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History of cerebral revascularisation

The first vascular anastomosis was described by the Russian surgeon N.V. Eck in 1877.1 

He performed these anastomoses in dogs. The French physician Dr A. Carrel subsequently 

developed and published in 1902 the first arterial end-to-side anastomosis uzing fine suture 

material.2 The development of surgical magnification led in 1960 to the first performance of 

a microanastomosis of 2 mm by plastic surgeons Dr. J.H. Jacobson and Dr. E.L. Suarez, in the 

laboratory of Prof. dr. R. Donaghy at the university of Vermont (Burlington, VT, USA).3 

In 1967, the Turkish neurosurgeon Prof. dr. M.G. Yaşargil, at that time also working 

in the laboratory of Prof. Donaghy, performed the first cerebral revascularization procedu-

re. He used microanastomosis techniques and the operation microscope in a patient, after 

performing experiments in dogs. The bypass was constructed by connecting the superficial 

temporal artery (STA) to a cortical branch of the middle cerebral artery (MCA). This bypass 

was defined as an ‘extra- to intracranial (EC-IC) bypass’. (Figure 1.1) The bypass was develo-

ped to augment cerebral blood flow in patients with cerebral ischemia secondary to carotid 

artery or middle cerebral artery occlusions. In subsequent procedures, the STA-MCA bypass 

procedure was also used to replace the flow in cases of acute parent artery sacrifice for tre-

atment of otherwise untreatable aneurysms. 4 

After its introduction by Prof. Yaşargil, the flow augmentative and flow replacement STA-

MCA bypass was widely adopted by the neurosurgical community in the 70’s 

and early 80’s. 4 

Decline

In 1977 the EC-IC bypass study was initiated to determine whether the STA-MCA flow 

augmentative bypass could reduce stroke and stroke-related death among patients with 

symptomatic, surgically inaccessible atherosclerotic stenosis or occlusion of the internal ca-

rotid artery (ICA) or MCA. 5 Patients were eligible for the trial if they had suffered from either 

a transient ischemic attack (TIA) or a minor stroke in the appropriate arterial distribution 

within the three months before entry. Angiographically, they had to have stenosis or occlu-

sion of the trunk of the MCA, or ICA stenosis above the C-2 vertebral body, or ICA occlusion. 

Of the 1.377 eligible patients, 663 underwent STA-MCA bypass in addition to best medical 

care while the remaining 714 were assigned to best medical care alone. Technical results of 

surgery were excellent; on final review, 96% of the patients who had post-operative angi-

ograms had patent STA-MCA bypasses. However, at completion in 1985, the study clearly 

demonstrated that STA-MCA bypass did not reduce the rate of subsequent ischemic events. 
6 Secondary analysis also showed no statistical benefit with surgery. The treatment of cere-

bral ischemia with a standard STA-MCA bypass was therefore immediately discontinued.

The resulting low frequency of cerebral revascularization procedures was a threat 

to the quality of the technically challenging procedure. Training of neurosurgical residents 

in microanastomosis techniques was stopped, and neurosurgeons abandoned these tech-

niques in their laboratories. Moreover, the development of innovative bypass techniques 

was stopped. 

In the years following 1985 however, opinion leading neurosurgeons, like J.I. Aus-

man and T.M. Sundt, started to criticize the EC-IC bypass study. Inherent limitations of using 

only angiographic lesions as entrance criteria into the trial were reported. 7 Angiographic 

lesions appeared a poor predictor of a hemodynamically compromised state of the brain, 

while the natural history of the subgroup of patients with this condition was shown to 

be significantly worse. 8 Moreover, the flow augmentation of the STA-MCA bypass poten- 

tially was too limited to prevent hemodynamic stroke. 9 The conventional STA-MCA bypass  

appeared to have also quantitative limitations in case of flow replacement. 10 

This was mathematically confirmed by Hillen et al. 11 

Revival

In the past decade, interest for cerebral revascularization revived. We now have an 

increased understanding of the pathophysiological mechanisms, while cerebrovascular 

Figure 1.1 Conventional STA-MCA bypass

A The STA (indicated with arrow) is directly sutured on a M4 branch. 

B Schematic representation of a conventional STA-MCA bypass (dark red).

A B
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imaging and flow measurement technology improved significantly. Operative strategies 

to improve replacement flow and augmentative flow through the bypass were developed, 

next to new safer bypass attachment techniques and bypass assessment techniques. These 

developments led to better patient selection. With current techniques, a custom made by-

pass has become possible.

Current strategies 

Traditionally cerebral revascularization procedures have been grouped into low-flow 

and high-flow bypasses. However, current strategies aim at the construction of a custom 

made bypass, not just with ’high’ or ‘low’ flow, but with an adequate flow matching the 

need of the patient.

Customization

To create the adequate bypass it is important to understand which flow has to be 

replaced or augmented. Moreover, it is important to customize the bypass to the individual 

situation and to understand the elements that determine the flow through a bypass. Any 

flow between 10 mL/min and 210 mL/min is possible by choosing the adequate donor ar-

tery, recipient artery and eventual interposition graft. As extracranial donor artery the STA, 

occipital artery, internal or external cervical carotid artery may be chosen. As intracrianial 

donor artery the internal carotid artery (ICA), proximal MCA (M1 part), the proximal ante-

rior cerebral artery (ACA, A1 part) or the proximal posterior cerebral artery (PCA, P1 part) 

may be chosen. As recipients theoretically every proximal and distal intracranial artery can 

be chosen. As interposition graft the greater saphenous vein (GSV), radial artery or even 

artificial vessels or cadaveric vessels may be chosen. 

It is important here to remind Poiseuille’s law that says that flow varies proportional to the 

pressure drop over the bypass, the length of the bypass and the forth power of the radius: 

Φ = π r4 ∆ρ /8ηL
(Φ= flow rate; r=radius of pipe; ∆ρ=pressure drop over the pipe; η=viscosity of fluid;

L=length of the pipe).

