate these variables automatically.
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4.2.2 Place the transit time fl ow probe on a skeletonized segment of the distal graft with aqueous gel to 

improve probe contact. Use different probe sizes to avoid distortion or compression of the graft.

4.2.3 Measure by an adequate systemic blood pressure, before and after releasing the tissue stabilizer, with 

the heart in its physiological position, and again before chest closure.

 

4.2.4 Calculate the PI by (max fl ow-min fl ow) / mean fl ow. The PI is an indicator of the quality of the 

anastomosis.11,12 

4.3 Optional: Peak Hyperemic Flow Response 

4.3.1 At a mean arterial pressure of 90 mm Hg, clamp the graft for 30 seconds and subsequently measure the 

peak hyperemic fl ow response, ± 30 minutes after release of the tissue stabilizer.6

4.3.2 Calculate the coronary peak hyperemic fl ow response (ie, anastomotic fl ow reserve) by the mean peak  

graft fl ow divided by the mean baseline fl ow at 90 mm Hg. 

4.3.3 Duplicate the measurement after 10 minutes.

4.4 Optional: Epicardial Ultrasound

4.4.1 Place the ECUS probe onto the anastomosis with aqueous gel to improve probe contact. Acquire a  

transverse and longitudinal image of the ITA-LAD anastomosis with the heart stabilized by the tissue 

stabilizer. 

4.4.2 Record the width, length, and height of the anastomosis with the ECUS system and assess the quality of 

the geometry of the anastomosis and the coronary outfl ow tract.13 If narrowed (eg, by back- or sidewall 

capture), revise the anastomosis. 

Note: Metal (eg, a hemoclip or an anastomotic connector) infl uences the imaging quality.

4.5 Optional: Intraoperative Coronary Angiography

4.5.1 Visualize the bypass by a standard coronary angiography. Introduce a catheter through the iliac artery. 

Grade the patency according to the FitzGibbon criteria. 

5. Follow-up Examination

5.1 Coronary Angiography

5.1.1 Visualize the bypass by a standard coronary angiography and grade the patency according to the 

FitzGibbon criteria.

5.2 Optional: Transit Time Flow Measurement

5.2.1 Make a subaxillary incision in the dorsal-ventrally line, following the rib curvature. If needed, partially 

remove the second or third rib, and dissect the proximal ITA.

5.2.2 Measure and record the graft fl ow by transit time fl ow measurement (see section 4.2).
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5.3 Optional: Fractional Flow Reserve and Coronary Flow Reserve

5.3.1 Administer intracoronary nitroglycerin (200 mcg) to prevent spasms. Measure simultaneously the 

intracoronary pressure and fl ow velocity. Record the pressure and fl ow, combined with aortic pressure 

and ECG signals.

5.3.2 Calculate the fractional fl ow reserve (FFR) from (3 consecutive) measurements directly distal (coronary) 

and proximal (LITA) to the anastomosis, and in the circumfl ex coronary artery (Cx; control coronary 

artery). Perform the measurements at baseline and during maximal hyperemia, induced by a bolus of 

intracoronary adenosine (60 mcg).

5.3.3 Calculate the coronary fl ow reserve (CFR) as the ratio of maximal hyperemic fl ow velocity by the fl ow 

velocity at baseline.14

5.4 Optional: Optical Coherence Tomography

5.4.1 Use a frequency domain optical coherence tomography (OCT) system for imaging the bypass with an 

automated pullback-speed of 20 mm/s and a continuous fl ush of contrast by manual injection. 

5.4.2 Record intimal hyperplasia and the dimension of the bypass (ie, the reference lumen area of the coronary 

and ITA 1.0 cm down- and upstream to the anastomosis, respectively, and the anastomotic orifi ce).7,15

6. Postmortem Examinations

6.1 Explantation, Fixation, and Macroscopic Inspection

6.1.1 To minimize the risk of damaging the bypass, explant the heart en bloc, including the sternum and ribs, 

and mark the very proximal part of the ITA for formalin infusion. 

Note: A few days after an open thorax procedure, the heart is completely attached to the sternum by 

connective tissue adhesions. Performing a sternotomy may damage the bypass, and, therefore, is not 

recommended.

6.1.2 Perform a perfused-fi xation to fi x the bypass in its physiological shape, allowing for subsequent proper  

histological interpretation. Infuse the ITA with formalin (4%) in a fl ow cabinet at ± 90 mm Hg:

6.1.3 Place a bottle with formalin (1 L) ± 1 meter higher than the heart.

6.1.4 Connect a tube (eg, a silicon tube of a standard infusion system or similar) between the bottle and the 

proximal ITA.

6.1.5 Infuse the formalin into the heart, via the ITA and the anastomosis, for about 60 minutes or until all 

formalin is completely infused.

6.1.6 Then, carefully excise the bypass with a blade, scissors, and forceps. Leave some fi brin/scar tissue, 

myocardium, proximal ITA and coronary, and distal coronary, attached to the anastomosis.

6.1.7 Fixate the anastomosis, a reference part of the ITA (± 1 cm upstream of the anastomosis), and a reference 

part of the LAD (± 1 cm downstream of the anastomosis), overnight in 4% formalin.
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6.1.8 Open the coronary artery longitudinally at the inferior wall and inspect the anastomosis using 10 or 

20 times magnifi cation. Record the width and length of the anastomotic orifi ce by perpendicularly 

photographing the orifi ce with a ruler next to it. Subsequently, measure the width and length of the 

anastomosis digitally. 

6.2 Histological Analysis

6.2.1 Embed the anastomosis and the reference parts in plastic (methyl methacrylate).

6.2.2 Section in transverse (or longitudinal) planes with a diamond saw, starting at 5 mm downstream, 

continuing up to 5 mm upstream of the anastomosis, and stain with hematoxylin and eosin. 

6.2.3 Record and assess the vessel wall apposition, anastomotic area, thrombus formation, intimal hyperplasia, 

blood-exposed nonintimal surface16 (BENIS; intraluminal exposure of the connector surface and the laser 

edge [ie, medial and adventitial surface of both the graft and the coronary artery]), acute and chronic 

infl ammatory cell reaction (polymorphonuclear cells, macrophages, and foreign body giant cells), and 

tissue damage.6

6.2.4 Perform measurements using a software package. 

6.3 Optional: Scanning Electron Microscopy

6.3.1 Fixate the anastomosis, after the perfused-fi xation described above (see section 6.1.2), in 2% 

glutaraldehyde solution buffered in 0.1 M purifi ed phosphate buffer. 

6.3.2 Put the anastomosis 1 hour in 1% buffered osmium tetroxide to complete the fi xation. 

6.3.3 After fi xation, dehydrate the anastomosis in a graded series (50, 70, 90, and 100%) of ethanol and in 

liquid CO2 by using the critical point method. 

6.3.4 Subsequently, open the backwall of the coronary and the upper wall of the ITA at the anastomotic site 

with a sharp surgical blade. 

6.3.5 Fixate the specimen on scan tubs and cover with a thin layer of platinum by sputter processing to 

enhance the image quality.

6.3.6 Then evaluate the intravascular anastomotic surface (ie, assessment of endothelial and/or thrombocyte 

coverage) using a scanning electron microscope.6
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REPRESENTATIVE RESULTS

We performed a pilot study prior to the evaluation of the new Trinity Clip in a large long-term preclinical 

safety study to assess the feasibility. In this pilot study, 3 LITA-to-LAD anastomoses (n=1 per animal) were 

constructed with the connector in the porcine OPCAB model by 1 investigator (D.S.). A 5-hour follow-up was 

scheduled. 

The coronary anastomotic connector enabled completely nonocclusive, sutureless, and fast anastomotic 

construction (mean 3.4 ± 0.4 minutes). In all anastomoses complete hemostasis was demonstrated with a 

100% fl ap retrieval rate. The operative data, listed in Table 1, show the feasibility of the coronary anastomotic 

connector in the porcine OPCAB model. Normal appealing fl ow curves with minimal systolic peaks, a PI below 

5, and a predominant diastolic graft fi lling (diastolic fi lling [DF] 80%) were consistently measured during the 

follow-up, as seen in Figure 6, which is suggestive for a patent coronary graft. The mean peak hyperemic fl ow 

response, following 30-second graft occlusion, was 5.6 ± 0.5, indicating an adequate coronary fl ow reserve. At 

5-hour follow-up, macroscopic inspection demonstrated patent anastomoses without intraluminal thrombus 

formation as can be seen in Figure 8A. Figure 7 demonstrates an example of an angiogram at 5 weeks follow-

up, and an example of the post-mortem macroscopic and histologic inspection is showed in Figures 8B and 

C, both clearly demonstrating a remodeled and fully patent anastomosis at 5 weeks follow-up (initial results 

of the preclinical study). Moreover, examples of OCT and SEM images of a previous study with a predecessor 

ELANA coronary anastomotic connector6,7 demonstrate a patent anastomosis without narrowing intima 

hyperplasia formation, and complete coverage with endothelium, respectively, at 6 months follow-up (Figure 9). 

Table 1. Operative Data of the Pilot Study

Anastomoses (n) 3

LITA (mm, OD) 3.2 ± 0.2

LAD (mm, OD) 1.8 ± 0.0

Construction time (min) 3.4 ± 0.4 *

Flap retrieval rate (%) 100 (3/3)

Complete hemostasis (%) 100 (3/3)

Extra stitch 0

Graft baseline fl ow (mL/min) 20 ± 3

Graft fl ow at t=5 hrs (mL/min) 18 ± 5

Peak hyperemic fl ow response (peak/baseline fl ow) 5.6 ± 0.5
              
Data presented as mean ± standard deviation or % (n). 

*Included: mounting of the connector, connection of graft to coronary, the laser-punched arteriotomy, and ligation of the distal graft.

Figure 6. Intraoperative transit time fl ow measurements of the Trinity Clip facilitated left internal thoracic artery (LITA)-to-left anterior descending 

artery (LAD) anastomosis and a conventional hand-sutured LITA-to LAD anastomosis

Both the facilitated (A) and the hand-sutured (B) LITA-to-LAD bypass show a normal appealing fl ow curve, a PI below 5, and a predominant diasto-

lic graft fi lling (diastolic fi lling [DF] 80%) with minimal systolic peaks, suggestive for a patent coronary graft.

A B
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Figure 7. Five-week coronary angiogram of the Trinity Clip facilitated left internal thoracic artery (LITA)-to-left anterior descending artery (LAD) 

anastomosis (an example of the preclinical study) 

A: A lateral-side view. Ligating hemoclips are placed at the distal end of the LITA (1) and proximal native LAD (2). The connector (3) can be only 

seen at the side view. Note, coverage of the forks and extravascular band of the connector by non-radiopaque matter is seen. The distal end of the 

LITA is not fi lled with contrast, suggesting remodeling by streamlining neointima.

B: A top view.

Figure 8. Healing and remodeling of the Trinity Clip facilitated left internal thoracic artery (LITA)-to-left anterior descending artery (LAD) anasto-

mosis: macroscopic and histological view

A: Macroscopic view from inside the LAD at 5 hours follow-up. A patent anastomosis without any intraluminal thrombus formation is demonstra-

ted. Both forks of the connector are positioned intraluminally, without capturing or damaging the lateral or inferior coronary wall. A small and 

sharp laser-cut edge (0.1 mm), of both the LITA and the LAD, is visible in between the forks, and both vessel walls are positioned exactly on top of 

each other, without overlapping adventitial tissue. 

B: Macroscopic view from inside the LAD at 5 weeks follow-up (an example of the preclinical study). A patent anastomosis is demonstrated and the 

intraluminal forks and the laser edge are completely covered by a tissue layer, without narrowing the anastomotic orifi ce. 

C: Histologic transversal section, mid-anastomosis, at 5 weeks follow-up (12.5x magnifi ed; an example of the preclinical study). Streamlining 

coverage of the (initially intraluminally exposed) forks (1) of the connector by neo-intima (N-I) is visible. The magnifi ed subsection (40x magnifi ca-

tion) demonstrates the retracted and remodeled laser edge. Between the forks and the extravascular band, compression of the arterial wall was 

seen without adverse remodeling (eg, erosion, luxation, or pseudoaneurysm formation). Moreover, the inferior wall was unaffected, without any 

intimal hyperplasia reactions (which could be suggestive for [laser-] damage), and no excessive infl ammatory cell reactions were found (which 

could potentially be triggered by the foreign body implant). The distal end of the LITA, the ‘cul de sac’, was fi lled with organized thrombus, covered 

by neointimal tissue, streamlining the anastomosis. Finally, the spring of the connector was fully integrated, extravascularly, between the LITA and 

LAD, without erosion effects or damage to the adjacent arterial walls. 

Note: interruption of the inferior coronary wall is caused by longitudinally opening of the coronary artery before inspection.

A scale bar (1 mm) is provided in the left lower corner.

A B

A B C
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Figure 9. Examples of an intracoronary Optical Coherence Tomography (OCT) image of a right internal thoracic artery (RITA)-to-right coronary ar-

tery (RCA) anastomosis and a Scanning Electron Microscope (SEM) image of a left internal thoracic artery (LITA)-to-LAD anastomosis. Both were 

constructed with a predecessor ELANA coronary connector.6,7

A: An OCT image at 6 months follow-up, transverse section, mid-anastomosis.7 Note: the OCT wire is visible in the lumen. The transversal line 

represents the minimal anastomotic width (=2.2 mm). C=connector; RITA=right internal thoracic artery; RCA=right coronary artery.

B: A detailed image at the level of the fork of the connector demonstrating complete coverage with endothelium (2080x magnifi cation), at 6 month 

follow-up.6,7

A B

DISCUSSION

This paper describes a novel coronary anastomotic connector, the Trinity Clip, and how to evaluate such a 

new device in a porcine off-pump bypass model. Different techniques are proposed to assess the quality of an 

anastomosis, facilitated by the new connector or conventionally constructed: intraoperative, postoperative, 

and post-mortem techniques. Assessment of the quality and safety of the facilitated anastomosis – as well 

as the healing and remodeling process – at the short- and long-term is of utmost importance prior to future 

clinical application of the coronary anastomotic connector. 

Currently, only 1 coronary anastomotic connector is being used clinically,17,18 multiple other devices 

demonstrated unfavorable experimental or clinical results, or developers failed to market the product.19-21 

Compared to other methods to facilitate the coronary anastomosis, the Trinity Clip includes several interesting 

features. First, owing to the nonocclusive connection of the vessel walls, coronary conditioning (ie, snaring 

or shunting) is redundant, enabling anastomotic construction in a bloodless fi eld without a time constraint, 

and hence, reducing manipulation of the coronary artery. Second, the construction is relatively simple and 

straightforward, neither a separate incision into the coronary artery nor placing additional stitches to obtain 

hemostasis are necessary. Third, the connector is a low-profi le device, without a bulky device-deployment 

system; thus, it will not hamper the bypass construction on diffi cult to reach or remote areas of the heart, and, 

so, it will potentially extend the possibilities for revascularization via minimally invasive approaches. 

Important questions regarding the biological behavior of the facilitated anastomosis are yet unanswered. 

What are the effects of laser-punching the arteriotomy into both the ITA and the LAD? Could the blood-

exposed non-intimal surface (ie, the material of the forks and the medial and adventitial laser rim), in relation 

to the small dimension target coronary, be a potential limitation by excessive intimal hyperplasia formation 

on the long-term? To answer these questions, a preclinical study, using the porcine model as described in 

this paper, will assess the long-term patency and, additionally, the healing and remodeling effects regarding 

intimal hyperplasia formation with subsequent potential narrowing of the anastomosis. Moreover, in this 

preclinical study, the patency, healing, and remodeling of the facilitated anastomosis will be compared to 

the control, conventionally hand-sutured, anastomosis. The porcine model is suitable for these research 

questions because of its to human resembling physiology and anatomy of the heart and coronary arteries, 
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and its expedite healing response (eg, intimal hyperplasia formation), in which a 6 months follow-up duration 

in the porcine model is comparable to 1.5-3 years of follow-up of the stented human coronary artery.22 

However, the arteries of the young and healthy pig are not diseased and compliant, and thus different to 

the human diseased vessels encountered in cardio-thoracic surgical practice. Therefore, prior to clinical 

introduction, the feasibility and safety of the connector will be also evaluated in a human atherosclerotic 

cadaveric model. Furthermore, a tendency to hypercoagulability is found in pigs.23 Therefore, to assess 

facilitated anastomoses on small caliber coronaries, the porcine model is quite challenging. To this point, the 

in this protocol described antiplatelet therapy (75 mg clopidogrel and 320 mg acetylsalicylic acid) is justifi ed. 

In addition, the antiplatelet and its expedite healing response (eg, intimal hyperplasia formation), in which 

a 6 months follow-up duration in the porcine model is comparable to 1.5-3 years of follow-up of the stented 

human coronary artery.22 However, the arteries of the young and healthy pig are not diseased and compliant, 

and thus different to the human diseased vessels encountered in cardio-thoracic surgical practice. Therefore, 

prior to clinical introduction, the feasibility and safety of the connector will be also evaluated in a human 

atherosclerotic cadaveric model. Furthermore, a tendency to hypercoagulability is found in pigs23. Therefore, 

to assess facilitated anastomoses on small caliber coronaries, the porcine model is quite challenging. To this 

point, the in this protocol described antiplatelet therapy (75 mg clopidogrel and 320 mg acetylsalicylic acid) 

is justifi ed. In addition, the antiplatelet regimen is in anticipation of the blood-exposed nonintimal surface 

of the anastomosis (BENIS). In our previous study, we showed that the anastomotic nonintimal surface of a 

predecessor coronary connector completely endothelialized after 10 days.6,7 The role for antiplatelet therapy 

in clinics, using this connector, should be based on the rate of endothelialization. Once the nonintimal surface 

is endothelialized, the antiplatelet regimen might be lowered.

The excimer laser is a contact laser and will only successfully laser-punch the vessel wall in the case 

there is full direct circumferential laser-tissue contact. The most critical step in the anastomosis construction, 

therefore, is the correct position of the laser catheter onto the vessel wall of the graft and the coronary artery. 

This step has to be trained on ex vivo cadaver models (eg, pig heart) to minimize the learning curve. Possible 

scenarios that will result in a fl ap retrieval failure of the laser, and which should be taken into mind, are 

described here: 1) The coronary anastomotic connector is designed to connect the graft to the coronary artery, 

and secondly, to serve as a laser platform. The connector presents the vessel walls (ie, a straight tissue surface, 

without bumps) and allows a perpendicular position of the catheter onto the vessel wall. If the connector is 

mal-positioned (eg, incomplete insertion, back- or sidewall capture, intramural or –adventitial positioning), 

the vessel wall presentation is suboptimal (ie, no straight surface). Hence, in the case of a mal-position, one 

should always reposition the connector before to the point of no return (ie, the arteriotomy). 2) The fi xation 

clip is designed to keep the laser catheter perpendicular into the connector during the construction. However, 

the fi xation clip is not designed to resist lots of contra-force, so the surgeon has to support the laser catheter 

during the construction. If not suffi ciently supported, the catheter can dislocate. 3) To ensure optimal laser-

tissue contact, the coronary wall has to be dissected free of loose peri-adventitial tissue, towards the lateral 

wall. Be sure that the laser surface only consists of the coronary wall, from its intima up to its adventitia, and 

no peri-adventitial tissue is captured into the connector. 

If unfortunately the anastomotic construction fails, one should retract the clip (by opening of the lower 

fork only) and then close the coronary lesion (± 2 mm length) with repair sutures (8-0 prolene). Pigs are usually 

quite sensitive to ischemic stress. Therefore, ischemic preconditioning is recommended before occluding the 

coronary for repairing the defect. Subsequently, a new anastomosis can be constructed distal to the fi rst 

target. The graft is still mounted by the upper fork of the connector. So after catheter re-positioning and 

fi xation, the connector can be directly inserted into the coronary artery. 