For example: as cortical vessel have a small radius, the flow through the conventio-

nal STA-cortical MCA bypass is limited to 10-40 mL/min. 12 Increased flows up to 100 mL/min 

are possible when the STA is connected more proximal to the larger M3 branches. 13 High 

flows of 130-210 mL/min can be achieved when a venous interposition graft is used to con-

nect the external carotid artery (ECA) with the intracranial ICA. 14 

Understanding the individual anatomy is essential for bypass customization. Pre-

operative imaging to understand this include intra-arterial angiography, CTA and MRA. It 

is important to intraoperatively repeat the assessment of flow which has to be replaced 

with dedicated single artery flowmetry (Transonic Systems Inc.® Ithaka, NY, USA). It is often 

useful to perform measurements both before and during temporary clipping of the parent  

artery. In case of a flow augmentative bypass with the STA as donor artery, the ‘cut flow 

index’ should best be calculated as described by Amin-Hanjani et al. 15 

Anastomosis techniques

Since the development of microsurgical anastomosis techniques for cerebral  

revascularization in the 60’s, temporary occlusion of the recipient vessel and end-to-side  

attachment of a donor vessel with interrupted or continuous microsutures is still the golden 

standard in bypass grafting to a cerebral artery.

The conventional microanastomosis has several benefits. First of all  it has a good 

long-term reliability. Enormous experimental and clinical experience was built up over more 

than 100 years. The second benefit is the relative flexibility of the method. The anastomosis 

can adapt to many different tissue conditions and localizations that may be encountered. 

Finally, the suture material is readily available and relatively inexpensive. 

Nevertheless, a sutured conventional microanastomosis has several disadvantages. 

At first it causes vascular wall damage, caused by the penetrating needle and passage of 

the suture material. This potentially influences the local healing response, and may cause 

an inflammatory reaction, thrombocyte aggregation, impaired endothelial function, in-

timal hyperplasia and hence stenosis. Although different types of non-absorbable suture 

materials, absorbable sutures or non-traumatic needles have been used to create vascular 

anastomoses, it has been shown that vascular wall damage cannot be eliminated by any of 

these methods. 16 The second disadvantage of sutured microanastomosis techniques, more 

specifically for cerebral revascularization, is the technical difficulty which is associated with 

conventional anastomosis creation when the anastomosis is situated deeper and the wor-

king channel is narrow. Third disadvantage of conventional microanastomosis techniques, 

specifically for cerebral revascularization, is the temporary occlusion time of the recipient 

artery during anastomosis attachment. This potentially results in ischemia in the flow terri-

tory of the recipient artery, because, during temporary occlusion, the distal territory suffers 

from hypoperfusion. When anastomoses are constructed more proximally on the cerebral 

circulation to obtain a higher bypass flow, for example on the ICA or proximal MCA, 
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the temporary occlusion is associated with an increased ischemic risk. In general, 

without pharmacologic brain protection, temporary occlusion of proximal cerebral arteries 

longer than 10 minutes has an associated ischemic risk of 45%. (11) Even under barbiturate 

suppression 10- 20% ischemic risk has been reported. (11) This risk significantly increases with 

temporary occlusion time, up to 100% when total occlusion time exceeds 30 minutes. (10, 15, 

18, 19) Patients undergoing flow replacement bypasses have been selected for not tolerating 

definitive occlusion of the parent artery. Therefore temporary occlusion of the parent artery 

in these patients will even be tolerated for a shorter period of time than in the general po-

pulation. 17 For more invasive methods of cerebral protection during temporary occlusion, 

like deep hypothermia and circulatory arrest, the patient must be in a very good condition, 

which is often not true in patients needing cerebral revascularisation. Moreover, the results 

of these techniques are disappointing with a 25% complication rate. (13) 

Time pressure makes it more difficult to use microsurgical techniques meticulously, especi-

ally in deep locations. This was the main reason to develop the Excimer Laser Assisted Non-

Occlusive Anastomosis (ELANA) technique. 18 

The ELANA technique

Earlier developments

In attempting to avoid ischemia during anastomosis attachment on proximal ce-

rebral arteries, Prof. dr. CAF Tulleken has been working with his team on a non-occlusive 

anastomosis procedure since 1979.19 In one of the first attempts to create a non-occlusive 

anastomosis, the donor artery was connected for approximately three-quarters of its cir-

cumference to the recipient artery wall before opening the anastomosis. (Figure 1.2) 19 

Scanning electro-microscopic examination of such anastomoses showed complete repair 

with almost perfect endothelialization after 3 weeks. This was a remarkable result, because 

in these anastomoses adventitial and medial layers of the recipient artery were exposed in 

the lumen of the anastomosis, which was against all conventions.

This procedure was further developed to a fully ‘non-occlusive’ anastomosis, 

which means that the recipient was never occluded during anastomosis creation, using 

a Neodymium:YAG laser.20 A sapphire tip coupled to the Nd:YAG laser catheter was in-

troduced into a side branch of a bypass graft to create a hole in the recipient artery  

(Figure 1.3). After 65 rabbit experiments this technique was successfully used in one patient.  

However, to achieve an acceptable anastomosis, the adventitial layer and part of the  

medial layer of the recipient artery had to be removed at the site of the anastomosis. This is 

a delicate microneurosurgical procedure, which is not without risk.

Figure 1.2  Minimizing occlusion time

A + B. The graft was connected to the recipient vessel for three quarters of its circumference. 

C. The remaining quarter was prepared for fast closing. D. The recipient vessel was temporarily occluded, and the arteri-

otomy was created. E. The last quarter of the anastomosis was closed. F. The temporary hemoclips were removed, com-

pleting the anastomosis. Adapted with permission from Tulleken CA et al. A new technique for end-to-side anastomosis between 

small arteries. Acta Neurochir.Suppl (Wien.) 1979;28:236-40.

Figure 1.3  The Nd:YAG laser 

The Nd:YAG laser facilitated the first totally non-occlusive anastomosis. First the graft, with an artificial side-branch, was 

sutured onto the wall of the recipient vessel. The Nd:YAG laser catheter was then inserted into the side-branch and into the 

graft so that it could create an opening in the wall of the recipient vessel. Adapted from: Tulleken CA et al. End-to-side anasto-

mosis of small vessels using an Nd:YAG laser with a hemispherical contact probe. Technical note. J.Neurosurg. 1992;76:546-9

A

D

B

E

C

F
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This should create a perfectly round anastomosis. In the first experiments however, 

the ‘flap’ was not retrieved, but always remained attached to the wall of the artery at the 

two lateral sides. It was hypothesized that the non-perpendicular application of laser light at 

these spots, because of the round shape of the recipient artery, caused this phenomenon. 

A simple and elegant solution was found. A platinum ring with a diameter of 2.8 mm 

(Figure 1.5) was first sutured to the arterial wall with 4 microsutures 8/0, after which the 

donor vein was attached to the ring plus recipient artery with 8 microsutures 8/0. The ring 

created a flat surface for the laser catheter, which now could create a wide and perfectly 

round anastomosis. The technique was defined the ‘Excimer Laser Assisted Non-occlusive 

Anastomosis’ (ELANA) technique. Subsequent animal studies showed a high patency rate 

of the ELANA anastomosis, and complete endothelialization after 9 days- 2 weeks, identical 

to conventional anastomoses. 18, 23, 24 Following the first succesfull animal studies, the first 

ELANA bypass operation in a patient was performed in 1993 in the UMC Utrecht.

Therefore, Prof. Tulleken started to use an Excimer laser (first TuiLaser®, later Spec-

tranetics Corp.®, Colorado Springs, CO, USA), which became available in the UMC Utrecht 

in January 1991. With this technique, removal of the adventitial and medial layers of the 

recipient artery was no longer necessary. Experiments on the common carotid artery (CCA) 

of the rabbit showed excellent results.21 However, in the first 10 patients, 3 bypasses occlu-

ded.22 Prof. Tulleken went back to the laboratory, and started experimenting on the aorta of 

a rabbit, which is more comparable to the human distal ICA and MCA than the CCA of the 

rabbit. It appeared that a solid Excimer laser catheter tip made holes in the wall of the aorta 

that were severely irregular. Therefore a laser catheter tip was designed, which consisted 

of two circular layers of fine laser fibers, each with a diameter of 60 µm, arranged around a 

thin-walled hollow catheter with a diameter of 2.2 mm.18 (Figure 1.4) This catheter has to 

be connected to a vacuum suction pump next to the Excimer laser system. The idea was to 

punch out a full thickness disc of arterial wall (the so-called ‘flap’), which would be removed 

when the laser catheter was withdrawn. The punched-out portion of the arterial wall re-

mains attached to the tip, because of continuous suction through the laser catheter. 

Figure 1.4.  The ELANA catheter

The rim of the specially designed ELANA laser catheter 2.0 (Elana bv.®, Utrecht, the Netherlands) contains 180 laser 

fibers, measuring 2.0 mm at its outer diameter. The metal surface inside (the ’grid’) contains holes, through which 

vacuum suction is applied when the catheter is in position to retrieve a round disc of arterial wall from the recipient 

artery wall.

Figure 1.5  The ELANA platinum ring next to a coin

An ELANA platinum ring (Elana bv.®, Utrecht, the Netherlands) with an inner diameter of 2.8 mm (right) 

next to a 1 Euro coin (left). 

Applying the technique in patients, it became clear that it was technically challen-

ging to first suture the ring to the recipient artery and subsequently suture the bypass graft 

to the ring including the recipient, all intracranially. Therefore, since 1999, the ring is first 

sutured on the bypass graft on a separate table in the operating room (with 8 sutures size 

8/0) instead of first on the recipient artery. Subsequently the ring and vein are attached to 
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Figure 1.6  Current ELANA anastomosis technique

A. First the ring is attached to the bypass graft with 8 microsutures size 8/0. Mostly the saphenous vein is used as 

bypass graft, but the radial artery, a donor cadaver vessel or an artificial vessel is also technically possible. Subse-

quently the ring plus graft is attached to the recipient artery with 8 microsutures size 8/0. The first 4 sutures, at 

the north, east, south and west sides, are placed around the ring and totally through the recipient vessel wall. The 

4 subsequent sutures are made through the bypass graft tissue outside the ring and only through the adventitial 

and medial layer of the recipient artery. The recipient artery is not temporary occluded during this attachment. B. 

The ELANA catheter is inserted into the bypass graft. After 2 minutes of vacuum, a disc of recipient artery wall (the 

‘flap’) is lased from the anastomosis during 5 seconds at 40 pulses per second using 10 mJ per pulse. This opens the 

anastomosis without temporary occlusion of the recipient artery. The punched out flap is fixated on the tip of the 

catheter by vacuum suction, and is retracted together with the catheter. A temporary clip is placed on the bypass 

graft, completing the anastomosis.

the recipient artery with 8 microsutures 8/0. This is the ELANA anastomosis as it currently  

is created in patients (Figure 1.6). 

The treatment principle of the ELANA bypass is straightforward. After retrieval of 

the flap with the catheter, a temporary clip is placed on the graft. Subsequently the bypass 

graft is connected to a second ELANA anastomosis graft or to a conventional anastomosis 

graft with an end - to - end anastomosis. (Figure 1.7) In case of a flow replacement bypass, 

the aneurysm (or tumor) can then safely be excluded from the circulation. 