The most important anastomosis evaluation techniques are the coronary angiogram (clinical gold standard) 

and histology (experimental gold standard, combined with the coronary angiogram). However, intraoperative 

quality assessment of the anastomosis by transit time fl ow measurements (TTFM) is extremely informative. 

TTFM is fast, non-invasive, real-time, and easy, and moreover, correct interpretation can reduce the number 

Evaluation of a Novel Laser-Assisted Coronary Anastomotic Connector – the Trinity Clip – in a Porcine Off-Pump Bypass Model
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of technical, not visible, errors.11,12,24-26 The modern TTFM consoles automatically calculate and demonstrate 

real-time the mean fl ow, the fl ow curve, and the pulsatility index (PI), and lots of other parameters. The PI is 

calculated by (max fl ow-min fl ow) / mean fl ow and is an indicator of the quality of the anastomosis, whereas 

the mean fl ow on its own is not a reliable indicator. A low mean fl ow (<15 ml/min) with a good PI (<5) and a 

good diastolic fl ow curve can be found by a perfect anastomosis at a small target coronary with a moderate 

run-off, whereas a good mean fl ow (>15 ml/min) with an abnormal diastolic fi lling pattern and a high PI (>5) 

is suggestive of an anastomotic imperfection or a graft failure (ie, torsion, compression, or kinking of the 

graft). In this case, one should consider revising the anastomosis. Thus, a good assessment of the quality of 

the anastomosis should include the interpretation of the fl ow curve, the pulsatility index, and the mean fl ow, 

combined with the clinical status. However, the reported specifi city and sensitivity of TTFM are not uniform, 

and, therefore, the diagnostic accuracy is under debate. In addition, the cut-off value of the PI is empirically 

determined on the basis of clinical experience rather than clinical studies. The TTFM console we currently use 

in the preclinical animal study disposes of epicardial ultrasound imaging. If there is still uncertainty regarding 

the quality of the anastomosis after the fl ow measurements, a real-time epicardial ultrasound image can be of 

great help in further evaluation of the anastomosis, hereby increasing the diagnostic accuracy.27-31 

An experimental alternative to the TTF measurements is the peak hyperemic fl ow response,32 ie, coronary 

fl ow reserve, which is the ratio of the peak hyperemic fl ow, following 30-second graft occlusion, and the base 

fl ow. The peak hyperemic fl ow response should be >4 for a distal anastomosis. If the anastomosis is targeted 

proximal on the coronary artery, the peak hyperemic fl ow response can be slightly lower and should be >3.6 

An absent hyperemic fl ow response is suggestive for a technical anastomotic error or a graft failure. In that 

case, consult the TTF measurements and clinical status, and consider revising the anastomosis. Please note 

that the absolute fl ow reserve varies with the arterial pressure (thus, always measure at the same mean 

arterial pressure, in duplicate) and that ischemic preconditioning can negatively infl uence the peak hyperemic 

fl ow response. Furthermore, the peak hyperemic fl ow response is not a validated method and an absolute 

cut-off value has not been defi ned. We have empirically selected the cut-off on the basis of our experimental 

experience.

Finally, the anastomosis technique described in this protocol is an experimental anastomotic technique 

with the aim and potential to be applied in the clinical minimally invasive setting. Currently, the materials for 

the application of the technique shown in this paper are not fi nalized or market-ready products, but rather 

prototype instruments. There is still a window of amelioration (eg, versatile applier and fl exible laser catheter), 

which will be fi lled in soon. This new technology has interesting potential and will be evaluated thoroughly in 

a preclinical study by using this protocol.
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ABSTRACT

Objective: Atherosclerotic disease might hamper effi cacy of the Excimer laser-assisted Trinity Clip anastomotic 

connector in coronary arteries. Therefore, its effi cacy was evaluated on human diseased coronary arteries 

(study 1). Additionally, the acute laser effects onto the coronary wall were assessed (study 2). 

Methods: Thirty-eight anastomoses were constructed on ex vivo human hearts. Atherosclerosis was histo-

pathologically determined and subsequently related to the success of the technique (ie, connector positioning 

and laser-punching; study 1). Additionally, 20 anastomoses were constructed in an ex vivo (porcine, n=8) and 

in vivo (rabbit [n=9] and porcine [n=3]) model. Subsequently, the coronary was histologically studied on the 

presence of laser-induced damage (study 2).

Results: In 13 of 38 anastomoses (study 1), the connector was mal-positioned; 3 due to a severely diseased 

coronary wall and 10 due to an inner diameter below the intended target range. The laser-punch success rate 

on coronary arteries with an early and advanced lesion was 100% (16/16) and 89% (8/9; lesions were located 

in the inferolateral wall), respectively. In 1 case, an advanced lesion (ie, fi brocalcifi ed plaque) was located in 

the superolateral wall and caused a laser-punch failure. No histological signs of laser-induced damage were 

observed, in case of correct use (study 2).

Conclusions: This study demonstrates the feasibility of an anastomotic connector on human diseased 

coronary arteries and shows that lasering does not induce coronary wall damage. However, careful selection 

of the coronary, regarding the target inner diameter and disease status, will prevent construction failures. This 

connector could facilitate less invasive CABG.
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INTRODUCTION   

A new Excimer laser-assisted nonocclusive anastomosis (ELANA)-based coronary connector is developed, 

which facilitates sutureless bypass grafting. A predecessor ELANA coronary connector was evaluated in our 

previous studies1-4 and demonstrated good long-term healing and remodeling in a porcine off-pump coronary 

artery bypass (OPCAB) model.3,4 To target clinically relevant coronary arteries, recent modifi cations resulted 

in a downsized, oval-shaped laser and connector - the Trinity Clip - suitable for coronary targets of 1.4–1.6 mm 

inner diameter (ID).5 

Application of the connector and opening of the anastomosis by the laser are both potentially affected 

by an atherosclerotic coronary artery. Therefore, prior to clinical introduction, we assessed the feasibility of 

the laser-assisted anastomotic technique on human diseased ex vivo coronary arteries in the fi rst part of 

this study (study 1). Histo-pathological evaluation determined the degree of coronary artery disease at the 

site of the anastomosis, which was subsequently related to the success rate of the technique (ie, connector 

positioning and laser-punch success).

Laser-punching the arteriotomy could potentially harm the surrounding or inferolateral wall of the coronary 

artery, specifi cally considering the small target vessel size.6 The effect of exposing a small target vessel to 

the same levels of laser energy (10 mJ) as used in previous studies on larger caliber coronary arteries,1-4 is 

unknown. Hence, in the second part of this study (study 2), we histologically assessed the potential presence 

of acute laser-induced arterial wall damage on small caliber targets. Initial testing was done in an ex vivo 

(porcine heart) model, which was subsequently followed by the evaluation in an in vivo rabbit model (carotid 

and femoral arteries), and fi nally validated in the porcine OPCAB model. 

METHODS

Animals
In study 2, 3 rabbits (female, ±5.5 kg) and 3 pigs (female, ±75 kg) were studied. The animals were fed a 

normal diet and received humane care in compliance with the “Guide for the Care and Use of Laboratory 

Animals” prepared by the Institute of Laboratory Animal Resources, National Research Council (revised 1996). 

The animal experimentation committee of the Utrecht University approved the protocol. All pigs received 320 

mg of acetylsalicylic acid and 75 mg clopidogrel orally daily, starting 3 days before surgery. All animals were 

operated under full anesthesia and terminated conforming previous described protocols.1,3-5 

The Trinity Clip - Anastomotic Procedure (Figure 2)
The nonocclusive anastomosis construction is accomplished by:

1. Mounting of the connector and laser (Corvasco Medical b.v., Utrecht, The Netherlands; Figure 1) by 

inserting the upper fork of the connector into the distal end of the graft. Subsequently, the laser is 

introduced into the connector and laser-punches an opening into the graft (transmural, from intima to 

adventitia).

2. Prebounding of graft to coronary by inserting the lower fork into the lumen of the unopened and not 

occluded coronary artery. 

3. Nonocclusive opening of the coronary by laser-punching under full native coronary fl ow (transmural, 

from adventitia to intima) and subsequent ligation of the distal end of the graft. 

Study 1 – Feasibility on Human Diseased Ex Vivo Coronary Arteries 
Six human ex vivo hearts were used and approximately 6 anastomoses per heart were constructed with the 

Trinity Clip onto heterogeneous diseased coronary arteries (total n=38; 1.5–2.5 mm OD). The human cadaver 

was not treated with formalin or other fi xatives, but was stored after death at -20 degrees Celsius. The ostia 

of the coronary arteries were cannulated, tap water was infused with a continuous pressure (90 mm Hg), 

A Laser-Assisted Anastomotic Technique – Feasibility on Human Diseased Coronary Arteries
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and the target coronary artery was dissected free. As a graft, an ex vivo rabbit abdominal aorta (±3 mm 

OD; slaughterhouse) was used. A caliper was used to measure the OD (before anastomosis construction) 

and vessel wall thickness (after construction) of the coronary artery. Before the construction, the target was 

categorized as mildly or severely diseased by visual inspection and palpation, as an indication of the degree 

of atherosclerosis.

Feasibility of the anastomotic technique on human coronary arteries was assessed by connector 

A B C

Figure 1. The Trinity Clip (A and B) and laser catheter (C)

A: The Trinity Clip (length, 9.6 mm) consists of 2 intravascular forks (upper fork, (1), and lower fork, (2); length, 4 mm and 3.5 mm, respectively; 1.4 

mm width) and an extravascular band (3). The forks and band are connected to a spring (4) (height, 4.5 mm; 1.9 mm width), which enables the 2 

forks to open and close, individually, one by one, with the use of an applicator.

B: The lower fork is opened by the applicator.

C: The laser catheter consists of a vacuum lumen (1), which is surrounded by laser fi bers (2). An outer band (3) provides safety and stabilization 

into the anastomotic connector.

A B

C D

Figure 2. The coronary anastomotic procedure with the Trinity Clip connector

A: The upper fork of the connector is inserted into the lumen of the graft by using an applicator (not shown), approximately 2 cm before the distal 

end. 

B: The laser is introduced and temporary secured by an external fi xation clip, which fi xates and stabilizes the laser into the connector, ensuring 

perpendicular positioning of the laser during the anastomosis construction. The graft is laser-punched and the laser-punched fragment is removed 

from the laser (arrow). Note that the laser is not removed. 

C:The lower fork is inserted into the lumen of the coronary artery. The graft (illustrated transparently) and coronary artery are fi xated between the 

2 intraluminal forks and the extravascular band. The anastomosis is laser-punched under full native coronary fl ow and, subsequently, the fi xation 

clip is removed and the laser is retrieved, including the laser-punched fragment of the coronary wall (arrow) by vacuum suction through the laser.

D: Directly following the nonocclusive opening of the anastomosis, the distal end of the graft is ligated.
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positioning (ie, proper intraluminal positioning of the lower fork of the connector into the coronary and 

anastomotic leakage) and laser-punch success. Post-construction, the success rate of the technique was 

related to the degree of coronary artery disease at the target site by histological analyses. Note: The laser-

punch success rate decreases if the connector is mal-positioned (ie, the lower fork is positioned intramural 

or extraluminal), because there is not a straight surface of the coronary wall for laser-tissue contact and that 

will most certainly result in a laser-punch error. Therefore, the malpositioned anastomoses were excluded for 

subsequent laser-punch success rate analyses to specifi cally study the effect of coronary artery disease status 

on the laser-punch success rate.

Study 2 – Assessment of Laser-Induced Vessel Wall Damage
Ex vivo porcine model. Eight fresh porcine hearts (within 3 hours after termination) were used and 8 coronary 

anastomoses were constructed (1.5–2.0 mm OD) with the Trinity Clip. An ex vivo rabbit abdominal aorta was 

used as a graft. To mimic the in vivo setting (ie, perfusion with blood), we infused the coronary arteries with 

an oxybuprocaine (OBP; 3 g/L) solution, which has a similar absorption coeffi cient as blood (≈30 mm-1).7,8 As 

a negative control, at a distal (1.5 mm OD) and proximal (2.0 mm OD) coronary segment, we constructed an 

anastomosis, except for lasering the arteriotomy.

In vivo rabbit model. Three rabbits were used and 9 anastomoses were constructed with the Trinity Clip on 

the carotid and femoral arteries (1.7–2.0 mm OD). An ex vivo rabbit abdominal aorta was used as a graft. After 

a follow-up of 1 hour, the recipient arteries were collected and histologically assessed. In addition, a distal 

carotid and femoral segment was used as a negative control.

In vivo porcine model. In the porcine OPCAB LITA-to-LAD model,2-5 3 in vivo constructed anastomoses with 

the Trinity Clip (LAD 1.8 mm OD; n=1 anastomosis per pig) were explanted after a follow-up of 5 hours. The 

target LAD and a distal coronary segment (negative control) were collected and histologically assessed.

Histology
Study 1. After successful anastomotic construction, the Trinity Clip was retracted and the laser-punched 

coronary tissue and the corresponding target coronary wall (n=25) were fi xed in 4% formalin. Subsequently, 

the tissue was embedded in paraffi n, sectioned and stained with hematoxylin-and-eosin (H&E) and Elastin 

van Gieson (EvG) stain. The collected coronary tissue was histologically categorized according to the modifi ed 

AHA classifi cation9 (ie, early lesions [intimal thickening, intimal xanthoma (fatty streak)] and advanced lesions 

[pathological intimal thickening, (thin) fi brous cap atheroma, and fi brocalcifi ed plaque]) by 2 independent 

observers. 

Study 2. The target segments of the recipient arterial wall of all anastomoses were collected in 4% formalin. 

Subsequently, the tissue was embedded in paraffi n, sectioned in transverse planes, and stained with H&E, 

EvG, and Von Willebrand factor (vWF). The integrity of the internal elastic lamina, the media, and adventitia 

were assessed, and thrombocyte adherence (vWF; in vivo models) as an indication of arterial wall (ie, 

endothelial) damage, was recorded. 

Statistical Analyses
Data are presented as the mean ± standard deviation, or as noted otherwise.

RESULTS

Study 1 – Feasibility on Human Diseased Ex Vivo Coronary Arteries 
In 13 of 38 constructed anastomoses the connector was mal-positioned into the coronary artery and therefore 

excluded for further laser-punch success rate analyses (Table 1). Of these 13 anastomoses, 3 were mal-

positioned due to a severely diseased coronary wall (ID>1.4 mm), 8 due to a mildly diseased and thickened 

coronary wall (0.5 ± 0.11 mm; ID<1.4 mm), and in 2 cases due to a small target coronary that was mildly 
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diseased with a normal thickened wall (0.3 ± 0.0 mm; ID<1.4 mm). In case of successful application (n=25), no 

anastomotic leakage was observed after construction. 

A 100% laser-punch success rate was found on coronary arteries with an early lesion (16/16; Table 2). 

Of these histologically characterized early lesions, 15 showed intimal thickening and in 1 case an intimal 

xanthoma was observed. Nine anastomoses were constructed on target coronary arteries with an advanced 

lesion; all lesions were histologically characterized as a fi brocalcifi ed plaque. In 1 case, the fi brocalcifi ed 

plaque was located in the superolateral wall (ie, anastomotic site) and caused a failure to laser-punch a full 

thickness – transmural – disk of coronary wall (Figure 3A). All other cases were successfully laser-punched 

(8/9, 89%) and the eccentric atherosclerotic plaque was located in the inferolateral wall, whereas the laser-

punch site revealed intimal thickening (Figure 3B).

Study 2 – Assessment of Laser-Induced Vessel Wall Damage
In the ex vivo pig model, no histological signs of laser-induced damage were observed (n=8 anastomoses; 

Figure 3C). In the rabbit model, at 1-hour follow-up, no disruption of the internal elastic lamina or the 

elastin fi bers of the medial layer was demonstrated (n=9 anastomoses). In some cases, minor adhesion of 

thrombocytes to the medial and adventitial layer of the inner site of the laser rim was seen. At the compression 

site, where the connector actively compressed the graft onto the recipient artery wall, compression effects 

Table 1. Malposition versus correct position of the connector: Disease status, coronary wall thickness, and diameter of the target coronary artery

Coronary wall thickness Diameter target artery

   n = (mm) OD (mm) ID (mm)

Malposition 

(n = 13)

Severe 

(n = 3)

Thickened 1 0.4 ± 0.0 2.3 ± 0.0 1.5 ± 0.0

Normal 2 0.3 ± 0.02 2.3 ± 0.3 1.6 ± 0.2

Mild 

(n = 10) 

Thickened 8 0.5 ± 0.11 2.0 ± 0.4 0.9 ± 0.2

  Normal 2 0.3 ± 0.0 1.7 ± 0.1 1.1 ± 0.1

Correct position 

(n = 25)

Advanced 

(n = 9)

Thickened 8 0.5 ± 0.06 2.4 ± 0.1 1.4 ± 0.2

Normal 1 0.3 ± 0.0 2.3 ± 0.0 1.6 ± 0.0

Early 

(n = 16) 

Thickened 5 0.5 ± 0.07 2.3 ± 0.2 1.6 ± 0.3

  Normal 11 0.3 ± 0.05 2.0 ± 0.3 1.6 ± 0.4

Data presented as mean millimeters ± SD. Connector positioning errors were mainly found in target coronaries with an ID below the intended 

target range (n=10; ID<1.4 mm). The anastomoses are distributed by Malposition (ie, the lower fork of the connector is positioned intramural 

or extraluminal) and Correct position (ie, the lower fork is positioned intraluminal). The anastomoses are further distributed by the degree of 

atherosclerosis; Severe or Mild in the Malposition subgroup (categorized by manual and visual inspection before anastomosis construction; no 

histological data available) and Advanced and Early in the Correct position subgroup (histologically categorized). Furthermore, the Coronary wall 

thickness (measured by using a caliper) is categorized as Thickened (≥0.4 mm) or Normal (<0.4 mm) and the mean diameter of the target coronary 

artery is specifi ed (OD and ID). 

OD: Outer diameter. ID: Calculated inner diameter (ie, determined as the outer diameter minus 2 times the coronary wall thickness).

Table 2.  Laser-punch success rate in human diseased ex vivo coronary arteries

Degree of atherosclerosis Failure to laser-punch (n/total) Laser-punch success rate (%)

Early lesions 0/16 100%

Advanced lesions 1/9 89%

The degree of atherosclerosis at the target anastomotic site was histologically categorized into 2 groups: Early lesions, consisting of intimal thic-

kening and intimal xanthoma (fatty streak), and Advanced lesions, consisting of pathological intimal thickening, (thin) fi brous cap atheroma, and 

fi brocalcifi ed plaque. In 1 case, a fi brocalcifi ed plaque in the superolateral wall caused a failure to laser-punch. 
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Figure 3. Histology of recipient arteries following anastomotic construction with the Trinity Clip

A: A fi brocalcifi ed plaque in a human ex vivo coronary artery is located in the superolateral wall and caused a failure to laser-punch a full thickness 

disk of coronary wall. The incompletely lasered disk is still partly attached to one side (arrow). EvG stain. Bar = 0.4 mm.

B: An example of a human diseased ex vivo coronary artery with a fi brocalcifi ed plaque at the inferior wall of the target site. The asterisk indicates 

where the laser successfully punched through the coronary wall. EvG stain. Bar = 0.4 mm.

C: No laser-induced damage is observed in a longitudinal section of a left anterior descending artery, mid-anastomosis, constructed in an ex vivo 

porcine model. The asterisk indicates the anastomotic orifi ce. EvG stain. Bar = 0.4 mm.

D: No laser-induced damage is demonstrated in a transversal section of a rabbit carotid artery, mid-anastomosis, at 1-hour follow-up. However, 

compression effects (arrows) are seen. EvG stain. Bar = 0.2 mm.

E and F: A transversal section of a left anterior descending artery, mid-anastomosis, constructed in a porcine OPCAB model, at 5-hour follow-up. 