From 1993 untill February 2010, in total 453 patients have been operated using the ELANA 

technique. Of these patients, 320 patients have been operated in the UMC Utrecht, 86 pa-

tients in 11 other European centers and 47 patients in 5 centers in the USA. In total 73% of the 

treated patients suffered from an intracerebral aneurysm, 23% from cerebral ischemia and 

4% from an intra- or extracerebral tumor. Not many data regarding the technical and func-

tional outcome of these patients were  known before the start of the research described in 

this thesis.

This thesis

The patients treated with the aid of the ELANA technique form a heterogenous 

group. In our opinion, a general evaluation of functional outcome data would not be the 

most usefull study for clinical practice. We therefore chose to evaluate the major subgroups 

separately. We planned to generate data which would be usefull in the prediction of out-

come and complications. 

In chapter 2 the results of the ELANA flow replacement bypass in the treatment of 

patients with a giant ICA aneurysm are described. In chapter 3 the results in the treatment 

of patients with a giant MCA aneurysm are described. We describe the results of the ELANA 

flow augmentative bypass in patients with symptomatic occlusion of the ICA in chapter 4. 

In chapter 5 the ELANA protective bypass is described to treat giant ICA, giant MCA and 

ACOM aneurysms. 

Besides satisfying clinical and functional results, we identified 2 limitations of the 

ELANA technique in these studies. Therefore the second part of the thesis  aims at reduction 

of these limitations. 

The first limitation was the failure of retrieving the disc of recipient artery wall (‘flap’) from 

the anastomosis in 16% of clinical cases. Therefore a dedicated in vitro setup was designed 

A

B

A

D

B

E

C

F

Figure 1.7  Principle of the ELANA flow replacement bypass

A.+ B.Two bypass grafts are sutured to the platinum ring and subsequently end-to-side to the recipient artery, 

proximally and distally from the aneurysm. C. The ELANA catheter is inserted into the proximal donor graft. After 2 

minutes of vacuum suctioning the flap is lased out of the recipient artery wall. This is repeated for the distal anasto-

mosis. D. Both grafts are temporarily occluded with a clip. The 2 bypass grafts are sutured together. E. The clips are 

removed from the donor vessels and a ‘competitive’ blood flow runs through the bypass. F. The aneurysm is totally 

excluded from the circulation and the bypass replaces the flow.
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to test for variables potentially influencing flap retrieval rate and to ultimately find solutions 

for this problem. The outcome of this study is described in chapter 6. 

The second limitation of the current ELANA anastomosis is the surgical complexity. 

In some patients it is technically impossible to create an ELANA anastomosis on a location 

deep under the brain with limited space to maneuver the microsurgical instruments. (for 

example on the posterior cerebral artery or on the basilar artery). Brain retraction is of-

ten necessary which is a risk to the patient and delays recovery. These elements result in a 

subgroup of patients which is still hard or even impossible to treat. Therefore 3 less invasive 

simplifications of the ELANA technique were developed. These experimental techniques are 

described and compared with the conventional ELANA technique in an acute rabbit model 

in chapter 7. The most promising ELANA simplification was the sutureless ELANA (SELANA) 

technique. The SELANA technique eliminates the use of intracranial micro sutures, and cre-

ates an anastomosis in one single small movement. In chapter 8 we describe a feasibility 

study of the SELANA technique in a pressurized human cadaver model and make a compa-

rison with the current ELANA technique. Because the studies described in chapter 7 and 8 

showed promising results, we continued to study the long-term outcome of the SELANA 

technique in a chronic pig model, as next step towards clinical application. This study is 

described in chapter 9. 

Finally, the future possibilities and challenges which can be extracted from the  

studies described in this thesis are evaluated in chapter 10.
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Abstract

Objective

To define the clinical value of the high flow replacement bypass, using the Excimer Laser 

Assisted Non-Occlusive Anastomosis (ELANA) technique, in the treatment of patients 

with a non-coilable, non-clippable giant or large intracranial aneurysm of the internal 

carotid artery (ICA).

Methods

We studied 34 patients with a giant intracranial aneurysm of the ICA, proximal to its 

bifurcation, treated with an extra- intracranial high flow replacement bypass in our hospital 

between 1999 and 2004. We retrospectively collected data for patient characteristics, 

operative aspects, complications and functional health scores using the modified Rankin 

scale (mRs). Long-term data were updated by questionnaire and telephonic survey. Mean 

long-term follow-up was 3,3 year (range 0,6- 5,6 yrs).

Results

We were able to construct a patent bypass in 33 of 34 patients (97%). In 1 patient (3%) 

a bypass was technically unfeasible. In 6 patients (17%) we needed 2 bypass attempts.  

After bypass construction we intra- or postoperatively occluded the ICA in 32 patients 

(94%), causing aneurysm thrombosis in all these cases. A fatal complication occurred in 

2 patients (6%) before we could occlude the ICA. A non-fatal complication occurred in 7 

patients (21%). On long-term 25 patients (74%) had a favorable outcome and 27 patients 

(79%) were independent.

Conclusion

This study shows that the ELANA high flow replacement bypass, which provides maximum 

brain protection because of its non-occlusive character, is a reliable and effective method 

to treat these otherwise untreatable patients. 

Introduction 

Giant and large intracranial aneurysms of the internal carotid artery (ICA), proximal 

to the bifurcation, have a grave natural history that is worse than their extracranial and 

cavernous counterparts. 1 Aggressive treatment is necessary if the aneurysm increases 

in size on imaging or presents symptoms of brain compression or subarachnoid  

haemorrhage. Direct coiling or clipping of the aneurysm to remove it from the circulation is 

preferred.1, 2 However in some patients it is impossible to coil or clip it due to its giant size, 

its broad neck, difficult surgical access or extreme vulnerability of the aneurysm.3, 4 Ipsilateral 

internal carotid occlusion is a relatively safe and effective technique which can be utilized 

in a significant subset of these patients. However 30% of the patients have an insufficient 

collateral flow, making it impossible to occlude the ICA without ischemic complications.3, 5 

A final treatment option for this group of patients is to combine the ICA occlusion with an 

extra- to intracranial (EC-IC) bypass with sufficient capacity to replace the flow in the total 

ICA territory distally from the aneurysm. 

High flow carotid replacement is best designed when flow direction is maintained 

anatomically with the distal end of the high flow replacement bypass constructed as 

proximally as possible in the cerebral circulation on an artery with a large diameter. The 

underlying theoretical concept of high capacity of more proximally located bypasses is 

confirmed by the mathematical study performed by Hillen et al.6, 7 However, during the 

construction of a conventional bypass, the recipient vessel needs to be occluded temporarily. 

This limits the possibilities to make an optimal bypass, because the temporary occlusion of 

a proximal major brain artery such as the internal carotid can result in brain ischemia.  

To circumvent the ischemic risk during anastomosis attachment on proximal 

cerebral arteries, Prof. dr. C.A.F. Tulleken developed the Excimer Laser Assisted Non-

Occlusive Anastomosis (ELANA) technique.8-11  In this study we present the outcome of 34 

patients with a giant or large intracranial aneurysm of the ICA proximal to its bifurcation 

treated with an ELANA high flow replacement bypass combined with ICA occlusion. 

Patients and methods

Selection of patients

From 1999- 2004 we operated in total 98 patients with difficult to treat aneurysms 

on different locations in the cerebral circulation with the aid of bypass grafting using the 

ELANA anastomosis technique. Based on review of CT imaging and operative reports, 

we identified 34 patients in this group with a non-coilable, non-clippable intracranial 
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aneurysm of the ICA proximal to its bifurcation whom were treated with an ELANA high 

flow replacement bypass. 

Baseline characteristics of the patients are listed in Table 2.1. Their mean age was 53 

years (range, 13-76 yrs). Twenty-five patients (74%) were women. Aneurysms measurement 

results on imaging with different techniques were collected from 16 aneurysms. The mean 

lumen was 20 mm (range, 10-30 mm) and mean intersection was 30 mm (range, 15-45 

mm).  The 34 patients presented clinically in 3 subgroups: 1) 22 patients (65%) presented 

with symptoms of cranial nerve compression, 2) 9 patients (26%) presented with a history 

of subarachnoid hemorrhage (SAH) median 75 days (range, 1- 738 days) before surgery, of 

whom 5 also presented with symptoms of cranial nerve compression (CNC) and 3) 3 patients 

(9%) presented without objective symptoms at the moment of presentation. In 1 of the 

patients of the third group, the aneurysm was a coincidental finding and in 2 patients of this 

group a transient loss of vision occurred. In these 3 patients the aneurysm was increasing in 

size on imaging. Of all 34 patients, 5 patients (15%) were dependent preoperatively. These 

5 patients all had a history of SAH. All 34 patients were considered to be at high risk for 

internal carotid occlusion without bypass; 22 patients (65%) because they failed to pass 

occlusion tests and 12 patients (35%) because they had poorly developed collaterals as 

shown by angiographic study. 

Operative technique

In all 34 patients we constructed an EC-IC ELANA high flow replacement bypass. Our 

senior author (CAFT) performed all these operative procedures. In all procedures we used 

the saphenous vein for bypass grafting. Before anastomosis construction, this vein was 

checked for valves and cut in two parts.

First the ELANA anastomosis was constructed, distally from the aneurysm, near 

the ICA bifurcation, on the ICA, on the proximal middle cerebral artery (MCA, M1 part) or 

on the proximal anterior cerebral artery (ACA, A1 part). The general principle of the ELANA 

anastomosis technique, which obviates temporary occlusion of the recipient artery, is 

described and shown in Figure 1.6. 

After suturing, but before lasing of the ELANA anastomosis, the second part 

of donor vein was connected to the external carotid artery (ECA) using a conventional  

end - to - side anastomosis technique. After lasing, a temporary aneurysm clip was placed 

over the bypass graft to prevent backbleeding, and the 2 grafts were connected with an  

end - to - end anastomosis at the intracranial entry point of the bypass. Removing the 

temporary clips completed the ELANA high flow EC-IC bypass. 

The mean time of surgery in the bypass procedures of all 34 patients was 443 minutes 

(range, 300- 750). The mean time until ELANA catheter (Elana bv.®, Utrecht, 

Description Total (%) N/A (%)

General

Patients 34 (100%)

Mean age yr ± SD 53 ± 13

Women 25 (74%)

Handedness right 26 (76%) 6 (18%)

Risk factors
Hypertension 7   (21%)

Current smoking  17 (50%) 2 (6%)

Diabetes Mellitus 1 (3%)

Mean BMI ± SD 26  ± 4 12 (35%)

Radiotherapy on pituitary tumor 1        (3%)

First relatives with SAH 9        (26%) 9 (26%)

Comorbidities

History of stroke 2       (6%)

History of TIA 2        (6%)

History of myocardial infarction 1        (3%)

Aneurysms

Left ICA aneurysm 21      (62%)

Mean lumen intersection in mm ± SD 20± 8 26 (76%)

Mean total intersection in mm ± SD 30± 11 24 (71%)

Presentation

CNC without SAH 22      (65%)

nII � 10      (29%)

nIII,IV or VI� 8        (24%)

nII & nIII,IV or VI• 4        (12%)

SAH 9        (26%)

+ nII compression• 4        (12%)

+ nII & nIII,IV or VI compression• 1       (3%)

No objective symptoms 3        (9%)

Indication

Failed to pass a compression test 22      (65%)

Lacking suffi cient collaterals on imaging 12         (29%)

Table 2.1 Baseline characteristics a

a N/A, not available; SD, standard deviation; BMI, Body Mass Index; SAH, Subarachnoid Haemorrhage; 

TIA, Transient Ischemic Attack; ICA, Internal Carotid Artery; CNC, Cranial Nerve Compression. 
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the Netherlands) vacuum suction, which means that the anastomosis between 

recipient, platinum ring and donor vessel was completed but the recipient artery wall was 

still intact, was 246 minutes (range, 150- 330). During surgery the recipient artery was never 

occluded as part of the bypass procedure.