E: No laser-induced damage is observed. The inlay (higher magnifi cation of the indicated area) demonstrates a sharp laser-cut edge (asterisk) and 

at the compression-site (arrows) compression of smooth muscle cells. EvG stain. Bar = 0.2 mm. F: Focal laser-induced damage of the coronary 

inferior wall is demonstrated. The damage is seen directly opposed to the anastomotic orifi ce (asterisk) and in between the adventitial and medial 

layer an abnormality (ie, hemorrhage, seen with vWF stain) is present (see magnifi ed subsection). EvG stain. Bar = 0.4 mm.

Note, interruption of the inferolateral or inferior coronary wall is caused by longitudinally opening of the coronary artery before inspection. 

A B C

D E F

were seen with starting pyknosis (ie, degeneration) of smooth muscle cell nuclei (Figure 3D).

In the porcine OPCAB model (n=3 anastomoses), acute vessel wall damage (ie, internal elastic lamina 

disruption or medial damage) was not observed histologically after laser-punching (Figure 3E), except for 1 

case. In the latter, the surgeon (fi rst author) did not support the laser during laser-punching, which resulted 

in uncontrolled pressure of the laser onto the coronary artery, and presumably, contact of the laser to the 

inferior wall. This caused disruption of the internal elastic lamina of the coronary inferior wall, opposed to the 

anastomotic orifi ce, and focally, a deposition of platelets was demonstrated at 5-hour follow-up. In addition, 

damage to the smooth muscle cells of the medial layer with pyknotic nuclei and adventitial hemorrhage in 

between the adventitial and medial layer was seen (Figure 3F). 

In all anastomoses, a sharp laser-cut was seen without diffuse laser-induced vessel wall damage and 

with adherence of thrombocytes at the edges. Compression effects were seen at the compression site with 

pyknosis of smooth muscle cell nuclei (Figure 3E, magnifi ed subsection). Furthermore, the negative controls 

in study 2 did not show any vessel wall damage.
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DISCUSSION

The main fi ndings of this study are 1) the coronary anastomotic connector is feasible on human diseased 

ex vivo coronary arteries, however, a) target coronary arteries with an ID below the intended target range 

can cause connector positioning failures, and b) advanced lesions in the superior coronary wall can cause 

connector positioning and laser-punch failures, and 2) the laser-assisted technique does not induce vessel wall 

damage in small caliber arteries, in case of correct use. 

Clinical Application
According to the fi ndings illustrated in Table 1, connector positioning errors were mainly found in targets 

that were severely diseased (n=3) or targets with an ID below the intended target range (ID<1.4 mm; n=10). 

Construction of an anastomosis on a target with an ID below the intended range and a thickened coronary 

wall resulted in an insertion failure (n=8). However, a thickened wall (≥0.4 mm) per se does not immediately 

result in an error: mal-positioning was recorded in 9 of 22 targets with a thickened wall and eight of those 

9 had an ID lower than 1.4 mm; all 13 correctly positioned connectors, in targets with a thickened wall, had 

an ID in the intended target range. Hence, a coronary target with an ID below the intended target range, or a 

target that is severely diseased, should be avoided to prevent mal-positioning of the connector. Please note 

that in this study the targets were selected by measuring the OD. Since the vessel wall thickness (measured 

after construction) naturally varies with disease status, some anastomoses were constructed onto targets that 

were, in retrospect, not suitable (ID<1.4 mm; n=10; Table 1). 

It is feasible to construct an anastomosis with the laser-assisted connector onto human atherosclerotic 

coronaries with a 100% success rate, even on severely diseased coronary arteries with thickened coronary 

arterial walls in which advanced lesions are located in the inferior or lateral wall. However, there is an increased 

risk of mal-positioning or a laser-punch failure in the case an advanced lesion is located in the superior wall. 

Therefore, similar to clinical practice, it is not recommended to graft a severely diseased coronary artery. 

To prevent construction errors and enhance the anastomotic success rate, the coronary target should 

be carefully selected by measuring the ID (preoperative coronary angiogram or intraoperative epicardial 

ultrasound [ECUS]5) and by assessment of disease status (tactile and visual inspection or ECUS). In addition, 

in situations in which target selection by palpation is not possible (ie, minimally invasive approaches), ECUS 

could guide and select a suitable target for this laser-assisted technique.10,11 A human feasibility study in which 

the ID and wall thickness will be assessed in vivo by using ECUS is warranted to determine the applicability 

of the device in clinical scenarios.

Laser-Induced Vessel Wall Damage
One possible way for the excimer laser to damage the vessel wall is by direct laser-tissue contact, which is 

intentionally used to create the laser-punched arteriotomy by excising a disk of tissue. As demonstrated in 

this study, this procedure results in a sharp laser cut with minimal thrombocyte adherence. Please note that 

the laser can only hit the inferior wall if the complex of laser and connector is pushed on during activation of 

the laser. This could result in a collapse of the coronary artery, and thus, result in direct laser-tissue contact, 

causing damage to the inferior wall (Figure 3F). This kind of damage is simply prevented by adequately 

supporting the laser during laser-punching; an outer band at the tip of the laser (Figure 1B-3) prevents the 

laser from slipping through the connector. In addition, the penetration depth of the 308-nm laser light in blood 

is lower than 100 micrometer, and therefore the light cannot reach the opposite inferior wall.7,8

Another way to damage the vessel wall is by thermal energy, induced during lasering, potentially leading 

to diffuse damage, at the laser rim or the surrounding adjacent arterial wall. However, in this study, this was 

not observed. In addition, the connector could also harm the arterial wall by incorrect insertion (eg, intramural 

positioning) and by compression of the vessel wall. The latter was seen in the acute in vivo experiments in the 

rabbit and porcine model by pyknosis of the medial cells.
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Limitations
The severely diseased coronary segments are targets that – similar to the facilitated technique – are avoided 

in the hand-sutured anastomosis construction. These are not coronary arteries that are regularly clinically 

targeted, and even in some cases in which the lesion is located in the lateral or superior wall, it is impossible 

to properly suture the calcifi ed walls. A limitation of this study is that we did not perform a comparative 

analysis of the feasibility of the hand-sutured to the Trinity Clip construction in this atherosclerotic model.

In this study, vessel wall damage was studied in non-diseased targets and in the acute phase. More data 

on vessel wall damage after construction onto diseased coronary targets have to follow. The long-term effects 

of the specifi c characteristics of this technique (ie, insertion of the forks into the lumen of the artery, foreign 

intravascular exposed material, compression of the vessel walls, and the laser-punched arteriotomy) will be 

further evaluated in a long-term (follow-up 6 months) safety study in the porcine OPCAB model and compared 

to the hand-sewn anastomosis. Previous studies have shown a favorable healing response with thin intimal 

coverage of the intraluminal connector in a porcine model.3,4,12 Therefore, we hypothesize that these results 

suggest a favorable healing reaction of the connector-facilitated anastomosis compared to hand-sewn 

anastomoses, due to a less traumatic anastomosis construction. In the connector-facilitated nonocclusive 

anastomosis construction, tissue trauma is minimized compared to the hand-sutured construction, which 

includes coronary snaring, a by hand incised arteriotomy, intracoronary shunting, and stitching. The 

introduction of the forks of the connector into the graft and coronary artery is likely to be less traumatic 

compared to approximately 12 separately placed stitches. Future functional endothelial studies could further 

support this hypothesis. In addition, emphasizing that the laser catheter is introduced through the distal free 

end of the graft, which is fi nally ligated and is not the actual functional conduit, stresses the fact that the 

necessity to manipulate the graft by laser introduction does not result in actual relevant intimal damage.

Key Features
The unique concept of nonocclusive anastomosis construction provides a simple, fast (approximately 3.5 

minutes5), and bloodless connection. It is reversible in case of malposition, before to the point of laser-

punching. Laser-punching the anastomosis is standardized and reproducible, with a sharply laser-cut oval-

shaped orifi ce and no adverse coronary wall damage. In contrast to other connectors, the native coronary 

fl ow does not have to be interrupted and the anastomosis is constructed without the potentially harming 

effects and the dexterity of temporary occlusion of the coronary or intracoronary shunting,13 and hence, 

there is no time-constraint related to myocardial ischemia.14-19 Finally, no bulky applicators and no standard 

extra hemostatic stitches are required.17-19 All these features simplify the off-pump, minimally invasive bypass 

procedure. 

Conclusion
This study demonstrates the feasibility of a new laser-assisted coronary anastomotic connector on human 

diseased coronary arteries and shows that the lasered-arteriotomy does not induce vessel wall damage to the 

recipient vessel wall, in case of correct use. Careful selection of the coronary artery regarding the target - inner 

- diameter range and disease status will prevent anastomotic construction failures. After the long-term safety 

of this technique is shown in the porcine OPCAB model, clinical introduction will follow. Finally, the developed 

connector could be the key towards less invasive coronary artery bypass grafting.
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ABSTRACT

Objective: This pilot study evaluated the feasibility of total arterial minimally invasive direct coronary artery 

bypass (MIDCAB) surgery by using the Trinity Clip anastomotic connector in an acute porcine model.

Methods: In 3 pigs, the left and right internal thoracic artery (LITA and RITA) was harvested conventionally and 

the chest closed subsequently. After a left lateral thoracotomy, the coronary target was positioned and stabilized 

by an endo-starfi sh and octopus. A free RITA-to-LITA y-graft, with a LITA-to-left anterior descending coronary 

artery (LAD) and a free RITA-to-obtuse marginal (OM) or posterolateral (PLcx) or posterior descending artery 

(PDA), was constructed by using the Trinity Clip. Patency was assessed with angiography (n=3 anastomoses).

Results: The anastomotic procedure was feasible via a small lateral thoracotomy, with a fast construction of 

the y-graft, and successful application of the mounted complex (ie, graft, connector, and laser, temporarily 

fi xated by a fi xation clip) onto the LAD. Access to the OM, PLcx, and PDA was possible, with successful 

construction, resulting in patent anastomoses.

Conclusions: This experimental pilot study demonstrates the feasibility of the anastomotic technique in a total 

arterial MIDCAB approach. Revascularization of the anterior, lateral, and inferoposterior regions of the heart is 

possible. However, visibility during the introduction of the connector was limited and video-scopic assistance 

is essential to allow for successful construction. The anastomotic technique has potential to facilitate minimally 

invasive coronary bypass surgery. 
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INTRODUCTION

To facilitate minimal access CABG, our research group developed a simplifi ed alternative for hand-sutured 

anastomosis, the Trinity Clip,1-3 based on the Excimer Laser Assisted Nonocclusive Anastomosis (ELANA) 

technique.4-7 This pilot study evaluated the feasibility of total arterial minimally invasive direct coronary artery 

bypass (MIDCAB) surgery by using the Trinity Clip in an acute porcine model. 

METHODS

Animals

Three Dutch Landrace pigs (female; weighing 60-80 kg) were used. The animals were fed a normal diet and 

received humane care in compliance with the “Guide for the Care and Use of Laboratory Animals” prepared 

by the Institute of Laboratory Animal Resources, National Research Council. The animal experimentation 

committee of the Utrecht University approved the protocol. Starting 3 days before surgical intervention, all 

animals received 320 mg of acetylsalicylic acid and 75 mg clopidogrel orally daily. See the Supplemental 

Methods section regarding the anesthesia and euthanasia protocol.

Anesthesia and Euthanasia

Anesthesia was induced with ketamine (10 mg/kg), midazolam (0.5 mg/kg), and atropine (0.04 mg/kg) 

intramuscularly. Each animal received thiopental sodium (4 mg/kg), midazolam (0.5 mg/kg), and sufentanil 

citrate (6 μg/kg) through an intravenous line. The animals were intubated and ventilated with a mixture of 

oxygen and air (1:1 volume/volume). Anesthesia was maintained by a continuous intravenous infusion of 

midazolam (0.7 mg/kg/h), analgesia was obtained with an infusion of sufentanil citrate (6 μg/kg/h), and muscle 

relaxation with pancuronium bromide (0.1 mg/kg/h). During the operation, each animal received a continuous 

infusion of saline solution (300 mL/h). Metoprolol was administered intravenously (range, 5-20 mg) to reduce 

the mechanical irritability of the heart until a heart rate of approximately 70 beats/min was obtained. 

Animals were put to death with pentobarbitalsodium (200 mg/kg) intravenously, after having been 

heparinized to obtain an activated clotting time (ACT; Hemotec, Inc, Englewood, Colo) of at least 4 times the 

control value. 

The Trinity Clip - Anastomotic Procedure (Figure 1)

The nonocclusive anastomosis construction is accomplished by:

1. Mounting of the graft and laser by inserting the upper fork of the connector (Figure 2A) into the distal 

end of the graft. Subsequently, the laser (Corvasco Medical b.v., Utrecht, The Netherlands) is introduced 

into the connector and laser-punches an opening into the graft (transmural, from intima to adventitia).

2. Prebounding of graft to coronary by inserting the lower fork into the lumen of the unopened and not 

occluded coronary artery. 

3. Nonocclusive opening of the coronary by laser-punching under full native coronary fl ow (transmural, 

from adventitia to intima) and subsequent ligation of the distal end of the graft. 

Surgery and Experimental Model

After a partial sternotomy, conventional open harvesting of the left and right internal thoracic artery (LITA in 

situ and free RITA), partial heparinization, and subsequent closure, a lateral thoracotomy (10 cm) was created 

in the 5th intercostal space (ICS). A rib retractor was used to create a window of 6 cm width. After a T-shaped 

pericardiotomy (a medial incision from cranial to caudal and caudally up to the right chest wall and down to 

the left chest wall) and inspection of the target coronaries, the proximal free RITA was anastomosed to the 

LITA as a y-graft, by using the connector (length, 9.6 mm; maximum width, 1.9 mm, height, 4.5 mm) as earlier 
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 A  B

 C  D

Figure 1. The anastomotic procedure 

A: The upper fork of the connector is inserted into the graft. 

B: The laser is introduced and secured by a fi xation clip. The graft is laser-punched and the punched fragment is removed from the laser (arrow). 

C: The lower fork is inserted into the coronary and the coronary is laser-punched. Subsequently, the laser is retrieved, including the laser-

punched fragment of the coronary wall (arrow). 

D: The distal end of the graft is ligated.

 A

Figure 2. The Trinity Clip connector 

A: The Trinity Clip connector: the lower fork is opened by an applicator.

B: The connector-facilitated LITA-to-LAD (top) and the RITA-LITA Y-graft (bottom) are visible through a left lateral thoracotomy.

 B
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described. Subsequently, an endo-starfi sh (prototype build in the nineties, University Medical Center Utrecht, 

The Netherlands) and endo-octopus (Octopus Nuvo, Medtronic, Inc, Minneapolis, Minn) were introduced 

subxiphoidal and via the 8th ICS in the mid-axillary line, respectively. After positioning and immobilization 

of the coronary artery (left anterior descending coronary artery [LAD] followed by either an obtuse marginal 

artery [OM], posterolateral artery [PLcx], or a posterior descending artery [PDA]; 1.6–1.9 mm OD) the bypass 

was constructed with the connector. Following construction, the native coronary artery was ligated ±1.0 cm 

upstream. 

In 3 pigs, a total of 3 connector-facilitated y-grafts (free RITA-to-LITA anastomosis) and 6 distal anastomoses 

(LITA-to-LAD [n=3], either with a free RITA-to-OM [n=1], or a free RITA-to-PLcx [n=1], or a free RITA-to-PDA [n=1]) 

were constructed. The feasibility of the technique was evaluated intraoperative (n=9; assessed by anastomotic 

hemostasis, anastomotic success rate [insertion success and fl ap retrieval], and graft fl ow measurement) and 

before and after termination (by angiography [n=3] and macroscopic evaluation [n=9], respectively). 

Coronary Angiography

Catheterization was performed before and after death in 1 animal (n=3 anastomoses) and 2 independent 

observers graded the angiogram according to the FitzGibbon criteria. 

RESULTS

All anastomotic procedures were performed by 1 investigator (D.S.) and were feasible via a small lateral 

thoracotomy (Figure 2B), after conventional ITA harvesting. All anastomoses were constructed without 

interrupting coronary fl ow. Successful application of the mounted complex (ie, graft, connector, and laser, 

temporarily fi xated by a fi xation clip) onto the LAD was achieved after center positioning of the target 

anastomotic site in relation to the thoracotomy. However, only 1 side (ie, pin) of the lower fork was visible 

during insertion into the LAD due to the distal direction, away from the surgeon. Furthermore, access to the 

OM, PLcx, and PDA was possible, with successful construction. 

All anastomoses (n=9) were fully patent (Figure 3) and post-mortem macroscopic evaluation revealed 

patent anastomoses without insertion and laser fl aws or failures.

DISCUSSION

This experimental pilot study demonstrates the feasibility of the anastomotic technique in a total arterial 

MIDCAB approach. The technique enables successful anastomotic construction on all territories of the heart 

(including the LAD, OM, PLcx, and PDA), except for the proximal right coronary artery region. 

To facilitate total arterial bypass grafting, the connector enables fast (less than 2 minutes) and standardized 

y-grafting, simply performed with straightforward maneuvers in a reduced workspace. Considering a clinical 

case, the radial artery instead of the free RITA used in the presented porcine model, could be anastomosed 

with the connector to the LITA, potentially with additional sequential anastomosis construction.8

In a previous experiment, the feasibility of robot-assisted TECAB by using the connector was demonstrated,2 

but the secured upright laser fulcrum (Figure 1B) limited expediency. In the MIDCAB setting, the secured laser 

was not a drawback, provided that the target was center-positioned in relation to the access site (ie, preventing 

collision of the fulcrum to the chest wall). However, in this setting, the reduced workspace hampered 

visualization during insertion. In addition, in absence of dedicated instruments, the construction took longer 

(± 20 minutes) compared to the construction time (3.5 minutes) found in an OPCAB porcine model.1 Hence, 

to succeed in minimally invasive anastomosis construction, dedicated application tools (ie, fl exible laser and 

versatile applicator) and optimization of visualization by video-scopic assistance, are essential. 

The unique concept of nonocclusive anastomosis construction provides a fast and bloodless connection. 
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In contrast to other connectors, the native coronary fl ow does not have to be interrupted, hence there is no 

need to snare or shunt the coronary artery and so the anastomotic construction is further simplifi ed.9-14 In 

addition, a standardized construction is offered, while both the graft and coronary artery are laser-punched 

and neither a separate incision9-14 nor standard sutures are ne eded.12-14 With respect to previous devices, all 

these features simplify the off-pump, minimally invasive bypass procedure.

Conclusion
The presented anastomotic technique is feasible in a porcine total arterial MIDCAB model and the connector 

has potential to facilitate minimally invasive coronary bypass surgery. 

 A

 B

Figure 3. Angiogram of a y-graft anastomosed to the anterior and posterior wall

Overview of the angiogram (A) with a detailed side-view of the free RITA-to-LITA y-graft (B), the LITA-to-LAD (C), and the free RITA-to-PLcx 

(connector directed proximally; D).

 C  D
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ABSTRACT

Objective: A facilitated construction of a coronary anastomosis is key toward expansion of less invasive 

bypass surgery. This preclinical safety study evaluated a laser-assisted, nonocclusive connector – the Trinity 

Clip – on small caliber coronary arteries in a porcine off-pump bypass model.

Methods: In 58 pigs, 33 left internal thoracic to left anterior descending coronary (1.6–1.9 mm outer diameter) 

artery anastomoses were facilitated by the connector, and 25 were hand-sutured. To assess anastomotic 

healing and patency, the anastomoses were evaluated at the short- (intraoperative and 4, 10, 14, 35 days) and 

long-term (90 and 180 days) follow-up, and were examined by fl ow measurements, angiography, histology, 

and scanning electron microscopy. 

Results: A faster construction time was found (P<0.01) and hemostasis tended to be better (94% versus 80%, 

respectively; P=0.11) in the connector compared to the hand-sutured group. Long-term follow-up showed 

100% (14/14) patency in the hand-sutured compared to 82% (18/22) in the connector group (P=0.12; long-

term patency was 92% [12/13] before a connector design change halfway the study). The patent facilitated-

anastomoses showed less intimal hyperplasia formation compared to the hand-sutured (0.08 ± 0.06 versus 

0.26 ± 0.07 mm, respectively; P<0.01). 

Conclusions: This study demonstrated the feasibility of the connector to facilitate off-pump CABG on small 

caliber arteries. Patency rates were inferior, however, were related to a design change halfway the study. 

Provided the technical limitations can be addressed, the presented concept of nonocclusive simplifi ed 

anastomosis construction could fi ll the missing link toward expansion of minimally invasive CABG.
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INTRODUCTION

A facilitated construction of a distal coronary anastomosis is key toward less invasive coronary bypass surgery. 

This preclinical safety study evaluates a new laser-assisted nonocclusive coronary anastomotic connector 

– the Trinity Clip – in comparison to the conventional hand-sutured anastomotic technique in a long-term 

follow-up porcine off-pump bypass model.1 Following initial, successful testing on large caliber arteries (3.0 

mm outer diameter [OD]),2-4 the connector was downsized to target smaller range coronary arteries (1.6–1.9 

mm OD) and the construction simplifi ed by complete sutureless anastomotic construction.5 In this study, we 

assessed the hypothesis that the coronary connector is not inferior to the hand-sutured technique in terms of 

patency, healing, and hemodynamic function.

METHODS 

The Trinity Clip - Anastomotic Procedure
The Trinity Clip (Figure 1A; Corvasco Medical b.v., Utrecht, The Netherlands) is suitable for target coronary 

arteries with an inner diameter (ID) of 1.4–1.6 mm (comparable to an outer diameter [OD] of 1.6–1.9 mm in the 

porcine model). An online video of the procedure is available.5

Figure 1. The coronary anastomotic procedure with the Trinity Clip connector and laser catheter

A: The Trinity Clip (titanium) consists of 2 intravascular forks (upper, (1), and lower fork, (2)) and an extravascular band (3). The forks and band are 

connected to a spring (4), which enables the forks to open and close, individually, one by one, with the use of an applicator (not shown).

B: The laser consists of a vacuum lumen (1), which is surrounded by laser fi bers (2). An outer band (3) provides safety and stabilization into the 

connector.

C: The upper fork is inserted into the lumen of the graft by using an applicator (not shown). 

D: The laser is introduced and temporary secured by a fi xation clip, which fi xates and stabilizes the laser into the connector, ensuring perpendicular 

positioning of the laser during construction. The graft is laser-punched and the laser-punched fragment is removed from the laser (arrow). Note 

that the laser is not removed. 

E:  The lower fork is inserted into the lumen of the coronary. The graft (illustrated transparently) and coronary are fi xated between the 2 intralumi-

nal forks and the extravascular band. The coronary is laser-punched under full native coronary fl ow and, subsequently, the fi xation clip is removed 

and the laser is retrieved, including the laser-punched fragment of the coronary wall (arrow) by vacuum suction through the laser.

F: Directly following the nonocclusive opening of the anastomosis, the distal end of the graft is ligated.

 A  B

C D E F
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The nonocclusive anastomosis construction is accomplished by:

1. Mounting of the graft and laser by inserting the upper fork of the connector into the distal end of the 

graft (Figure 1C). Subsequently, the laser (Corvasco Medical b.v., Utrecht, The Netherlands; Figure 1B) is 

introduced into the connector and laser-punches an opening into the graft (transmural, from intima to 

adventitia; Figure 1D).

2. Prebounding of graft to coronary by inserting the lower fork into the lumen of the unopened and not 

occluded coronary artery. 

3. Nonocclusive opening of the coronary by laser-punching under full native coronary fl ow (transmural, 

from adventitia to intima; Figure 1E) and subsequent ligation of the distal end of the graft (Figure 1F). 

Animals
Fifty-eight Dutch Landrace pigs (female, ±70 kg) were studied. The animals were fed a normal diet and received 

humane care in compliance with the “Guide for the Care and Use of Laboratory Animals” prepared by the 

Institute of Laboratory Animal Resources, National Research Council. The animal experimentation committee 

of the Utrecht University approved the protocol. All pigs received 320 mg of acetylsalicylic acid and 75 mg 

clopidogrel orally daily, starting 3 days before surgery. This anticoagulation protocol was continued until 

termination. 

Anesthesia and Euthanasia
Anesthesia was induced with ketamine (10 mg/kg), midazolam (0.5 mg/kg), and atropine (0.04 mg/kg) 

intramuscularly. Each animal received antibiotic prophylaxis (amoxicillin-clavulanic acid 1000/100 mg), 

thiopental sodium (4 mg/kg), midazolam (0.5 mg/kg), and sufentanil citrate (6 μg/kg) through an intravenous 

line. The animals were intubated and ventilated with a mixture of oxygen and air (1:1 volume/ volume). 

Anesthesia was maintained by a continuous intravenous infusion of midazolam (0.7 mg/kg/h), analgesia 

was obtained with an infusion of sufentanil citrate (6 μg/kg/h), and muscle relaxation with pancuronium 

bromide (0.1 mg/kg/h). During the operation, each animal received a continuous infusion of saline solution 

(300 mL/h). Metoprolol was administered intravenously (range, 5-20 mg) to reduce the mechanical irritability 

of the heart until a heart rate of approximately 70 beats/min was obtained. Postoperatively, amoxicillin-

clavulanic acid (7.5 mg/kg) was administered and for post-surgical analgesia fentanyl 25 μg transdermally 

for 3 days and meloxicam (0.4 mg/kg) intramuscularly daily at day 1 and 2. Animals were put to death with 

pentobarbitalsodium (200 mg/kg) intravenously, after having been heparinized to obtain an activated clotting 

time (ACT; Hemotec, Inc, Englewood, Colo) of at least 4 times the control value.

Surgery, Experimental Model, and Study Design
After a partial sternotomy, harvesting the left internal thoracic artery (LITA), partial heparinization (activated 

clotting time [ACT] > 200; not counteracted), and immobilization of the left anterior descending coronary 

artery (LAD; 1.6–1.9 mm OD) by a cardiac tissue stabilizer (Octopus Evolution AS Tissue Stabilizer; Medtronic 

Inc, Minneapolis, Minn), the bypass was constructed either with the connector as earlier described or by hand-

suturing using an intracoronary arteriotomy shunt (Medtronic Inc, Minneapolis, Minn) and a running suture 

(Prolene 7-0; Ethicon, Somerville, NJ). Following construction, the coronary was ligated ±1.0 cm upstream 

with 3 medium hemoclips. Before chest closure, graft fl ow (mL/min) and pulsatility index ([maximum fl ow-

minimum fl ow]/mean fl ow) was monitored for 1 hour with a transit time fl ow probe (VeriQ C; Medi-Stim ASA, 

Oslo, Norway), at a mean blood pressure of 90 mm Hg. Following ITA clamping for 30 seconds, the coronary 

peak hyperemic fl ow response was determined (45 minutes after construction, in duplicate, at an interval of 

10 minutes) as the peak graft fl ow divided by the baseline fl ow. 

A total of 33 connector-facilitated and 25 hand-sutured LITA-to-LAD anastomoses were constructed. The 

follow-up was completed for 56 pigs (1 pig of each subgroup died directly postoperatively). The safety of the 

technique was assessed by anastomotic hemostasis, graft fl ow measurement, angiography, and anastomotic 

healing (ie, effect of implant, vessel wall compression by the connector, and laser-punching of the LITA 
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and LAD; by histologic examination and scanning electron microscopy). The anastomoses were evaluated 

intraoperative (n=58) and postoperatively at 4 hours, 4, 10, 14, and 35 days (each subgroup per timeline n=2 

anastomoses) and at 3 (n=10 connector, n=6 hand-sutured) and 6 months (n=12 connector, n=8 hand-sutured). 

Halfway the study, a design change of the connector was implemented to improve the mechanics of the 

connector in order to enhance hemostasis. The spring part of the connector was changed and ameliorated 

the stability of opening, closing, and compression of the connector (the spring of the connector is longer and 

20% heavier; Figure 2). This design change was introduced after the fi rst 15 connector-facilitated procedures 

(Group 1; 5 weeks [n=2]; 3 months [n=1]; 6 months [n=12]) and the connector with the new design facilitated 

the last 18 procedures (Group 2; 4 hours, 4, 10, and 14 days [each subgroup per timeline n=2]; 3 months [n=9]; 

1 pig died directly postoperatively).

Follow-up Catheterization, Histology, and Scanning Electron Microscopy (SEM) 
At follow-up, all anastomoses (n=56) were visualized by angiography (Philips Allura Xper FD20, Eindhoven, 

The Netherlands) and graded by 2 independent observers according to the FitzGibbon criteria. 

One anastomosis per subgroup of each of the following timelines, 4 hours, 4, 10, 14, and 35 days (n=5 

hand-sutured, n=5 connector), and additionally, all anastomoses at 3- and 6-month follow-up, were fi xed 

in 4% formalin for histologic examination. The connector-facilitated anastomoses (n=28) were embedded 

in methyl methacrylate and the hand-sutured anastomoses (n=20) were embedded in paraffi n, all were 

sectioned in transverse planes and stained with hematoxylin and eosin (H&E). Neointimal hyperplasia, 

adverse remodeling, and chronic infl ammatory cell reaction were assessed (AnalySiS, Soft-Imaging Software 

GmbH, Münster, Germany).2-5

One anastomosis per subgroup of each of the following timelines, 4 hours, 4, 10, 14, and 35 days, 

was evaluated by SEM (n=5 hand-sutured, n=5 connector; Philips XL30LAB, FEI Europe, Eindhoven, The 

Netherlands) to study endothelialization of the non-intimal anastomotic surface.4, 5

Hemostasis
Hemostasis was quantifi ed as either completely hemostatic, or oozing, or brisk leakage. Any self-limiting 

leakage was defi ned as oozing. If a stitch was necessary to obtain hemostasis, the leakage was defi ned as 

brisk.

Figure 2. The Trinity Clip before and after the design change

The Trinity Clip after the design change (left) is longer and 20% heavier compared to the connector before the design change (right). 
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Statistical Analysis
Data are presented as the mean ± standard deviation, or as noted otherwise. The difference between continuous 

variables was analyzed using the Student T-test and the differences between dichotomous variables were 

analyzed using the Fisher’s exact test. P<0.05 was considered to indicate a signifi cant difference.

RESULTS

Surgery 
All procedures were performed by 1 investigator (D.S.; see Table 1 for the Operative Data). A faster construction 

time was found in the connector group compared to the hand-sutured group (P<0.01). In 3 procedures, a laser-

punch failure (ie, incompletely lasering of the coronary wall) resulted in a successful re-do of the anastomosis 

distal to the initial anastomosis. One case occurred at the start of the study and was attributed to the learning 

curve. In 2 cases, it was due to a malfunctioning fi xation clip, and these were excluded.

Brisk leakage was found in 6% (2/33) and in 20% (5/25) of the anastomoses in the connector and hand-

sutured group, respectively; an extra stitch resulted in complete hemostasis. The 2 cases of brisk leakage in 

the connector group were found in the fi rst 15 experiments, after which a design change of the connector 

was implemented to improve hemostasis. Following this change, leakage was not observed (0/18). Graft fl ow 

measurements were all comparable, suggesting full intraoperative patency in both groups (Table 1). 

Follow-up and Angiography
Two animals (1 of the connector and 1 of the hand-sutured group) died directly post-operatively due to 

respiratory insuffi ciency and patent anastomoses were found. All hand-sutured anastomoses were fully 

patent (24/24). Of the connector-facilitated anastomoses, in Group 1 (before the design change), 1 of 15 

anastomoses was occluded at 6 months (Table 2). However, the occlusion was due to competitive fl ow caused 

by a subtotal ligation (±60%) of the native proximal coronary artery. In Group 2 (after the design change), 4 of 

17 anastomoses were occluded; 3 at 3 months and 1 occlusion was found at 14 days.

Table 1. Operative Data

Connector Suture P =

LITA (mm, OD) 2.9 ± 0.3 3.0 ± 0.3 0.33

LAD (mm, OD) 1.8 ± 0.1 1.8 ± 0.1 0.90

Construction time (min) 3.2 ± 0.6 a 36 ± 6 <0.01

Flap retrieval rate (%) 97 (33/34) b -

Complete hemostasis (%) 94 (31/33) 80 (20/25) 0.11

Graft baseline fl ow (mL/min) 22 ± 5 22 ± 5 0.92

Pulsatility index at baseline 2.5 ± 1.0 2.5 ± 1.3 0.92

Graft fl ow at t=1 hrs (mL/min) 20 ± 6 22 ± 5 0.18

Pulsatility index at t=1 hrs 2.7 ± 0.9 2.8 ± 1.5 0.91

Peak hyperemic fl ow response 4.4 ± 1.0 4.6 ± 1.1 0.47

Data presented as mean ± standard deviation or % (n). 

a Included insertion, positioning laser catheter and external fi xation clip, vacuum suction, lasering, and closure of distal end of the graft. 

b In 3 of 36 anastomoses, the coronary was not successfully laser-punched. In 2 of 3 laser-punch failures, a mechanical issue causing the laser-failu-

re was found, and these were excluded from further analyses.

LAD, left anterior descending artery; LITA, Left internal thoracic artery; OD, outer diameter.
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 A  B  C

Figure 3. Histology of the Trinity Clip facilitated LITA-to-LAD anastomosis at different time-points postoperatively

Transverse sections, midanastomosis, H&E staining. Scale bar indicates 1 mm.

A: At 4 hours, the wall of both the LITA and LAD is compressed in between the forks and the extravascular band of the connector. A laser rim 

(arrow) of both the LITA and LAD is present on each lateral side and protrudes 0.1 mm. 

B: At 10 days, the laser rim is retracted and the initial blood-exposed forks of the connector are completely covered by neointima. Note the 

hemoclip at the roof of the LITA, which ligates the ‘cul de sac’. 

C: At 6-month follow-up, the connector is covered by neointima (N-I), streamlining the anastomosis (magnifi ed subsection). No medial necrosis, 

excessive intimal hyperplasia, or chronic infl ammation was demonstrated over time. 

(1) forks, (2) extravascular band.

Note, interruption of the inferior coronary wall caused by longitudinally opening of the coronary before inspection.

H&E: Hematoxylin and eosin stain; LAD: left anterior descending artery; LITA: left internal thoracic artery.

Table 2. Patency Data: Before and After Design Change of the Connector

Connector Suture

Total Group 1 Group 2

Total patency (%) 84 (27/32) a 93 (14/15) b 76 (13/17) 100 (24/24)

Short-term patency (%) 90 (9/10) 100 (2/2) 88 (7/8) 100 (10/10)

Long-term patency (%) 82 (18/22) c 92 (12/13) b, d 67 (6/9) e 100 (14/14)

Patency is defi ned as: FitzGibbon grade A and B. Short-term is defi ned as: 0 - 35 days. Long-term is defi ned as: 3 and 6 months.

a p= 0.053 versus suture. b 1 occlusion at 6 months was found and in this particular case, the native proximal coronary artery was not fully 

occluded (subtotal occlusion ±60%), causing competitive fl ow. c p= 0.12 versus suture. d p= 0.48 versus suture. e p= 0.047 versus suture.

Group 1: Before the design change.

Group 2: After the design change.

Histologic Examination
Healing and remodeling. All connector-facilitated anastomoses showed an inverted adventitia-adventitia 

apposition, with the adventitia of the graft on top of the adventitia of the coronary, which resulted in a blood-

exposed edge of media and adventitia of both vessels, inside the anastomosis. The hand-sutured anastomosis 

showed predominantly an everted intima-intima apposition. At 4 hours, no acute laser-damage and minor 

deposition of platelets at the laser rim was found, with some pyknosis of smooth muscle cell nuclei at the 

compression site (Figure 3A). At 4 days, the laser rim was covered by a small platelet-rich thrombus, and at 10 

days, the rim was retracted and completely covered by neointima (0.10 ± 0.07 mm), including the connector 

(Figure 3B). At that time, similarly, a layer of neointima covered the anastomotic line of the hand-sutured 

anastomosis (0.19 ± 0.03 mm).

At 35 days, 3, and 6 months (Figure 3C), both the connector and hand-sutured anastomoses were 

remodeled and fully covered by neointima (0.10 ± 0.02 versus 0.28 ± 0.07 mm; 0.07 ± 0.04 versus 0.20 ± 
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0.08 mm [P<0.01]; 0.08 ± 0.06 versus 0.26 ± 0.07 mm [P<0.01]; respectively, connector [without occluded 

anastomoses] versus hand-sutured). No pseudoaneurysm formation, no medial necrosis at the compression 

surface, and moreover, no excessive acute or long-term infl ammation was demonstrated over time. The 

spring of the connector was completely encapsulated in connective scar- and repair tissue and incorporated 

in between the LITA and LAD, without erosion damage. 

Anastomotic occlusion. Of the connector-facilitated anastomoses in Group 1, at 6 months, 1 anastomosis 

was occluded by gradual intimal hyperplasia formation caused by competitive fl ow (subtotal occlusion 

of native coronary). One additional anastomosis at 6 months showed a dissection of the LITA, originating 

proximally with a hematoma in between the intima and media, which had developed downstream toward the 

anastomosis, resulting in an approximately 50% occlusion.

In 1 of the 4 occluded anastomoses in Group 2, at 14 days, a thrombus occluded the anastomosis. At 

the toe, insuffi cient convergence of the forks due to asymmetric closure resulted in inadequate vessel wall 

compression. As a result, the laser-punched opening in the coronary wall shifted at the toe in relation to the 

lasered-opening of the graft, causing abnormal blood-exposed adventitial graft tissue, which was not seen in 

other anastomoses. In 3 anastomoses at 3 months, tilting of the connector in relation to the coronary artery 

was showed, plus a downward movement of the spring of the connector at the heel and an upward movement 

of the pins at the toe. This resulted in distortion of the connector and consequently the geometry of the target 

coronary at the site of the anastomosis, and presumably caused the occlusion of the 3 anastomoses. 

Scanning Electron Microscopy
In the acute phase, a sharp laser-cut edge of both the LITA and the LAD with limited platelets attached to the 

rim and to the connector, and no endothelial laser-damage was seen (Figure 4A). After 10 days, the inner - 

initial nonintimal - surface was completely covered by a smooth layer of neointima, except for the medial 

inner surface of the pins (Figure 4B), while the prolene sutures in the hand-sutured anastomosis were fully 

endothelialized at 10-day follow-up. A continuous endothelial surface from the coronary artery over the 

connector and the rim into the LITA could be seen at 14 and 35 days. 

Figure 4. Scanning electron microscopy of the Trinity Clip facilitated LITA-to-LAD anastomosis at different points postoperatively 

View from inside the LAD. The lasered coronary wall rim (1) and pin of the lower fork (2).

A: At 4 hours (395x magnifi cation). The magnifi ed (1440x) subsection demonstrates the sharp laser cut through the coronary (1) and limited 

fi brin and platelets coverage. 

B: At 10 days (440x magnifi cation). Complete endothelialization of the connector is demonstrated, except for the medial side of the fork (2). The 

magnifi ed (1560x) subsection shows the process of endothelialization on this part of the fork; endothelial cells are migrating from the top of the 

fork toward the medial side, covering the circumference of the anastomotic orifi ce.

LAD: left anterior descending artery; LITA: left internal thoracic artery.

A B

DISCUSSION

The principal fi ndings are the following: the nonocclusive connector is feasible on small caliber coronary 

arteries and easy-to-use with a fast construction time without myocardial ischemia in the OPCAB porcine 
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model. The patency of the connector-facilitated anastomoses was inferior to the hand-sutured anastomoses 

(84% versus 100%) and was histologically related to distortion of the connector. However, a comparable initial 

anastomotic healing process was demonstrated and the patent anastomoses showed less intimal hyperplasia 

at the site of the connector compared to the hand-sutured anastomosis at 6 months (0.08 ± 0.06 versus 0.26 

± 0.07 mm, respectively; P<0.01). 