With an intact bypass, we proceeded with intraoperative ligation of the ICA if an 

acute danger of aneurysm bleeding existed or if the compression symptoms increased 

rapidly prior to the operation. If there was no acute danger from the aneurysm, the ICA was 

left patent intraoperatively to prevent ischemic complications. We then occluded the ICA 

postoperatively with detachable balloons after confirmation by contrast imaging that the 

bypass remained patent for at least 24 hours.

Figure 2.1 shows an example of a preoperative, postoperative and a post-occlusive 

digital subtraction angiogram.

Data collection

We searched operation reports, clinical files, nursing reports and imaging. We 

collected preoperative, short-term and long-term data for patient characteristics, operative 

aspects, complications and functional health scores. Preoperative data were collected 

from information recorded at patient admittance to our hospital. Admittance was mean 

4 days (range, 1- 32 days) before surgery. Short-term data were collected from information 

recorded at the time of patient discharge from our hospital. Discharge was mean 24 days 

(range, 8- 59 days) after surgery. Long-term data were gathered by sending all included 

patients a questionnaire in August and September 2004. One of us (TPCvD) telephonically 

discussed the answers with the patients or their caretakers. Long-term follow-up was mean 

3,3 years (range 0,6- 5,6 yrs) after surgery.  

To express the functional health of the patients we analyzed their preoperative, 

short-term and long-term score on the modified Rankin Scale (mRs), (Table 2.2). 12 We 

defined patients with a mRs score >2 as dependent. Because the goal of the treatment is to 

remove the aneurysm without decreasing the functional health of the patients we defined a 

favorable functional outcome as a higher or an equal mRs score compared to preoperative. 

Figure 2.1.  Digital subtraction angiograms of a extra-intracranial EC-IC bypass

A. Giant aneurysm of the internal carotid artery (ICA), partially extending intracranially. An external carotid artery 

(ECA)- ICA (EC-IC) bypass with postoperative ICA occlusion was planned. B. Postoperative angiogram (1 day) 

confirming bypass patency. The proximal bypass anastomosis was placed on the ECA using conventional occlusive 

anastomosis techniques. An ELANA was constructed on the ICA bifurcation. (arrow) C. Three days postoperatively 

and 2 days after proximal ICA balloon occlusion. The ICA including aneurysm does not fill anymore. The ELANA 

ring is clearly visible (arrow).

Score Description

0 No symptoms at all

1 No signifi cant disability despite symptoms; able to carry out all usual duties and activities

2 Slight disability; unable to carry out all previous activities, but able to look after own affairs without assistance 

3 Moderate disability; requiring some help, but able to walk without assistance

4
Moderately severe disability; unable to walk without assistance and unable to attend to own bodily needs 

without assistance

5 Severe disability; bedridden, incontinent and requiring constant nursing care and attention

6 Dead

Table 2.2 Modifi ed Rankin Scale

A score >2 is regarded as ‘dependent’ (dotted line).
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The first patient with a non-fatal complication suffered from both an ischemic 

complication and a postoperative SAH. A bypass was constructed and subsequently the 

ICA was intraoperatively closed for a couple of hours to test the bypass. The ICA was not 

intraoperatively ligated. The patient woke up postoperatively with a right sided hemiparesis 

and aphasia. We observed an embolus in the left middle cerebral artery, probably formed 

in the aneurysm during the temporary ICA occlusion. In this case we did not retrieve the 

arteriotomy flap from the ELANA anastomosis. However a vigorous backflow was noted after 

catheter withdrawal. Two days postoperatively she suffered from an additional SAH, HHS 

II. We immediately performed a second operation to ligate the ICA. The bypass remained 

functional and the aneurysm thrombosed.

The second patient suffered from a postoperative aneurysm bleed, HHS II, 14 days 

after postoperative ICA balloon occlusion. Imaging showed that flow inversion through the 

giant ICA aneurysm probably caused it to leak. We immediately put a clip distally from the 

aneurysm on the ICA, completely excluding the aneurysm from the circulation. 

The bypass was still intact and the aneurysm thrombosed. 

The third, fourth and fifth patient with a non-fatal complication had a postoperative 

ischemic complication. In the third patient we constructed the bypass and intraoperatively 

ligated the ICA. However the bypass thrombosed 24 hours postoperatively and she 

developed a right sided hemiplegia and aphasia. On imaging she had borderzone ACA/

MCA and MCA/PCA ischemic lesions. It was impossible to construct a bypass of any kind in 

a second operation because of a very advanced atherosclerosis of all potential recipients. 

In the fourth patient a blood clot was released from the aneurysm into the left MCA during 

postoperative ICA balloon occlusion, causing aphasia. In the fifth patient the bypass 

thrombosed 6 days after postoperative balloon occlusion of the ICA. He developed a 

hemiparesis on the right side. This was temporary because we immediately constructed a 

second high flow replacement bypass which remained patent.  

The last 2 patients (6%) developed a postoperative cranial nerve deficit. One 

patient showed partial visual loss and the other patient showed postoperative nIII palsy. 

Both complications were probably related to thrombosis of the aneurysm because both 

complications occurred a few days postoperatively while aneurysm thrombosis was seen 

on imaging.