Inferior Patency Rates and Implementation of the Design Change
After the fi rst 15 consecutive connector-facilitated procedures, the design of the connector was changed to 

improve hemostasis; 2 cases of brisk leakage were found in the fi rst 15 procedures (Group 1) and after the 

design change leakage was not observed (0/18, Group 2). However, in Group 2 (ie, the spring of the connector 

is longer and 20% heavier; Figure 2), 3 occlusions presumably due to distortion of the connector were found 

at 3 months (Table 2). We hypothesize that the increased weight and length (ie, increased lever arm) of the 

spring promotes external forces onto the anastomosis leading to increased mechanical stresses onto the 

small caliber and thin vessel walls (± 0.15 - 0.20 mm), which resulted in distortion of the connector, confi rmed 

by histology, and subsequent occlusion of the anastomosis.

Group 1 showed superior patency results, with patent anastomoses at 5-week (n=2/2), 3-month (n=1) and 

6-month (n=11/12) follow-up (Table 2). One anastomosis at 6 months was not patent, however, was due to 

competitive fl ow. In addition, all 3 anastomoses with a re-do anastomosis, due to a laser-punch failure, and, 

moreover, the 2 anastomoses requiring a hemostatic stitch, were part of Group 1 and showed, despite the 

extra maneuvers and manipulation, patent anastomoses at 6 months. Therefore, these results clearly suggest 

that the design change, in addition to the benefi ts for anastomotic hemostasis, had an adverse effect on the 

primary outcome, ie, anastomotic patency. 

Key Features
Besides the failures encountered in this series, the anastomotic technique per se has potential to facilitate 

minimal access CABG. Compared to the single clinically available anastomotic device,6-8 and other connectors 

which not (yet9) succeeded clinically,10-14 the unique concept of nonocclusive anastomosis construction 

provides several interesting features. The fi rst simple step, the connector-facilitated apposition of the graft 

to the coronary, is fast, bloodless, and performed with full sight, without blockage of instrumentation or a 

cumbersome activation system. In addition, it is reversible in case of malposition (ie, bail-out). The second 

step, the anastomotic opening by laser-punching, is standardized and reproducible with a sharply laser-cut 

oval-shaped orifi ce resulting in a geometry without impediment to fl ow. In contrast to other connectors, 

no separate incision into the graft or coronary is needed and the native coronary fl ow does not have to be 

interrupted.6-12 The anastomosis is constructed without the potentially harming effects of temporary occlusion 

of the coronary or intracoronary shunting15 and hence, there is no time-constraint related to myocardial 

ischemia. Finally, no standard extra hemostatic stitches6-8 were required after the design change was 

implemented; all these features reduce coronary handling, conditioning, and manipulation, and thus simplify 

the off-pump bypass procedure, especially in a minimally invasive approach. Moreover, this controlled two-

step approach results in a short learning curve. Moreover, in the absence of large application systems, this 

low-profi le anastomotic system could reach all territories of the heart. 

Future Perspective
Based on the results of this study, quality checks have been established incorporating in- and exclusion 

criteria for the connector and the lifespan of instruments (eg, external fi xation clip). With this experience, a 

subsequent preclinical safety study will be initiated with a second-generation Trinity Clip, which will prevent 

distortion and displacement of the connector, either by stabilization of the complex of graft, connector, and 

coronary artery, or by removal or downsizing of the spring of the connector. Provided the technical limitations 

can be addressed, this concept of nonocclusive anastomotic construction could fi ll the missing link toward 

expansion of minimally invasive CABG.
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DISCUSSION

The aim of this thesis was to develop and evaluate a new coronary anastomotic connector, based on an existing 

concept: the ELANA technique. This ELANA technology enables nonocclusive anastomosis construction 

with the most obvious advantage of not having to occlude the recipient artery. Proof of concept is shown in 

neurosurgery, but coronary bypass surgery is performed in a different environment with a moving target and 

small caliber vessels, often with low fl ow. The technique needed downsizing of both the connector ring and 

the laser catheter. A new design should ultimately enable a simplifi ed and reliable connection of the graft 

to the coronary artery on the beating heart via a less or minimal invasive surgical approach. In addition, the 

connector should be easy-to-use, without additional sutures, and it should be applicable to remote and small 

caliber targets, inherently, resulting in low-fl ow bypasses.1-4 To succeed in developing a coronary anastomotic 

connector, all the previous mentioned changes of the original ELANA connector design have to be fulfi lled. 

Part A – The Slide Connector
In Part A (Chapter 2), a fi rst-generation ELANA-based prototype connector, the “Slide connector”, was evaluated 

in an acute rabbit abdominal aortic-bypass model as an open feasibility concept study. With this prototype, 

the fi rst step in the change of design was made: the connection of the mounted graft to the coronary artery 

was simplifi ed by sutureless application. The Slide connector enabled easy-to-use, nonocclusive, and fast 

anastomosis construction with a 100% patency and a predictable and consistent intima–adventitia apposition. 

Several technical imperfections persisted, such as occasional failure to retrieve the fl ap with the laser catheter, 

the need for a sealant for anastomotic hemostasis, and sutures were still required for mounting the graft. 

Limitations of the model include the absence of evaluation on the beating heart and long-term anastomotic 

healing. A proof-of-concept is presented in an acute animal model, however, imperfections of the connector 

have to be addressed to show the feasibility for minimally invasive coronary artery bypass surgery.

Part B – The Clip Connector
In Part B (Chapters 3 and 4), an ameliorated second-generation ELANA-based prototype connector, the “Clip 

connector”, was evaluated in an acute rabbit model and subsequently in a long-term porcine open sternotomy 

OPCAB model. The Clip connector incorporated the next steps toward a clinical device: the surgical sealant 

was eliminated, the technique was simplifi ed by the ability of the connector to open and close, and laser-

punching was optimized. However, mounting of the graft to the connector still requires sutures, which is time-

consuming and increases the demands of manual dexterity. 

The extra feature of this connector compared to the Slide connector was the ability to open, close, 

and reopen. This introduced a simplifi ed and controlled method of 2-step coronary bypass grafting: fi rst, 

nonocclusive prebounding of the graft to the coronary artery, and second, a laser-punched arteriotomy. As a 

consequence, an additional set of three improvements was obtained.

A “bail-out” approach was created for both malpositioning and a laser-punch failure. In case of connector 

malpositioning, the connector can be reopened and repositioned before the point of no return, which is the 

lasered-arteriotomy. In case the fl ap could not be retrieved directly by the laser catheter, a bail-out is feasible, 

with manual fl ap retrieval by reopening of the connector. 

The third improvement is the cone-shaping of the laser catheter. This improved positioning and stabilization 

of the laser catheter into the connector with an enhanced laser-punch success rate as a consequence. In one 

out of 15 anastomoses a laser-punch failure occurred and this fl ap was subsequently successfully manually 

retrieved by reopening the Clip connector as a bail-out.

The Clip connector demonstrated its ease-of-use in both animal models, with a simple fi rst step of 

nonocclusive prebounding of the vessel walls of graft and coronary artery; no need to seal the anastomosis 

and no separate incision into the target coronary.5-8 The anastomotic construction was performed in a 

bloodless fi eld, without time constraint. In contrast to most other coronary anastomotic connectors, coronary 
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conditioning by shunting or snaring was redundant.5-8 These improvements resulted in reduced manipulation 

and increased simplicity, which are important aspects in the steps toward less invasive off-pump coronary 

artery bypass surgery. 

The unconventional anastomosis construction, with 1) a laser-punched arteriotomy, 2) active compression 

of the vessel walls between the fork and ring of the connector, 3) apposition of the intima of the graft to 

the adventitia of the coronary artery, 4) the residual implant of the extravascular spring at the back of the 

connector, and 5) the intraluminal, blood-exposed fork, had no detriment on the long-term patency or 

remodeling of the anastomosis. Please note that the BENIS of the Clip connector was increased to 7.9 mm2, 

compared to 4.4 mm2 in the Slide connector and the dual antiplatelet therapy conformed to proposals for 

guidelines for postoperative care in conventional OPCAB surgery.9 Moreover, after 10 days, the device was 

fully endothelialized and the anastomotic orifi ce tended to expand over time by retraction of the laser rim 

toward the maximal opening of the connector. The result at 6 months is limited intimal hyperplasia with an 

unrestricted fl ow (FFR, 0.93 ± 0.07). This period of follow-up is comparable with 1.5 – 3 years of human clinical 

follow-up.10

Initially, the anastomosis was relatively undersized (FFR, 0.82 ± 0.17). The increased protrusion of the tip of 

the cone-shaped laser catheter into the connector resulted in unwanted extension of the adventitial laser rim 

(a rim length of 0.63 ± 0.09 versus 0.11 ± 0.12 mm in a previous study without a cone-shaped catheter11). This 

resulted in a smaller anastomotic orifi ce than the intended 2 mm diameter. The extension of the adventitial rim 

applied to more than half of the total BENIS. The BENIS, however, is inherent to distal anastomotic connectors 

and is not per se detrimental.1 Nevertheless, the tolerance to additional technical errors becomes smaller; 

in Chapter 3, the additional technical error of an asymmetrically lasered rim resulted in a fatal thrombotic 

occlusion. Consequently, this emerged for modifi cations to the laser catheter, which should ultimately result 

in 1) a relatively larger anastomotic orifi ce in relation to the target coronary artery, 2) a reduction in the 

intraluminal adventitial laser rim and thus in tissue BENIS, 3) an optimized laser-punch success rate, 4) a 

symmetric morphology of the laser-punched orifi ce, and 5) an oval-shaped confi guration to target smaller 

coronary arteries. Furthermore, mounting of the graft with sutures should also be addressed, because it is 

time-consuming and increases the demand of dexterity. In addition, because most coronary bypasses are 

constructed within a coronary diameter range of 1.5 – 2.5 mm outer diameter, downsizing the anastomotic 

connector is of paramount importance. Moreover, the animal studies need controls, including a hand-sutured 

group, and an adequate sample size.

Part C – The Trinity Clip Connector
Part C (Chapters 5 – 8) contains a comprehensive evaluation of the third-generation ELANA-based prototype 

connector, the “Trinity Clip connector”. Several preclinical experimental models have been used: a human 

ex vivo atherosclerotic model, an acute porcine MIDCAB model, and a long-term porcine OPCAB model. 

Design modifi cations of the connector and the excimer laser catheter (now oval shaped) enabled a completely 

sutureless construction of the anastomosis onto clinically relevant, small caliber coronary arteries. The 

construction time was reduced from more than 30 minutes in the Clip connector (Chapter 3) to 3.2 minutes 

in the porcine OPCAB model, described for the Trinity Clip connector in Chapter 8. The reduced construction 

time is ascribed to the elimination of mounting sutures and the premounting of the laser catheter (Preface C). 

In the preclinical assessment of the newly developed Trinity Clip connector, the following remaining 

questions have to be answered: 

1) Is this laser-assisted anastomotic technique feasible in human diseased coronary arteries?

2) Does laser-punching induce arterial wall damage in small coronary targets? 

3) Is the connector applicable via a minimal invasive approach in remote areas of the heart? 

4) Is the connector feasible off-pump, onto small caliber coronary arteries and is the long-term patency  

           comparable to the hand-sewn anastomoses? 

In Chapter 6, the fi rst question is addressed and we demonstrated the feasibility of the anastomotic 
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technique in human ex vivo diseased coronary arteries. However, severely atherosclerotic lesions caused 

malpositioning of the connector and one laser-punch failure. Similar to clinical practice, it is not recommended 

to graft a severely diseased coronary artery with the Trinity Clip. Another cause for malpositioning was 

observed if the coronary target was smaller than the intended diameter range of the connector, 1.4 – 1.6 

mm inner diameter (= ID). To enhance the anastomotic success rate, the coronary segment should be more 

meticulously selected by measuring the ID on preoperative coronary angiography or intraoperative epicardial 

ultrasound (= ECUS) and by the assessment of disease status by tactile and visual inspection or ECUS. 

The second question is answered in the second part of Chapter 6. We histologically evaluated the potential 

harming effects of exposing a small target vessel to the same levels of laser energy (10 mJ)12 as used in 

previous studies on larger caliber coronary arteries.11, 13, 14 On microscopic examination, it was showed that 

lasering does not induce coronary wall damage. However, the laser also punches the graft in the anastomosis 

construction with the Trinity Clip connector. This new construction method raises new questions regarding 

the effects of laser-punching on the grafts vessel wall. In Chapter 8, microscopic examination showed no 

excessive intimal hyperplasia of the graft in the long-term.

To answer the third question, an experimental pilot feasibility study in the porcine model was described 

in Chapter 7, which demonstrated the feasibility of the anastomotic technique in a total arterial MIDCAB 

approach. Via this approach, revascularization of the anterior, lateral, and inferoposterior regions of the heart 

proved to be feasible and a fast and standardized construction of a Y-graft was possible. The mounted and 

secured upright laser fulcrum was not a drawback in this setting, provided that the coronary target was center-

positioned in relation to the access site so a collision of the fulcrum to the chest wall could be prevented. 

However, the reduced workspace hampered visualization during insertion of the connector into the coronary 

artery in absence of video-scopic assistance. 

In a previous experiment, the feasibility of robot-assisted TECAB by using the Trinity Clip connector was 

demonstrated in an acute porcine model, but in this setting the laser fulcrum limited expediency.15 In the 

TECAB setting, mounting the laser catheter, which is positioned via the graft into the connector, was very 

challenging. This was mainly due to the rather stiff and rigid laser catheter, which directed the surgeon, rather 

than that the surgeon directed the laser. 

From this experience we conclude that dedicated application tools, more specifi cally a versatile applicator 

and a fl exible laser catheter, and optimization of visualization by video-scopic assistance, are essential to 

succeed in minimally invasive anastomosis construction.

To answer the last question, in Chapter 8, we describe a preclinical safety study in which hand-sewn 

anastomoses and the Trinity Clip connector were evaluated on small caliber coronary arteries in a long-term 

porcine OPCAB model. The initial anastomotic healing process was similar in the hand-sutured anastomosis 

and the Trinity Clip connector. We found complete endothelialization of the nonintimal anastomotic surface 

within 14 days. The patency of the connector-facilitated anastomoses in the long-term was inferior to the 

hand-sewn anastomoses (82% versus 100%) and was histologically related to distortion of the connector. 

However, the patent connector-facilitated anastomoses showed less intimal hyperplasia at the anastomotic 

line compared to the hand-sutured anastomosis (at 6 months 0.08 ± 0.06 versus 0.26 ± 0.07 mm, respectively; 

P<0.01). This could be explained by a favorable healing reaction due to a less traumatic anastomosis 

construction. The inferior patency rate of the Trinity Clip connector may be related to a design change halfway 

of the study, which aimed at enhanced stability of the connector in order to improve hemostasis. After 

the design change the spring of the connector was longer and 20% heavier. The change was implemented 

after operation of the fi rst 15 long-term animals, in which two cases of brisk leakage were observed but no 

device-related anastomotic occlusions. In the 18 experiments after the design change, no leakage was found, 

however, at three months, three occlusions were found due to distortion of the connector. We hypothesized 

that the increased weight and length of the spring promoted external forces onto the anastomosis, resulting 

in increased mechanical stress on the vessel wall and distortion of the anastomosis. This could lead eventually 

to gradual luxation of the connector, excessive intima hyperplasia, and fi nally occlusion of the bypass. 
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CONCLUSIONS

The studies in Part C of this thesis have shown that the Trinity Clip connector meets most of the requirements 

for “The Ideal Coronary Anastomotic Connector” in Chapter 1. However, essential specifi cs have to be 

ameliorated to adhere to the high standards for anastomotic connectors. If these have been addressed, the 

connector has conceivable potential to facilitate minimally invasive coronary artery bypass surgery.

Handling and Practical Use
The Trinity Clip is easy-to-use with a fast construction time and zero myocardial ischemia. The construction 

is safe, reliable, and reproducible on the beating heart, resulting in a standardized inverted adventitia-to-

adventitia apposition, without anastomotic leakage (Chapter 8, Group 2). The applicability on the arrested 

heart is not extensively evaluated, but is feasible too, as long as the coronary artery is perfused. Moreover, 

histologic evaluation did not show laser-induced vessel wall damage in the acute phase or long-term follow-

up (Chapter 6 and 8). However, in Chapter 8, distortion and tilting of the connector was observed at 3-month 

follow-up. Prevention of the latter, either by stabilization of the complex of graft, connector, and coronary 

artery, or by removal or downsizing of the spring of the connector, will further standardize the construction. 

With this, an enhanced durability and long-term effectiveness is anticipated on. 

Compared to the single clinically available anastomotic device,7, 16, 17 and other connectors, which not 

(yet8) succeeded clinically,5, 6 the unique concept of nonocclusive anastomosis construction provides several 

interesting features. The fi rst step, the connector-facilitated apposition of the graft to the coronary, is simple, 

fast, bloodless, and performed with full sight, without blockage of instrumentation or a cumbersome activation 

system, and results in a strong approximation resisting supraphysiologic pressures. In addition, it is reversible 

in case of malposition (ie, bail-out). The second step, laser-punching the anastomosis, is simple, standardized, 

and reproducible, with a sharply laser-cut oval-shaped orifi ce resulting in a geometry without impediment 

to fl ow (Chapter 8). So, no separate incision into the graft or coronary is needed and in contrast to other 

connectors, the native coronary fl ow does not have to be interrupted.5-8, 16, 17 The anastomosis is constructed 

without the potentially harming effects of temporary occlusion of the coronary or intracoronary shunting,18 

and hence, there is no time-constraint related to myocardial ischemia. Finally, no standard extra hemostatic 

stitches are required7, 16, 17; all these features reduce coronary handling, conditioning, and manipulation, and 

thus simplify the off-pump bypass procedure, especially in a minimally invasive approach.

The low-profi le anastomotic technique is feasible through a small workspace (eg, MIDCAB or robot-

assisted TECAB). However, video-scopic assistance should be implemented and, additionally, dedicated 

versatile tools and a fl exible, or even steerable laser catheter should be developed to further optimize the 

expediency of the minimally invasive procedure. 

Consequently, the connector is demonstrated to accord to the conditions of “Handling and Practical Use”. 

However, the long-term reliability and effectiveness have to be ameliorated and technical limitations in the 

minimally invasive application were encountered. The costs to manufacture the technology are currently high, 

but will go down substantially if manufactured systematically.

Vessel Wall Damage and BENIS
Anastomosis construction with the Trinity Clip resulted in minimal vessel wall damage during the construction. 

However, the non-compliant Trinity Clip provides active compression onto the vessel walls, which could 

result in necrosis and / or a chronic stimulating process of intimal hyperplasia formation. Though, the patent 

connector-facilitated anastomoses actually showed less intimal hyperplasia at the anastomotic line compared 

to the hand-sutured anastomosis (at 6 months 0.08 ± 0.06 versus 0.26 ± 0.07 mm, respectively; P<0.01; Chapter 

8). This marked difference could be the result of the smaller anastomotic orifi ce in relation to the hand-sutured 

anastomosis. However, in Chapter 3 and 4, the Clip connector demonstrated a similar healing response with 

thin intimal coverage of the intraluminal connector on large coronary arteries (> 3 mm), supporting the data in 
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Chapter 8. Therefore, we hypothesize that these results suggest a favorable healing reaction of the connector-

facilitated anastomosis compared to the hand-sewn, due to a less traumatic anastomosis construction. In the 

connector-facilitated nonocclusive anastomosis construction tissue trauma is minimized compared to the 

hand-sutured construction, which includes coronary snaring, a by hand incised arteriotomy, intracoronary 

shunting, and stitching. The introduction of the forks of the connector into the graft and coronary artery is 

likely to be less traumatic compared to approximately 12 separately placed stitches. The lasered-arteriotomy 

in both the graft and coronary artery does not induce damage to the surrounding vessel wall and seemed safe 

in the studies of this thesis (Chapter 6 and 8). In addition, emphasizing that the laser catheter is introduced 

through the distal free end of the graft, which is fi nally ligated and is not the actual functional conduit, stresses 

the fact that the necessity to manipulate the graft by laser introduction does not result in actual relevant 

intimal damage. However, in sequential grafting, the laser catheter is introduced through the actual blood-

exposed graft, or a side-port (eg, side-branch), and thus exposed to potential damage by the introduction of 

the laser catheter. A histological study should assess its safety. 