In 5 of the 40 ELANA anastomoses (12.5%) we did not retrieve the flap after the laser 

procedure. We still used these 5 ELANA anastomoses for bypass construction because they 

all showed an immediate vigorous backflow after laser catheter withdrawal. In 1 of these 5 

patients an ischemic complication occurred. We described this patient above as the first 

patient with a non-fatal complication. This complication was probably not caused by the 

small flap but by a large embolus probably formed in the aneurysm during temporary ICA 

Results

Surgical results

We were able to construct a patent bypass in 33 of the 34 patients (97%). In 6  

patients (17%) we needed 2 bypass attempts. In 9 patients we proximally ligated the ICA 

directly intraoperatively. After ligation of the ICA a mean intraoperative bypass flow of 

102 mL/min (range, 65-155 mL/min) was recorded using a flow probe. In 23 patients, our 

interventional radiologist postoperatively occluded the ICA with detachable balloons, 

mean 4 days (range, 1- 9 days) after surgery. In 9 of these 23 patients magnetic resonance 

angiography (MRA) bypass flow measurement was performed after ICA occlusion. A mean 

flow of 138 mL/min (range, 70-180 mL/min) was recorded. Control imaging of all patients 

in whom we performed intraoperative ICA ligation or postoperative ICA balloon occlusion 

showed ICA aneurysm thrombosis.

Complications

In total 2 patients (6%) had a fatal complication and 7 patients (21%) had a non-fatal 

complication. (Table 2.3)

In both patients with a fatal complication the bypass procedure as such was 

performed without complications and the ICA was not intraoperatively ligated. These 2 

patients died postoperatively before we could occlude the ICA with detachable balloons. 

The first patient died from an air embolus originating from a central line 1 day 

postoperatively. The other patient died after an aneurysm bleed 2 days postoperatively. 

This patient presented preoperatively with a SAH, Hunt and Hess scale (HHS) IV. 12, 13 

Description Total (%)

Fatal complications

Postoperative intracranial air embolism• 1 (3)

Postoperative aneurysm rupture• 1 (3)

Non-fatal complications

Intraoperative ischemia• a 1 (3)

Postoperative ischemia• 3 (9)

Aneurysm bleed• a 2 (6)

Cranial nerve palsy• 2 (6)

Table 2.3 Complications.
a One patient suffered from both intraoperative ischemia as a postoperative minor aneurysm bleed. 
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We described the results of the ELANA high flow replacement bypass in the  

treatment of 34 patients with a giant or large intracranial aneurysm of the ICA proximal to 

its bifurcation. The ELANA high flow replacement bypass is a modification of the existing 

conventional EC-IC high flow bypass. During the construction of a conventional bypass the 

temporary occlusion of the recipient results in ischemic risk for the brain and time pressure 

for the neurosurgeon because a small end - to - side anastomosis on an essential cerebral 

artery has to be made in a limited period of time.

The ELANA technique minimizes these problems, because the recipient stays open 

during the entire procedure. Temporary occlusion time is eliminated maximizing brain 

protection during bypass construction. 

The ELANA high flow replacement bypass is a safer form of bypass grafting, because less 

exposure of the recipient artery is necessary and other brain protection measurements, 

such as hypothermia, circulatory arrest as well as barbiturate protection, are not necessary. 

This study shows promising results in clinical application of the ELANA technique in the 

treatment of giant and large ICA aneurysms.

occlusion. No complications occurred in the 4 other patients. 

In 5 patients (15%), in whom we left the ICA open during the bypass operation, the 

bypass thrombosed after the operation. No ischemic complications occurred and we could 

construct a second bypass that was successful in all cases.

Follow-up

Overall clinical results are listed in Table 2.4. Of in total 34 patients, 24 patients (71%) 

had a short-term favorable outcome and 10 patients (29%) had a short-term unfavorable 

outcome. Two of these patients (6%) died. On long-term 25 patients (74%) had a favorable 

outcome, of which 16 patients (47%) had an identical mRs score and 9 patients (26%) had a 

better mRs score compared to preoperative. Seven patients (21%) of the 34 patients had a 

long-term unfavorable outcome. Long-term data is missing for 2 patients (6%) because they 

were lost to follow-up.

In total, long-term dependency did not increase compared to preoperative 

dependency. Preoperatively, 29 patients (85%) were independent and 5 patients (15%) 

were dependent. On short-term 25 patients (74%) were independent, 7 patients (21%) were 

dependent and 2 patients (6%) died. On long-term 27 patients (79%) were independent, 3 

patients (9%) were dependent and data were missing in two patients (6%). From these two 

patients, 1 was independent on short-term and 1 was not.

In 27 patients presenting with cranial nerve compression these symptoms resolved 

completely in 10 patients (37%). In 19 patients presenting with nII compression, symptoms 

completely resolved in 6 patients (32%). In 12 patients presenting with nIII, IV or VI 

compression, symptoms completely resolved in 4 patients (33%).

Description Total (%) N/A (%)

† 2 (6) 0

Favorable outcome

Short-term• 24 (71) 0

Long-term• 25 (74) 2 (6)

Independent b

Preoperative• 29 (85) 0

Short-term• 25 (74) 0

Long-term• 27 (79) 2 (6)

CNC (n= 27) recovery 10 (30) 2

Table 2.4 Clinical outcome.a

a N/A, not available; CNC, Cranial Nerve Compression.  
b Modifi ed Rankin scale score > 2.
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requiring cerebral revascularisation. 23 Twelve of these aneurysms were situated on the 

supraclinoid ICA and treated with a STA to MCA bypass. How many aneurysms of these 12 

were located on the ICA bifurcation is unclear. Unfortunately no results for only the ICA 

group were given, but a total long-term bypass patency rate of 92% is described. A favorable 

outcome (Glasgow Outcome Score (GOS) 4 or 5) of 93 % is described with a follow-up period 

of 2,3 year and a mortality of 1%.

Sekhar et al. presented a series of 133 patients treated with cerebral revascularisation. 
20 Fifty of these patients suffered from an aneurysm, but locations are not described. An 

overall graft patency of 95,6% and an ischemic complication rate of 17% is presented. 

Favorable outcome, defined as GOS 4 or 5, is 76% in this study. Twenty patients (15%) died, 

of which 15 patients suffered from a tumor for which this bypass was needed.