Finally, in addition to simplifying the off-pump minimally invasive procedure, an additional benefi t of 

nonocclusive anastomosis construction is minimizing tissue trauma by the reduced handling, manipulation, 

and conditioning of the coronary artery, without the potential harming effects of coronary snares or 

intracoronary shunts.18  

The introduction of a second fork into the bloodstream has increased the amount of material BENIS, 3.8 

mm2 in the Clip connector to 6.3 mm2. However, by using the Trinity Clip connector, the vessel wall apposition 

is changed from an intima-to-adventitia to an adventitia-to-adventitia apposition, with in the latter only an edge 

of adventitia and media exposure. This is in favor of the tissue BENIS, 4.1 mm2 in the Clip connector to 1.9 mm2. 

Thus, the BENIS area is 8.2 mm2, which is slightly higher than the reported BENIS score in the hand-sutured 

anastomoses, 1 – 6 mm2.19 As described earlier, presence of BENIS is not per se detrimental,1 and the slightly 

higher score is presumably tolerated due to the minimal vessel wall damage associated with the anastomosis 

construction with the Trinity Clip. In addition, the nonintimal area inside the anastomosis is endothelialized 

within 14 days. This can direct the anticoagulation strategy with a more stringent dual antiplatelet therapy in, 

for example, the fi rst 4 weeks after the operation. Moreover, histology did not show excessive acute or long-

term infl ammation over time (Chapter 3, 4, and 8), suggesting the proper biocompatibility of the connector 

(ie, titanium). 

Patency
Chapter 8 did not show comparable long-term patency results for the Trinity Clip as found in the hand-sutured 

anastomoses (82% [18/22] versus 100% [14/14]). The inferior patency was histologically related to distortion 

and tilting of the connector. However, in the fi rst part of the study before a design change was implemented, 

actually a comparable patency rate at 6 months was found (Group 1: 11 of 12 facilitated anastomoses were 

patent; 1 was occluded due to competitive fl ow). As mentioned before, we hypothesized that the design 

change (ie, the weight and length of the spring increased by 20%) led to distortion of the connector and 

subsequent occlusion of the bypass. Hence, following removal, or downsizing of the spring of the connector, 

an enhanced long-term patency is anticipated on.  

Versatility
It is feasible to target remote regions of the heart by the Trinity Clip. In the absence of large and bulky 

application or deployment systems, and due to the controlled two-step approach with the simple maneuver 

of inserting the connector into the coronary artery, the low-profi le anastomotic system will not hamper the 

bypass construction on these diffi cult to reach areas of the heart. However, as mentioned before in the section 

“Handling and Practical Use”, dedicated tools such as a more fl exible laser catheter and a versatile applicator, 

and video-scopic assistance are mandatory and will further simplify the anastomosis construction in minimal 

invasive approaches.
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The ELANA-based connectors are applicable to distal (1.4 – 1.6 mm ID, the Trinity Clip) and proximal 

coronary targets (> 2.6 mm ID, the Clip connector) and safely accommodate a wall thickness up to 0.7 mm 

(unpublished data). Upsizing of the Trinity Clip will cover the coronary targets in between. However, further 

downsizing is technically not possible. Consequently, the connector does not fully accommodate the target 

range indicated in Chapter 1, ± 1.0 – 3.5 mm ID. 

The Trinity Clip is versatile and compatible to different sizes and use of grafts. It has been showed that 

the use of venous grafts is feasible in ex vivo testing. Different approaches of grafting have been successfully 

evaluated (ie, side-to-side and end-to-side; single and Y-graft anastomosis), as well as sequential grafting. 

However, for this latter purpose, the graft is exposed to the potential damage by the laser catheter introduction. 

A histological study should address its safety.

To accommodate thicker vessel walls, the tip of the laser catheter can be modifi ed. A study is warranted 

to systematically assess the ideal tip of the laser catheter in relation to various vessel wall thicknesses. 

Additionally, the anticipation on thicker vessel walls by the connector should also be addressed. A maximal 

vessel wall thickness for both graft and coronary target should be advised. 

Finally, this anastomotic technology can be interchangeably used in any sequence preferred by the 

surgeon.

Atherosclerotic Coronary Arteries
The Trinity Clip enables anastomosis construction on healthy and atherosclerotic targets a hand-sutured 

anastomosis construction is reasonably feasible too. However, severely affected coronary arteries should be 

strictly avoided.

Final Consideration
In the chapters of this thesis, a journey into the development and preclinical evaluation of multiple ELANA-

based prototypes has been described, toward the ultimate “destination”: an ideal coronary anastomotic 

connector. Unfortunately, the journey has not ended, the ultimate destination is not reached, yet.

Before clinical introduction, a subsequent experimental porcine OPCAB safety study is warranted with 

a second-generation, further fi nalized Trinity Clip connector. Distortion and displacement of the connector 

have to be prevented, preferably by removal or downsizing of the spring of the connector. For application in 

minimally invasive bypass surgery, the mounted complex of connector, graft, laser catheter, and fi xation clip 

has to be easily guided and directed toward the remote areas of the heart. This can be achieved by developing 

a fl exible laser catheter with a multi-angled applicator to open and insert the connector into the coronary 

target, guided by direct video-scopic assistance. Provided these technical limitations can be addressed, this 

technology could fi ll the missing link toward expansion of minimally invasive CABG.

Finally, this research project did not start with a fi nalized, cardio-surgical market ready product, but 

instead, it began with the original and unique concept used in neurosurgery. The amelioration and further 

development of the Trinity Clip technique toward a clinical acceptable connector, conforming to the historical 

excellent patency standards of the hand-sutured anastomosis, are behind the scope of this thesis. The trail 

has ended, but not the journey.
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Challenges in Prototyping toward the Ideal Coronary Anastomotic Connector

This thesis describes a journey into the development and preclinical experimental evaluation of multiple 

ELANA-based prototype connectors, which were ameliorated and fi ne-tuned along the way. It started with a 

connector for large vessels (diameter > 3 mm), in an end-to-side confi guration, with the need to suture and 

to use sealants for hemostasis. The concept evolved and fi nally ended in Part C of this thesis: the Trinity Clip 

connector. This third-generation prototype is suitable for small coronary arteries (diameter 1.4 - 1.6 mm), is 

easy-to-use without the need for surgical sealants, it offers a standardized construction while both the graft 

and recipient artery are laser-punched and no standard sutures are needed, and the technique is feasible on 

human diseased coronary arteries. However, unfortunately, the long-term patency for the connector-facilitated 

anastomoses, described in Chapter 8, was inferior to the hand-sewn. We hypothesized (Chapter 8) that the 

inferior patency rates were related to a design change halfway the study, which was realized to enhance 

the stability of the connector to improve hemostasis (in 2 of 15 cases leakage occurred). The design change 

resulted in a 20% increase of both the weight and length of the already quite bulky spring of the connector. 

After the design change, no leakage was observed in 18 consecutive cases, however, 3 occlusions were found 

at 3-month follow-up, due to distortion of the connector. Accordingly, we hypothesized that the increased 

weight and length (ie, increased lever arm) of the spring resulted in distortion of the connector (confi rmed 

by histology) and subsequent occlusion of the bypass. Consequently, removal or downsizing of the spring of 

the connector could prevent displacement of the connector and presumably results in an enhanced patency.

To address the latter, fi rst, we thought of ways to directly stabilize the complex of graft and connector 

in relation to the coronary artery, without a complete design change. In absence of viable direct solutions, a 

more rigorous path was taken, with ideas that result in a complete design change. The most obvious solution 

is to remove the spring after the anastomosis is constructed; in fact, the spring is abundant, to the extent that 

it provides active compression on both vessel walls. So, ideally, the spring is removed after the construction 

and the forks are fi xated by it self or a small fi xation mechanism. However, a technical solution did not come 

up, yet.

An “out-of-the-box” idea to remove the spring is a “hemoclip-prototype”, based on the Clip connector 

(Figure 1). This prototype has a less bulky extravascular residual implant. However, the action of the clip is 

irreversible, it is not possible to easily reopen it, and the technical translation toward the Trinity Clip design, 

including all its features, is too challenging. 

Figure 1. The “hemoclip-prototype” ELANA connector
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Another reasonable idea for downsizing the bulk of the spring is to bend the spring 90 degrees in relation 

to the forks, in such a way the spring is orientated in a fl at, horizontal direction, instead of the upright vertical 

fulcrum, in its original state. However, the force applied onto the spring to open the forks by the applicator, is 

directed towards the forks, and in case the transition neck (ie, the part between the spring and forks) is turned 

90 degrees, a length variation have to be compensated for. Technically this could be solvable, but it is very 

challenging to produce it accurately in such a way the vessel walls of both the graft and the coronary artery 

will not shift and cause an adventitial overlap. Please note, in fact, this is not really downsizing since the size 

of the spring will be identical. However, more important is the orientation of the bulk of the spring, which 

will be favorable in terms of stabilization of the anastomosis. This is an interesting and the most reasonable 

solution, if technically feasible.

Once a clinical acceptable solution is found, a long-term safety study has to be conducted, prior to clinical 

introduction.

Prototyping: A Concept to Potentially Improve the Anastomotic Technique

The Trinity Clip connector is suitable for coronary targets with an inner diameter (= ID) of 1.4 – 1.6 mm and 

it is not feasible to target smaller coronaries. Ideally, the connector should accommodate coronary targets 

of 1 mm diameter to cover the whole range of clinically relevant coronary targets. Moreover, in Chapter 6, 

another issue was frequently seen: malpositioning of the connector due to a target coronary artery with an 

inner diameter below the intended target range of the connector. The target range is based on the width of 

the connector, but also partly to the width of the 2 ends of the pins of the fork, which have to be inserted 

completely intraluminal, and not intramural. Correct positioning of the connector is of utmost importance, 

because, if malpositioned, there is not a straight surface for laser-tissue contact and that will most certainly 

result in a laser-punch error. Obviously, the site of the anastomosis construction has to be accurately targeted, 

so that the ID of the target is not too small. Different ideas to optimize correct intraluminal insertion of the 

fork in small targets up to 1 mm are thought of. One interesting idea is to use one upper and one lower pin, 

instead of the 2 forks (Patent “Blood Vessel Connectors”, see Figure 7; Appendix 4). The pin is anchored onto 

the spring, it reaches to the toe of the anastomosis and loops back to the heel, where the sharp pin ends. 

This looped confi guration resulted in the simple insertion of 1 pin into the lumen of the artery. However, the 

prototype is quite unstable due to the relatively long distance of the pin and did not result in a hemostatic 

anastomosis. But, the concept might have potential if stronger materials are used. 

With the upcoming development of 3D printing, prototyping will be easier, faster, and different materials 

can be sequentially tested. In addition, miniaturizing will be simplifi ed too. This will broaden the horizon for 

prototyping.

Low-Profi le ELANA System for Minimally Invasive CABG: Flexible Laser Catheter and Optimizing Visibility 

The feasibility of the Trinity Clip connector was demonstrated in a total arterial minimally invasive direct 

coronary artery bypass (MIDCAB) and in a robot-assisted total endoscopic coronary artery bypass (TECAB) 

approach in the porcine model. However, in the MIDCAB setting, the reduced workspace hampered 

visualization during insertion of the connector into the coronary artery. The insertion of the lower fork was 

directed away from the surgeon, directed distally, and therefore, the visibility was limited. This can be easily 

solved by the use of video-scopic assistance, which will enable the surgeon to have a detailed look at the 

site where the connector is introduced into the target coronary and will signifi cantly optimize the procedure. 

A second limitation was the 90-degree upstanding mounted-laser fulcrum (ie, the mounted complex 

of connector, graft, and laser catheter, fi xated by the fi xation clip [Chapter 7, Figure 1B]). The fi rst 2 - 3 cm 

of the laser catheter is not bendable and thus, after mounting of the laser and during the insertion of the 

connector into the coronary target, this results in an upstanding fulcrum in a 90-degree angle in relation to the 

longitudinal plane of the coronary artery. It can cause problems in small workspaces during minimal invasive 

approaches. Therefore, to prevent collision of the laser fulcrum to the chest wall, in our experiments, coronary 
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targets on the anterolateral wall had to be center-positioned in relation to the thoracotomy. For targets on the 

inferoposterior wall or in a closed-chest approach, enough space (3 - 4 cm) between the chest wall and the 

target had to be created by using a heart positioner. 

Further upward, the laser catheter is bendable to maximally 90 degrees, but it still is rigid and stiff and 

always moves back to its original curvature, hence limiting the surgeon during the procedure. Ideally, the laser 

catheter should be as fl exible and manageable as a rope or an electricity cable, so it can be placed wherever 

the surgeon wants. In addition, the fi rst rigid centimeters of the laser catheter, which is used for fi xation of 

the complex by the fi xation clip, can be made shorter. That will result in a lower fulcrum, which increases 

expediency. Lastly, with new technologies, the tip of the laser catheter could even be steerable to remotely 

fi ne-tune the movements during mounting of the laser catheter and insertion into the coronary artery.

For the robot-assisted TECAB procedure, a da Vinci robotic instrument was modifi ed into an ELANA 

applier that was both applicable to the Trinity Clip as well as to the fi xation clip. The video-scopic assistance of 

the robot was of great value, resulting in a 10-time magnifi cation with incredible 3D detail of the anastomosis 

construction. The fi rst step of the procedure, mounting of the laser via the graft into the connector, was easily 

done with the da Vinci robot. However, the rigid laser catheter produced lots of contra forces, which frequently 

resulted in dislocation of the laser catheter. A relatively simple maneuver became annoyingly diffi cult. The 

dexterity of the da Vinci robot was of great value, however, once the laser was mounted into the connector, 

the rigid laser catheter did not move gently along with the movements of the mounted connector fi xated into 

the robotic arm, and again, resulted in dislocation of the laser catheter. So the laser catheter signifi cantly 

limited expediency, and hence, similar as in the MIDCAB approach, a more fl exible catheter will improve the 

procedure. 

Consequently, the ultimate goal is to develop an ELANA system for totally endoscopic bypass procedures 

that consist of a low-profi le unit of the mounted complex of connector, graft, fl exible laser catheter, and 

fi xation clip, that can be easily guided and directed toward the remote areas of the heart. Subsequently, a 

fl exible, multi-angled applicator should be developed, which is used to open and insert the connector into the 

coronary target with direct video-scopic assistance. Thus, to succeed in (non-) robot-assisted totally endoscopic 

anastomosis construction and the less invasive (MIDCAB) procedures, dedicated versatile application tools 

are essentials for a successful anastomosis construction.

Versatility Extension

In this thesis, the Trinity Clip was demonstrated to be applicable in single grafting as well as Y-grafting. The 

versatility could potentially be further extended to sequential grafting. However, in the latter, the graft could 

potentially be damaged by the laser introduction, as described before. A histological study should address 

the potential presence of endothelial damage by the introduction of the laser and its subsequent temporary 

fi xation by the fi xation clip, to assess its safety. 

Ex vivo testing has showed that the use of venous grafts is feasible with the Trinity Clip. However, due to 

the lack of a feasible venous animal model, this could not be further examined in vivo.

Another extension of the technology is the application onto the aorta, as a proximal anastomotic 

connector. Multiple ex vivo feasibility experiments have been performed and demonstrated, by using the 

right increased laser energy settings and the right laser catheter tip confi guration (ie, deeper tip for the thicker 

aortic wall), that laser-punching into the aorta is possible. However, since it is not possible to laser-punch a 

calcifi ed area, these areas should be avoided. Epi-aortic ultrasound scanning could target a suitable laser-

punch site. Finally, the clip connector should by upsized to accommodate the thicker vessel wall. In addition, 

previous experiments with a smaller sized connector (Chapter 3) have showed that the connector resists 

supra-physiologic pressure (300 mm Hg), and thus, suggests that the aortic pressure will not cause problems 

in terms of leakage of the anastomosis, especially if the spring of the connector is upsized too (ie, providing 

an increased compression force). 
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Envisioning the Future Ideal ELANA-Based Concept Connector

An ideal anastomotic technique to facilitate the distal coronary anastomosis construction is the ultimate wish 

for minimally invasive surgeons who want to expand single LITA-LAD MIDCAB or robot-assisted multivessel 

TECAB to complete myocardial revascularization via (non-) robotic total endoscopic approaches. Envisioning 

the future ideal ELANA-based concept, a small-sized low profi le clip connector will consist of ultimate thin 

(ie, reducing BENIS) but strong pins of the fork, which are biodegradable and potentially drug-eluted with 

inhibitors of vascular smooth muscle cell proliferation.1, 2 A particularly small sized mechanism enables 

opening and closing of the device and handling, to apply the connector. A fl exible and steerable laser catheter, 

easily mounted into the connector and graft, can be freely maneuvered and the complex of connector, laser, 

and graft, directed as a lunar vehicle to remote areas of the heart. The 2 pins of the fork are initially positioned 

adjacent, against each other with limited space in between. With this, the connector can accommodate target 

coronaries with a minimal diameter below 1.4 mm (which is the current minimal coronary target ID of the 

Trinity Clip). The laser does not punch a part of the arterial tissue, but only incises an arteriotomy into the 

vessel walls of graft and coronary artery in one time. Subsequently, the pins of the fork expand laterally, 

resulting in a widely open orifi ce. Finally, the connector will be degraded and absorbed over time, without 

inducing excessive infl ammatory reactions or intimal hyperplasia formation. This is a futurized concept and 

with the emerging technology of 3D-printing and biocompatible degradable material, this can be reality.
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Chapter 1. Interestingly, the fi rst reports of anastomosis constructions described techniques of connecting 

blood vessels without sutures, but with a “connector”. So in fact, developing a coronary anastomotic connector, 

which is the aim of this research, is an old-fashioned idea. However, the current incentive is modernized. The 

desire for such a connector has derived from the communal wish of both patient and physician to minimize 

the trauma associated with the invasive approach for coronary artery bypass grafting (CABG) by operating 

via small sternal-sparing incisions. Conventional suturing of the anastomosis via less invasive approaches 

is technically very challenging and hence, automating the construction with a connector is the missing 

link toward expansion of minimally invasive CABG. The aim of the research in this thesis is to develop and 

evaluate a new coronary anastomotic connector based on the unique principles of the Excimer Laser-Assisted 

Nonocclusive Anastomosis (ELANA) technique. This interesting technology is used in neurosurgery and 

enables anastomosis construction without occlusion of the recipient artery. Downsizing of and modifi cations 

to the design of the concept (ie, both the connector ring and laser catheter) should ultimately enable a 

sutureless and reliable connection of the graft to the coronary artery and result in a comparable long-term 

patency as the conventional hand-sewn anastomosis. Moreover, the connector should enable a simplifi ed 

construction of the anastomosis via a minimal invasive surgical approach on the beating heart (“off-pump”) 

and be applicable to remote and small coronary targets.
 

PART A – THE SLIDE CONNECTOR

Chapter 2. A proof-of-concept of a fi rst-generation ELANA-based prototype connector, the “Slide connector”, 

was evaluated in an acute rabbit abdominal aortic-bypass model. With this prototype, the fi rst step in the 

change of design was made: the connection of the mounted graft to the coronary artery was simplifi ed by 

sutureless application. A total of 40 anastomoses were constructed on the abdominal aorta (3.5 mm diameter) 

of 10 rabbits. The Slide connector enabled easy-to-use, nonocclusive, and fast anastomosis construction with 

a 100% patency and a predictable and consistent intima–adventitia apposition. Several technical imperfections 

persisted, such as occasional failure to retrieve the fl ap with the laser catheter, the need for a sealant for 

anastomotic hemostasis, and sutures were still required for mounting the graft.

PART B – THE CLIP CONNECTOR

Chapter 3. The feasibility and anastomotic healing of an ameliorated second-generation ELANA-based 

prototype connector, the “Clip connector”, was evaluated in an acute rabbit model and subsequently in a long-

term porcine open sternotomy off-pump coronary artery bypass (OPCAB) model. This improved prototype 

incorporated the next steps toward a clinical device: the surgical sealant was eliminated, the technique was 

simplifi ed by the ability of the connector to open and close, and laser-punching was optimized. However, the 

connector was suitable for relatively large coronary arteries (> 3 mm). In the rabbit model, all 18 anastomoses 

were patent and resisted supraphysiologic pressures (n = 12, 300 mm Hg). In the porcine model, 15 left 

internal thoracic artery (LITA) to left anterior descending artery (LAD) bypasses were evaluated intraoperative 

and at 4 hours, 4 and 10 days, 2, 3, and 5 weeks, and 6 months (each n = 2 anastomoses). Mounting of the 

graft to the connector still required stitching, which was time-consuming (27 ± 5 minutes). The connector 

enabled nonocclusive and relatively fast anastomosis construction (mean 7.7 ± 2.2 minutes). All, but 1 of 

15 anastomoses (due to a technical error), were fully patent at follow-up. Histology and scanning electron 

microscopy (SEM) demonstrated complete endothelialization of the anastomoses at 10 days. At 6 months, no 

fl ow-limiting but streamline-covering intimal hyperplasia was shown with a fractional fl ow reserve of 0.93 ± 

0.07. 

Chapter 4. In this pilot study, the anastomotic healing of the Clip connector was extensively evaluated at 

6 months in a porcine OPCAB model. A LITA-to-LAD bypass in two animals and a LITA-to-LAD and right 

internal thoracic artery to right coronary artery bypass in one animal were evaluated intraoperative and at 

6 months. At follow-up, all anastomoses (n = 4) were fully patent (FitzGibbon grade A). SEM demonstrated 
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complete endothelial coverage of the anastomotic surface and histology showed minimal streamlining intimal 

hyperplasia. The in vivo IVUS and OCT acquisitions confi rmed histologic fi ndings. A 0.06 mm tissue coverage 

of the intraluminal part of the connector along the full circumference of the anastomosis was demonstrated 

with OCT. Furthermore, OCT acquired high-resolution, in vivo “near-histologic” images and it might have 

clinical implications as a follow-up assessment technique with assessment of connector and vessel wall 

apposition, anastomotic healing, and remodeling.

PART C – THE TRINITY CLIP CONNECTOR

Chapter 5. This protocol-based paper is supported by an online video of a third-generation ELANA-based 

prototype connector, the “Trinity Clip”, which was further ameliorated toward clinical application. Design 

modifi cations of the connector and the laser catheter enabled a completely sutureless construction onto 

clinically relevant, small caliber coronary arteries with an inner diameter of 1.4 - 1.6 mm. The paper extensively 

outlined the procedural steps of the anastomotic construction in a porcine OPCAB model. Furthermore, 

multiple options were described for intraoperative, postoperative, and postmortem assessment of the 

anastomotic quality. Representative results were summarized and visually demonstrated.

Chapter 6. The feasibility of the Trinity Clip technique on human ex vivo diseased coronary arteries was 

demonstrated. In 13 of 38 anastomoses, the connector was mal-positioned; 3 due to a severely diseased 

coronary wall and 10 due to an inner diameter below the intended target range. The laser-punch success 

rate on coronary arteries with an early (mild) and advanced (severe) lesion was 100% (16/16) and 89% (8/9), 

respectively. Thus, severely atherosclerotic lesions caused malpositioning of the connector and one laser-

punch failure. Hence, careful selection of the coronary, regarding the target inner diameter and disease status, 

will prevent construction failures. In the second part of this study, the potential harming effects of exposing a 

small target vessel to the same levels of laser energy as used in previous studies on larger caliber coronary 

arteries was histologically evaluated. It was showed that lasering does not induce coronary wall damage. 

Chapter 7. In a pilot study, the feasibility of the Trinity Clip connector was demonstrated in a total arterial 

minimally invasive direct coronary artery bypass (MIDCAB) approach in the porcine model (n = 9 anastomoses, 

in 3 pigs). Via a small left lateral thoracotomy, revascularization of the anterior, lateral, and inferoposterior 

regions of the heart was feasible and a fast and standardized construction of a Y-graft was possible. However, 

the reduced workspace hampered visualization during insertion of the connector into the coronary artery. 

From this experience we conclude that dedicated application tools, more specifi cally a versatile applicator and 

a fl exible laser catheter, and optimization of visualization by video-scopic assistance, are essential to succeed 

in minimally invasive anastomosis construction.

Chapter 8. In 58 pigs, 33 LITA-to-LAD bypasses were off-pump facilitated by the Trinity Clip, and 25 were 

hand-sutured, in a preclinical safety study. The anastomoses were evaluated at the short- (intraoperative and 

4, 10, 14, 35 days) and long-term (90 and 180 days) follow-up to assess anastomotic healing and patency. A 

faster construction time was found and hemostasis tended to be better in the connector group compared to 

the hand-sutured group, whereas graft fl ow measurements were comparable. A similar initial anastomotic 

healing process as in the hand-sutured anastomosis was demonstrated, with complete endothelialization 

of the nonintimal anastomotic surface within 14 days. The long-term patency of the connector-facilitated 

anastomoses was inferior to the hand-sewn (82% versus 100%) and was histologically related to distortion 

of the connector. However, the patent connector-facilitated anastomoses showed less intimal hyperplasia at 

the anastomotic line compared to the hand-sutured anastomosis (at 6 months 0.08 ± 0.06 versus 0.26 ± 0.07 

mm, respectively; P<0.01). The inferior patency rates may be related to a design change (ie, the spring of the 

connector was longer and 20% heavier) halfway the study, which aimed at enhanced stability of the connector 

in order to improve hemostasis. After the design change, no leakage was found. However, at 3 months 3 

occlusions were found due to distortion of the connector. We hypothesized that the increased weight and 
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length (ie, increased lever arm) of the spring resulted in distortion of the anastomosis and fi nally occlusion 

of the bypass. 

PART D – DISCUSSION AND FUTURE DEVELOPMENT 

Chapter 9. The Trinity Clip was extensively evaluated in experimental studies and meets the following 

requirements for an ideal coronary anastomotic connector: it enables a simplifi ed, fast, and standardized 

connection of the graft to the coronary artery on a beating heart. In addition, the connector is easy-to-use, is 

applicable to remote, small caliber targets, and is feasible on human diseased coronary arteries. However, 

long-term patency rates were inferior to the hand-sewn anastomosis, which may be related to a design change 

halfway the study resulting in distortion of the connector (confi rmed by histology) and could potentially be 

improved by the removal or downsizing of the spring of the connector. In addition, the applicability via a 

minimal invasive approach is feasible. However, it should be optimized by dedicated application tools, more 

specifi cally a fl exible laser catheter and versatile applicator, and optimization of visualization by video-scopic 

assistance. Provided the technical limitations can be addressed, this connector could fi ll the missing link 

toward expansion of minimally invasive CABG.

Chapter 10. This chapter outlines the future development and challenges in prototyping toward clinical 

application, including removal or downsizing of the spring of the connector. In addition, a concept to 

potentially improve the anastomotic technique regarding the insertion of the lower fork into the coronary 

artery is described as well as an outline of the limitations and desirable improvements for minimally invasive 

application of the anastomotic technique. Potential extension of the versatility of the technique is reviewed, 

including a proximal ELANA anastomotic connector. Finally, a future ideal ELANA-based concept connector 

is described.
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Hoofdstuk 1. Opvallend is dat de historische eerste rapporten over het chirurgisch koppelen van twee 

bloedvaten (oftewel een “anastomose”) technieken beschrijven zonder het gebruik van hechtingen, 

maar met behulp van een “connector”. Dus in feite is het doel van dit onderzoek, het ontwikkelen van een 

connector, een ouderwets idee. Inmiddels is de doelstelling gemoderniseerd. De wens om een coronaire 

anastomose connector te ontwikkelen komt voort uit de gemeenschappelijke wens van de patiënt en de arts 

om het aanzienlijke chirurgische trauma te verminderen. Voor een kransslagader omleidingsoperatie (oftewel 

coronaire arteriële bypass graft, CABG) is namelijk een invasieve benadering nodig middels het openzagen 

van het borstbeen, maar is ook mogelijk via kleine, borstbeen-sparende incisies tussen de ribben door. 

Echter, het conventioneel hechten van de anastomose met de hand (de standaard techniek) op het kloppende 

hart via deze kleine incisies, dus minder of minimaal invasief, is technisch zeer moeilijk. Het versimpelen en 

automatiseren van de anastomose constructie met een connector is de ontbrekende schakel om minimaal 

invasieve bypass operaties wijdverspreid te laten slagen. Het doel van het onderzoek in dit proefschrift is dan 

ook om een coronaire anastomose connector te ontwikkelen welke gebaseerd is op de unieke eigenschappen 

van de Excimer Laser-Assisted Nonocclusive Anastomosis (ELANA) techniek. Deze technologie wordt gebruikt 

in de neurochirurgie en maakt het mogelijk een anastomose aan te leggen met behulp van een laser zonder 

het ontvangende vat af te sluiten (non-occlusief). Maar een coronaire bypass operatie vindt plaats in een 

geheel andere setting met een bewegend operatie vlak (het kloppende hart) en vaak op kleinere vaten. Door 

miniaturisering en verbetering moet deze techniek uiteindelijk in staat zijn om snel en gemakkelijk de graft 

(donor vat) en de coronair arterie te koppelen via een minimaal invasieve benadering op het kloppende 

hart, zonder gebruik te maken van hechtingen. Dit moet resulteren in een functioneel vrije doorgang van de 

anastomose op de lange termijn, welke vergelijkbaar is met de hand gehechte anastomose. 

PART A – THE SLIDE CONNECTOR

Hoofdstuk 2. De toepasbaarheid van een eerste generatie prototype connector gebaseerd op de ELANA-

techniek, de “Slide connector”, was aangetoond op de abdominale aorta in een acuut konijnen model. Met 

dit prototype was de eerste stap gezet naar het uiteindelijk doel: de constructie is gesimplifi ceerd door een 

hechting loze connectie van de graft op de ontvangende arterie. Veertig anastomoses werden gemaakt op de 

abdominale aorta (3.5 mm diameter) van 10 konijnen. De connector maakte het mogelijk om non-occlusief, 

gemakkelijk en snel de anastomose aan te leggen met een 100% vrije doorgang en een voorspelbare en 

consistente constructie (intima van de graft tegen de adventitia van de ontvanger). Enkele technische 

onvolkomenheden moeten worden opgelost, zoals het in sommige gevallen falen van het laser-punchen, de 

noodzaak om een chirurgische lijm te gebruiken voor het lekvrij krijgen van de anastomose en het gebruik van 

hechtingen om de graft te bevestigen aan de connector.

PART B – THE CLIP CONNECTOR

Hoofdstuk 3. De toepasbaarheid en anastomose genezing van een tweede-generatie ELANA-gebaseerde 

prototype connector, de “Clip connector”, was geëvalueerd in een acuut konijnen model en vervolgens in een 

varkens “off-pump” (zonder gebruik te maken van de hart-long machine) bypass model met een lange termijn 

follow-up. Het prototype was op meerdere punten verbeterd: er was geen lijm meer nodig, de techniek was 

verder gesimplifi ceerd doordat de connector geopend en gesloten kon worden, en het laser-punchen was 

verder geoptimaliseerd. Echter, de connector was nog steeds geschikt voor relatief grote vaten (> 3 mm). In 

het konijnen model waren alle 18 anastomoses patent en ze weerstonden supra-fysiologische drukken (n = 12, 

300 mmHg). In het varkens model, 15 bypasses werden aangelegd tussen de linker arteria mammaria (LITA) 

en de linker coronair arterie (LAD), en de bypasses werden geëvalueerd intra-operatief en op 4 uur, 4 en 10 

dagen, 2, 3 en 5 weken en 6 maanden. De graft werd nog steeds bevestigd met hechtingen op de connector, 

wat erg tijdrovend was (27 ± 5 minuten). De connector maakte het mogelijk om non-occlusief en relatief snel 

(7.7 ± 2.2 minuten) de verbinding aan te leggen tussen graft en coronair. Alle anastomoses waren volledig 

patent, behalve 1 van de 15 anastomoses door een technisch probleem. Histologie en elektronenmicroscopie 
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(SEM) lieten complete endothelialisatie zien van de anastomose op 10 dagen. Op 6 maanden, was er geen 

fl ow-limiterende, maar juist een gestroomlijnde bedekking met intima hyperplasie te zien met een fractionele 

fl ow reserve van 0.93 ± 0.07.

Hoofdstuk 4. In deze pilot studie was de anastomose genezing van de Clip connector uitgebreid geëvalueerd 

bij 6 maanden follow-up in een varkens off-pump bypass model. In 2 dieren werd een LITA-LAD bypass 

aangelegd en in 1 dier een LITA-LAD en een bypass van de rechter arteria mammaria op de rechter coronair 

arterie, welke intra-operatief en op 6 maanden follow-up geëvalueerd werden. Alle anastomoses waren volledig 

patent bij follow-up. SEM liet een volledige bedekking van de anastomose met endotheel zien en histologie 

gestroomlijnde minimale intima hyperplasie. De in vivo acquisities van optische coherentietomografi e 

(OCT) en intravasculaire ultrasound bevestigden de histologische bevindingen. Over de hele circumferentie 

van de anastomose werd bedekking van de connector gezien met weefsel (0.06 mm). Tot slot, OCT leverde 

hoge-resolutie beelden op en heeft mogelijk klinische toegevoegde waarde als een follow-up techniek met 

bijvoorbeeld het beoordelen van de anastomose genezing en remodelering.

PART C – THE TRINITY CLIP CONNECTOR

Hoofdstuk 5. Dit is een protocol-gebaseerde paper welke gelinkt is aan een online video. Het beschrijft 

uitgebreid de stappen van de anastomose constructie met een derde-generatie ELANA-gebaseerde connector, 

de “Trinity Clip”, welke verder verbeterd is richting de klinische toepassing. De connector en laser catheter 

hebben design modifi caties ondergaan welke het mogelijk maken de constructie volledig hechting loos te 

volbrengen op kleine, klinisch relevante coronair arteriën (binnenste diameter, 1.4 - 1.6 mm). Tevens zijn er 

multipele mogelijkheden beschreven om intra-operatief, post-operatief en post-mortem de anastomose 

kwaliteit te beoordelen in een varkens off-pump bypass model. Tot slot zijn representatieve resultaten 

gedemonstreerd.

Hoofdstuk 6. De toepasbaarheid van de Trinity Clip techniek op zieke ex vivo humane coronair arteriën is 

gedemonstreerd. In 13 van 38 anastomoses was de connector verkeerd gepositioneerd in de coronair 

(niet volledig intraluminaal); in 3 gevallen kwam dit door een ernstig atherosclerotische vaatwand en in 10 

gevallen doordat de binnenste diameter van de target coronair kleiner was dan de bedoelde target range. 

Het succes van laser-punchen van de coronairen met een milde en ernstige laesie was 100% (16/16) en 89% 

(8/9), respectievelijk. Dus, ernstige atherosclerotische laesies veroorzaakten het verkeerd inschuiven van de 

connector en 1 laser-punch failure. Daaruit werd geconcludeerd dat het belangrijk is om de target coronair 

nauwkeurig te selecteren met het oog op de binnenste diameter en ook de mate van atherosclerose, om zo 

constructie fouten te voorkomen. In het tweede deel van deze studie werden de mogelijk schadelijke effecten 

van het laseren op kleine vaten (een zelfde laser energie wordt gebruikt als op grotere vaten) histologisch 

geëvalueerd. De resultaten lieten zien dat het laseren geen vaatwand schade teweeg brengt.

Hoofdstuk 7. In deze pilot-studie werd de toepasbaarheid van de Trinity Clip in een totaal arterieel minimaal 

invasieve direct coronaire arteriële bypass (MIDCAB) benadering gedemonstreerd in een varkens model 

(n = 9 anastomoses, in 3 varkens). Via een kleine laterale thoracotomie links was revascularisatie van de 

anterieure, laterale en inferoposterieure regio’s van het hart mogelijk. Tevens faciliteerde de connector een 

snelle en gestandaardiseerde Y-graft constructie. Echter, de beperkte werkruimte belemmerde het zicht tijdens 

de introductie van de connector in de coronair arterie in de afwezigheid van video-scopische ondersteuning. 

Derhalve, speciaal aangepaste veelzijdige instrumenten om de connector te hanteren, een fl exibele laser 

catheter en optimalisatie van het zicht door video-scopische ondersteuning zijn essentieel om te slagen in de 

minimaal invasieve anastomose constructie.
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Hoofdstuk 8. In 58 varkens werden 33 LITA-LAD (buitenste diameter LAD, 1.6 - 1.9 mm) bypasses met de Trinity 

Clip off-pump aangelegd en 25 werden hand-gehecht in een preklinische veiligheidsstudie. De anastomoses 

werden geëvalueerd op de korte- (intra-operatief en 4, 10, 14, 35 dagen) en lange termijn (90 en 180 dagen) om 

de anastomose genezing en patency te kunnen beoordelen. Een snellere constructie tijd werd gevonden voor 

de Trinity Clip en ook hemostase bleek beter te zijn, terwijl de intra-operatieve fl ow metingen vergelijkbaar 

waren. Initieel werd er een gelijkwaardige anastomose genezing gezien met complete endothelialisatie van 

de niet-intima oppervlaktes binnen 14 dagen. De patency van de connector-gefaciliteerde anastomoses op 

de lange termijn was inferieur aan de hand gehechte anastomoses (82% [18/22] versus 100% [14/14]) en 

was histologisch gerelateerd aan kanteling en verdraaiing van de connector. Niettemin, de patent connector-

gefaciliteerde anastomoses lieten minimale intima hyperplasie zien welke minder was dan in de hand gehechte 

anastomoses (6 maanden, 0.08 ± 0.06 versus 0.26 ± 0.07 mm, respectievelijk; P<0.01). Het inferieure patency 

resultaat kon mogelijk gerelateerd worden aan een design verandering (de veer van de connector werd 

hierdoor 20% langer en zwaarder) halverwege de studie, welke geïmplementeerd werd om de hemostase te 

verbeteren. Na de design verandering werd er geen lekkage van de anastomoses meer gezien, echter wel 3 

occlusies bij 3 maanden follow-up door kanteling en verdraaiing van de connector. De hypothese was dat de 

toegenomen lengte en gewicht van de connector resulteerde in verdraaiing van de connector, met vervolgens 

een occlusie van de bypass. 

PART D – DISCUSSION AND FUTURE DEVELOPMENT 

Hoofdstuk 9. De Trinity Clip is uitgebreid geëvalueerd in experimentele studies en voldoet aan de volgende 

voorwaarden voor een ideale coronaire anastomose connector: het simplifi ceert, versnelt en standaardiseert 

de anastomose constructie van de graft op de coronair op het kloppende hart. Daarnaast is de connector 

makkelijk in het gebruik, toepasbaar op moeilijk te bereiken, kleine coronairen en is het toepasbaar op humane 

zieke coronair arteriën. Echter, de lange termijn patency was inferieur aan de hand gehechte anastomose, 

wat mogelijk gerelateerd is aan de design verandering halverwege de studie met daarna verdraaiing van de 

connector (histologisch bevestigd; Hoofdstuk 8). Dit zou verbeterd kunnen worden door het verwijderen of 

het kleiner maken van de veer van de connector. Daarnaast is de techniek toepasbaar via minder invasieve 

benaderingen, echter, zou verder geoptimaliseerd moeten worden door speciaal aangepaste veelzijdige 

instrumenten om de connector te hanteren, een fl exibele laser catheter en optimalisatie van het zicht door 

video-scopische ondersteuning. Deze zijn essentieel om te slagen in de minimaal invasieve anastomose 

constructie. Aangenomen dat de technische limitaties van de connector opgelost kunnen worden, dan zou 

deze connector de ontbrekende schakel kunnen zijn om minimaal invasieve bypass operaties wijdverspreid 

te kunnen laten slagen.

Hoofdstuk 10. Dit hoofdstuk staat stil bij de toekomstige ontwikkeling en de ondervonden uitdagingen in 

prototypering richting klinische toepassing. Daarnaast wordt er een concept beschreven om de techniek 

te verbeteren door het inschuiven van de onderste vork van de connector in de coronair arterie te 

vergemakkelijken. Verder worden de limitaties en wenselijke verbeterpunten binnen de minimaal invasieve 

toepassing geresumeerd. Tot slot wordt beschreven of de toepassing van de techniek verbreed kan worden 

met onder meer de toepassing als proximale connector. 
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BENIS   Blood-Exposed Non-Intimal Surface

CABG   Coronary Artery Bypass Graft

CE   Conformité Européenne 

CFR   Coronary Flow Reserve

CPB   Cardiopulmonary Bypass

Cx   Circumfl ex

DF   Diastolic Filling

ELANA   Excimer Laser-Assisted Nonocclusive Anastomosis

FDA   Food and Drug Administration

FFR    Fractional Flow Reserve 

ICS    Intercostal Space

ID   Inner Diameter 

IH   Intimal Hyperplasia

ITA   Internal Thoracic Artery

IVUS   Intravascular Ultrasound

LAD    Left Anterior Descending Artery 

LIMA   Left Internal Mammary Artery

LITA   Left Internal Thoracic Artery

MIDCAB   Minimally Invasive Direct Coronary Artery Bypass

OCT   Optical Coherence Tomography

OD   Outer Diameter

OM   Obtuse Marginal

PCI   Percutaneous Coronary Intervention

PDA   Posterior Descending Artery

PHFR   Peak Hyperemic Flow Response

PI   Pulsatility Index

PLcx    Posterolateral Circumfl ex branch

RCA   Right Coronary Artery

RIMA   Right Internal Mammary Artery  

RITA   Right Internal Thoracic Artery

SEM   Scanning Electron Microscopy

TECAB   Total Endoscopic Coronary Artery Bypass

TTFM    Transit Time Flow Measurements
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Iedereen die mij geholpen heeft met het in dit proefschrift beschreven onderzoek wil ik graag bedanken en in 

het bijzonder de volgende personen:

Professor van Herwerden, “streng maar rechtvaardig”, zei mijn moeder altijd over haar zelf, en dat kan ik 

ook over u zeggen. Zoals ik het ondervonden heb bent u iemand die zegt wat hij denkt, zonder de woorden 

voorzichtig te verpakken. Dit kon ik erg waarderen omdat het altijd duidelijk was. Uw kritische opmerkingen 

werden ruim gecompenseerd door de complimenten voor geaccepteerde papers, praatjes en geslaagde 

experimenten en betrokkenheid bij presentaties in binnen- en buitenland, met zelfs plaatsvervangende 

zenuwen bij een live operatie op de EACTS. Dat u halverwege mijn onderzoek met emeritaat bent gegaan 

heeft niets afgedaan aan de supervisie die je als promovendus mag verwachten van de promotor. U zei heel 

kort na uw emeritaat: ik mag nog 5 jaar gebruik maken van mijn rechten als hoogleraar en daarmee jouw 

promotor zijn, dus wel een beetje opschieten! De steun en support bij het afronden van het proefschrift en de 

gastvrijheid bij u thuis daar zal ik u altijd dankbaar voor zijn. 

Professor Pasterkamp, beste Gerard, onze tweewekelijkse onderzoekmeetings afgewisseld bij ELANA of bij 

jou op de kamer waren altijd snel business doen, geen gejammer, en vervolgens nog even bijkletsen, potje 

tafelvoetbal met oude, leerzame en grappige anekdotes. Jouw no-nonsense houding en het altijd bereid zijn 

hulp te bieden zijn goud waard. 

Dr. Buijsrogge, beste Marc, je bent een mentor pur sang. Door jou heb ik vakinhoudelijk veel geleerd, maar 

ook op het persoonlijke vlak, over mijzelf. Met jouw vertrouwen heb ik veel chirurgische ervaring kunnen 

opdoen in het lab. Jij hebt mij alles gegund en altijd de credits gegeven. Complimenteus en in de 1-op-1-tjes 

leerzame, opbouwende kritiek. Elke presentatie ben jij van de partij geweest, zo lang je geen dienst had. Die 

betrokkenheid is fantastisch. Ook nadat je een nacht had geopereerd of gewoon op je vrije dag, kwam je 

toch nog even mee doen met een operatie met een nieuw prototype op het lab. Je betrokkenheid komt ook 

terug in de tig revisies van papers, het telkens beter willen maken, overzicht houden met de zogenaamde 

legendarische helikopter-view, je bekende uitspraak “keep it stupid simple” en op de hotel kamer nog even 

een generale repetitie van een van de presentaties; dit heeft ervoor gezorgd dat ik mij ontwikkeld heb in het 

schrijven en presenteren. Jouw onuitputtelijke energie, altijd scherpe en kritische blik, niet te zuinige humor, 

maakt niet uit welk moment van de dag of hoeveel uur je geslapen hebt en de voor iedereen herkenbare 

keiharde aanstekelijke galmende lach, maken jou tot een “one of a kind” persoon. De ontelbare slappe lach 

momenten, dinertjes, borreltjes, evaluatie-momentjes, kereltje-gozertje-ventje emailtjes, idiote foto’s, kreeft, 

oesters, porterhouse, boven mijn budget wijn traktaties, Zinfandel, Chardonnay, truc met de kurk in de fl es, 

IPA’s, per ongeluk belanden in de ghetto van Chicago met enkele doodsangst momentjes, pinda’s-spetterende 

hot-shots ontmoeten, road trip Boston-Plymouth-Provincetown, put your hands on the dashboard, op 1 been 

staan en het alfabet van achter naar voren, door een barre sneeuwstorm en een halve meter sneeuw eindelijk 

in de Starbucks aankomende per ongeluk een ice coffee bestellen (en mij gewoon uitlachen met z’n lekkere 

warme cappuccino) en ga zo maar door…. dit alles ga ik nooit vergeten. Mede door jou is mijn promotie tijd 

onvergetelijk geworden en hier zal ik je altijd dankbaar voor zijn.

Professor Tulleken, de founder van de ELANA techniek. U heeft mij geleerd om te opereren door een 

microscoop en vervolgens heeft u mij meerdere malen geprobeerd over te halen neurochirurg te worden, 

maar tot op heden staat de hartchirurgie nog steeds bovenaan. U bent altijd positief. Zo positief dat u altijd wel 

iets goeds ziet in mislukte experimenten, soms tot enige irritatie van mij. Terwijl ik zat te balen was u enorm 

positief: “een experiment is pas geslaagd als er iets mis gaat, daar leer je van”. Fantastisch mooie eigenschap. 

U bent voor mij een enorme inspiratie geweest met uw volhardende, onuitputtelijke drift naar innovatie en 

out-of-the-box vindingrijkheid. U zei mij dat ik een homo ludens ben, maar u bent een homo ludens pur sang. 

Om maar een voorbeeld te noemen, op uw zeventigste heeft u compleet autodidactisch 3d-software onder 
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de knie gekregen waaruit al de prachtige animaties in mijn papers en de animatie fi lms in mijn presentaties 

uit voort zijn gekomen. Voor wat u heeft betekent voor de neurochirurgie heb ik enorm veel ontzag. Het is een 

grote eer met u samengewerkt te hebben. 

Glenn Bronkers, mijn paranimf en mijn rechter (en soms ook linker) hand. Je geduld, enorme passie voor 

het project, inzicht, vindingrijkheid en behulpzaamheid hebben een enorme indruk op mij achtergelaten. Wij 

delen een eigenschap wat voor ons beide nogal belangrijk is: genieten van het leven en met name genieten 

van lekker eten en drinken. Als ik je weer zag in de vroege ochtend was het altijd: “Leeft het varken nog? Ja, 

top! Luister, wat ik gister gegeten heb...” Altijd stond je voor me klaar, en nog steeds. Top collega en goede 

vriend, ondanks jouw uitlatingen als Utrechter over Amsterdam… Hoop dat wij elkaar nooit uit het oog gaan 

verliezen. 

Cees Verlaan, jij hebt mij, naast Marc, de kneepjes van de off-pump bypass chirurgie op varkens geleerd. Je 

jarenlange ervaring als experimenteel cardio-, vaat- en algemeen-chirurg heb jij fantastisch overgebracht 

aan menig promovendus en het gehele team fantastische biotechnici. Je geniale uitspraken, goede humeur, 

grappen, verhalen en passie voor het vak maakten de talloze uren samenwerken met jou tot een waar genot. 

Je bent een top kerel.

Sander van Thoor, master mind, wiskundig en natuurkundig genie. Nou dat zijn wel weer genoeg 

complimenten. Zal nooit vergeten wat je altijd zei als ik eens om 18:00 uur naar huis ging: “zo, middagje 

vrij genomen? Part-timer!”. Bedankt voor al je hulp, het gezelschap houden in het lab tot de late uurtjes, het 

serveren van knakworstjes in die zelfde uurtjes, je hulp bij alle berekeningen op hoger niveau, maken van 

test-opstellingen, eerste hulp bij laser-instellingen en natuurlijk je gezelligheid. Daarnaast zei je altijd, “niks te 

danken, als je me maar noemt in je boekje”. Dus bij deze Sander, en met volle overtuiging: dank je! 

Rik Mansveld Beck en Niklank Noest, technisch genieën. Enorm eigenwijs, maar oh zo handig vingerwerk. 

Bedankt voor de fi jne samenwerking, het vertalen van abstracte ideeën naar tekeningen, naar devices en 

hulpstukken. Soms hebben jullie heel wat te verduren gekregen van ons clinici. Zonder jullie handigheid 

waren we nooit zover gekomen. 

Felix von Coerper en Diederick Keizer, ik weet nog goed onze eerste meeting bij mijn aanstelling. Gelijk een 

klik. Ondanks de zware uitdagingen en soms moeilijke tijden hebben we een prachtige periode samengewerkt 

met mooie mijlpalen en fantastische, onvergetelijke congressen. Leuk dat we contact hebben gehouden.    

Claartje Beks-Ypma, André van Dieren, Saskia Redegeld, Harry Teirlinck en Bogusia Vaessen bedankt voor alle 

technische ondersteuning, het opzetten van test-opstellingen (waaronder een kloppend kadaver hart, chapeau 

André!), patenten en “legal” informatie, en de subsidie aanvragen. 

Bart de Boer, Sander Diederen, Tristan van Doormaal, Jasper Helthuis, Eduard Voormolen en Bart van der 

Zwan, de getalenteerde mannen van de Neurochirurgie. Jullie bedankt voor de kruisbestuivingen en het leuke 

enthousiaste contact.

Bart-Jan Korteling en Jean de Schepper, mannen met enorme business ervaring. Dat was wel te merken. 

Helaas hebben we maar een relatief korte tijd samengewerkt, maar we hebben elkaar toch redelijk leren 

kennen. Bedankt voor jullie support en het vertrouwen in mij. 

Martijn van Nieuwburg, mijn uitmuntende stagiair. Bedankt voor je hulp bij het sizing onderzoek, wat de 

basis vormde voor de maatvoering van de Trinity Clip connector. Je bent een rustige, vriendelijke en serieuze 
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harde werker. Dat heb ik altijd gewaardeerd. Tot mijn grote vreugde kruisten onze wegen weer toen je begon 

als biotechnicus bij de Experimentele Cardiologie. Daar pakte je snel alles op en bleek je ook nog eens een 

koelbloedige operatie assistent te zijn. Bedankt voor al je hulp bij alle experimenten.

Dan de dames, Marlijn Jansen, Joyce Visser, Grace Croft, en niet te vergeten Merel Schurink. Jullie hebben 

heel wat uurtjes met mij aan de ok-tafel gestaan. Een betere biotechnische ondersteuning is niet te vinden. 

Toewijding, overwerken en engelen geduld, bedankt voor al jullie hulp.

Evelyn Velema, ook wij hebben samen heel wat werk verzet. Dank voor de vaak ingewikkelde planningen, het 

behouden van het overzicht, zorgen dat alles op elkaar was afgestemd en je kritische blik op de logistiek. En 

jullie stagiaire, Melanie, natuurlijk ook bedankt voor jouw hulp.

Dr. Agostoni, beste Ago, veel dank voor al je tijd die je hebt vrijgemaakt om mij te helpen met FFR, CFR, IVUS 

en OCT metingen en natuurlijk de altijd gezellige gesprekken. Al het beste in het Antonius en hopelijk blijven 

we elkaar zien in de toekomst.

Dr. Gründeman, beste Paul, als co-promotor van mijn co-promotor en toch ook een beetje mijn coach aan de 

zijlijn wil ik je graag hier ook bedanken voor je steun, het introduceren aan vele cardio-chirurgen tijdens de 

ISMICS en de gezellige gesprekken. Met name onze lunch in Praag zal ik niet vergeten. Je innovatieve werk 

is enorm inspirerend.  

De biotechnici van het GDL, Hans Vosmeer, Nico Atteveld, Anja van der Sar, Suzan Postma, Hester de Bruin, 

bedankt voor de ondersteuning bij de talloze experimenten en jullie top support.

   

De medewerkers van het GDL, de dierverzorgers (vooral Jeroen van Ark, Anemieke Stam en Ruben de Wit), 

Helma Avezaat, dierenarts Koen Vaessen, allen bedankt voor de altijd goede zorgen voor de dieren en het fi jne 

samenwerken.

Arjan Schoneveld, jij hebt voor mij alles gefaciliteerd op het lab van het opwerken tot aan de analyse van 

de histologie. Bedankt voor al je uitleg, voor het vrijmaken van analysten voor het verwerken van de bergen 

histologie en dat je altijd, ook al had je geen tijd, toch even tijd maakte, en ook nog eens vriendelijk bleef. Top 

vent.  

 

Noortje van den Dungen, hoeveel werk is het om met de diamantzaag al de samples te verwerken? Heel veel 

werk. Jij hebt mij hierin zo veel geholpen, daar ben ik je enorm dankbaar voor. Bedankt voor de prachtige 

samples en je geduld met mij. Dankzij jou staan er prachtige foto’s in de publicaties: bijna in ieder hoofdstuk 

(!) staat er werk in van jouw hand. Topper.

Dr. Vink, beste Aryan, bedankt voor al de tijd die je hebt vrijgemaakt voor de analyses van de histologie. Ik kon 

altijd bij je terecht als ik een vraag had. Met veel plezier heb ik de tientallen coupes met je doorgenomen, wat 

heel leerzaam was.

Petra Homoet-van der Kraak, mijn dank is groot voor al de kleuringen van de plastic coupes en al het inbed, snij 

en kleur werk van de paraffi ne coupes. Er leek geen einde aan te komen, maar toch bleef je altijd vriendelijk, 

hulp biedend en geduldig. 

Chris Schneijdenberg, bedankt voor je geweldige en nauwkeurige hulp in het wegwijs worden in het scanning 

elektronen microscopie wereldje en bij het opwerken van de samples voor de prachtige foto’s. 
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Ineke van Houwelingen, jouw hulp bij het project was vaak van levensbelang voor de voortgang. Bedankt 

voor al je support bij de afspraken, de fi nanciën, declaraties, tips en gezellige gesprekken op je kamer en op 

feestjes. 

Josephine Walta en Joke van Steenis, jullie zijn fantastisch. Jullie deur staat altijd open (letterlijk en fi guurlijk) 

en jullie geduld en nauwkeurigheid stel ik enorm op prijs. Bedankt voor al jullie support in de laatste jaren.

De inmiddels fl ink geslonken groep CTC promovendi: Frederiek de Heer, Linda de Heer, Jesper Hjortnaes, 

Jerson Martina, Paul Riem Vis, Sabrina Siregar, Hanna Talacua en Marcelle Uiterwijk (en de nieuwe versterking 

Kirolos Alfy Jacob natuurlijk). Fijne groep ambitieuze mensen. Zullen elkaar hopelijk nog de rest van ons leven 

vaak genoeg treffen.

De PA’s, arts-assistenten en chirurgen van de afdeling Cardio-thoracale Chirurgie, bedankt voor jullie interesse 

en steun in met name het laatste jaar waarin ik begonnen ben in de kliniek en ik ondertussen nog dit proefschrift 

aan het afronden was. Mooie club harde werkers. Blij dat ik onderdeel mag uitmaken van dit geweldige team. 

 

Lieve vrienden en familie, naast het werk spendeer ik graag de spaarzame vrije tijd met jullie. Even iets anders 

dan werk. Maar iedereen bleef maar vragen: “hoe is het met je varkens?”! Maar goed… Bedankt voor jullie 

interesse en steun!

Irfan, dank voor jouw geloof in mij en je eeuwige steun. Mis je. 

Vincent, mijn grote broer, beste vriend en paranimf. Jij weet bijna alles van mijn onderzoek, volgt het op de 

voet, volgt mij ook naar Berlijn om mijn presentatie bij te wonen, is altijd geïnteresseerd en komt met goede 

ideeën. Dank dat je er echt altijd voor mij bent.

Papa en mama, zonder jullie was ik nooit zo ver gekomen. Mama al genoemd in de eerste zin, streng maar 

rechtvaardig. Tja, dat had ik blijkbaar nodig. Papa, geduldig, altijd geïnteresseerd in de details van het 

onderzoek en je hebt met veel plezier een operatie bijgewoond. Pas toen besefte je wat ik daar allemaal doe 

en was je trots. Ik denk door jouw ritssluiting dat ik hier nu sta, met een afgerond proefschrift. Bedankt voor 

alles wat jullie mij geleerd hebben in mijn leven!

Sharon, als laatste mijn liefste. 

Jij hebt mij ongelofelijk gesteund, je staat altijd voor mij klaar en geeft mij de ruimte om te knallen. Jouw 

zorgzaamheid en vrolijkheid hebben mij door de zware dagen heen getild en jouw intelligentie en talent om 

situaties te doorgronden hebben mij veel advies gegeven. Door jou ben ik mijzelf beter gaan leren kennen . 

Als een abstract was goedgekeurd voor een presentatie of een paper geaccepteerd dan zorgde jij altijd weer 

voor een heerlijk champagne-momentje samen. Samen vieren we het leven, door dik en dun. Op nog vele 

champagne-momentjes! Hou van jou!
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David Stecher was born in Naarden, The Netherlands, July 17, 1984. He completed high school at the Casparus 

College in Weesp. In 2002, after being differed from medical school by nu merus fi xus, he started his study 

Biomedical Sciences at the University of Amsterdam. Following his Bachelors of Science, he subsequently 

applied for the Selective Utrecht Medical Masters at the University Medical Center Utrecht (UMCU). He was 

selected for the 4-year masters program where he was trained to become both a medical doctor and clinical 

researcher. His scientifi c graduation thesis was conducted at the Department of Experimental Cardiology on 

the basic science of tissue engineering, in which human mesenchymal stromal cells were compared to porcine, 

regarding their phenotype and differentiation potential. In 2010, he graduated as a medical doctor and clinical 

researcher at the UMCU. Directly afterward, he started his PhD at the Department of Cardiothoracic Surgery 

and Experimental Cardiology at the UMCU. During his PhD, he was trained in microsurgical techniques, 

off-pump surgery and minimally invasive bypass surgery. The developments in the ELANA technique, in 

collaboration with the Department of Neurosurgery, resulted in 2 patents (all currently pending). During 

these years, he was involved in the education of Biomedical Sciences students in device development and 

presented his scientifi c work at major international conferences through oral presentations and a live surgical 

demonstration. Furthermore, he interned at the Robotic Coronary Artery Bypass project of the London Health 

Sciences Centre, London Ontario, Canada. In 2014, after 4 years of research, he started as a clinical resident 

not in training (ANIOS), at the Department of Cardiothoracic Surgery of the UMCU. David lives together with 

his partner Sharon Kniest in Amsterdam.
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