Jafar et al. presented a series of 29 patients with giant intracranial aneurysms. 4 

Eighteen of these aneurysms were located on the intradural ICA. They presented a total 

graft patency of 93%. Two complications are described (6%) and 1 patient died (3%).

Despite technical excellent results, we cannot conclude from these studies that 

the patients have a long-term functional benefit. No delayed complications or long-term 

functional health data after bypass surgery were described. However these reports show 

that the treatment of giant and large aneurysms is accompanied with high risk. This is 

confirmed by our study. To make a good comparison between conventional bypass grafting 

and bypass grafting with the aid of the ELANA technique, a prospective randomised 

controlled study would be necessary.

Conclusion

This study shows that ICA occlusion combined with the ELANA high flow replacement 

bypass, providing maximal brain protection because of its non- occlusive character, is 

a reliable and effective method to treat patients with giant and large aneurysms of the 

ICA. The ELANA high flow replacement bypass seems at least as safe and effective as the 

conventional EC-IC bypass techniques in the treatment of giant or large aneurysms of the ICA. 

However, the treatment of giant and large intracranial ICA aneurysms remains high risk. The 

addition of ELANA to the treatment armamentarium of the operating surgeon will give the 

neurosurgeon greater flexibility and treatment options which will become complementary 

to and not exclusionary to the current conventional EC-IC bypass techniques.

Natural history

No specific series describing the natural history of intracranial ICA aneurysm 

proximal to its bifurcation can be found in literature, but a number of authors reported 

that the outlook for patients with large and giant aneurysms in the intracranial anterior 

circulation is very poor. Rinkel et al. conducted a systematic review on risk of rupture of 

intracranial aneurysms and estimated the risk of rupture in symptomatic aneurysms 6,5% 

per year. 12, 14 The International study of Unruptured Intracranial Aneurysms observed a 

cumulative 5 year rupture rate in giant aneurysms of the intradural anterior circulation 

of 40%, and a mortality after rupture of 65%. 15 Peerless et al. reported mortality rates of 

68% after 2 years and 85% after 5 years. 16 The study of Ljunggren et al. demonstrated a 

mortality or severe morbidity rate of 80% within 5 years of patients with conservatively 

treated symptomatic giant intracranial aneurysms. 17 Hijdra et al. observed that 59% 

of patients surviving an aneurysm rupture became dependent. 18 This poor prognosis 

warrants aggressive therapeutic intervention. The results of our current study are beneficial  

compared to these natural course data. 

Exact comparison of these data with our results is problematic. Natural history 

studies contain a cohort of patients to whom treatment has been withheld, frequently 

because the target lesions have been judged too complex or dangerous to be treated 

surgically and/or the patient is at too high risk for surgery.  Although the ELANA high flow 

replacement bypass makes it possible to treat the most complex and dangerous target 

lesions, because it is unnecessary to manipulate the aneurysm itself and the anastomosis 

can be made without temporary occlusion of the recipient artery, the natural history cohort 

possibly represents a higher risk to patients to begin with. Therefore there is a chance that 

natural history data are skewed toward poor outcomes. To make an exact comparison, a 

matched control group would be necessary. 

Other studies

It is possible for a skilled neurosurgeon to treat these difficult ICA aneurysms with 

a common bypass technique in which the recipient is temporary occluded. To decrease the 

ischemic risk of temporary occlusion, the distal end of conventional bypasses are placed 

more distally in the cerebral circulation. These bypasses are for example constructed from 

the ECA to an M2 segment of the MCA or from the superior temporal artery (STA) to an 

M2 or M3 segment of the MCA. Since 1969 a number of authors have reported on EC-IC 

bypass surgical techniques. 3-5, 19-22  These reports describe perioperative ischemia and graft 

occlusion as frequent and distressing complications. In the past 10 years a few larger series 

from experienced authors were published.4, 20, 23

Lawton et al. (1996) describe a consecutive series of 61 patients with 63 aneurysms 
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Abstract

Objective

To define the clinical value of the flow replacement bypass, using the excimer laser assisted 

non-occlusive anastomosis (ELANA) technique, in the treatment of patients with a non-

coilable, non-clippable giant intracranial aneurysm of the middle cerebral artery (MCA).

Methods

Between 1999 and 2006, 22 patients with a giant intracranial aneurysm of the MCA were 

treated in our hospital with an ELANA flow replacement bypass and MCA occlusion. We 

collected data for patient characteristics, operative aspects, complications and functional 

health scores using the modified Rankin scale (mRs). Mean follow-up was 3.6 years (range 

0.2 – 7.7 years).

Results

We were able to construct a patent bypass in 20 out of 22 patients (91%). All 34 ELANA 

attempts resulted in a patent anastomosis with a strong backflow directly after ELANA 

catheter retraction. During none of the ELANA constructions the recipient had to be 

temporarily occluded. Mean intra- to intracranial (IC-IC) bypass flow was 53 (± 13) mL/

min. MCA aneurysm treatment was attempted in all 20 patients with a patent bypass, and 

was successful in 19 of these patients. We experienced a fatal hemorrhagic complication 

in 1 patient (5%), a non-fatal hemorrhagic complication in 3 patients (14%) and a non-fatal 

ischemic complication in 6 patients (27%). At follow-up 17 patients (77%) had a functionally 

favorable outcome (mRs at follow-up ≤ mRs preoperative). All these patients were 

independent at follow-up (mRs ≤ 2).

Conclusion

This study demonstrates satisfactory results in the treatment of giant MCA aneurysms 

with an ELANA flow replacement bypass considering their very grave natural history and 

treatment complexity. 

Introduction

Patients with a giant aneurysm (more than 2.5 cm in diameter) on the middle 

cerebral artery (MCA) may present with a subarachnoid hemorrhage (SAH), mass effect, 

ischemia because of embolisms from the aneurysm or they may incidentally be discovered. 

These aneurysms are life threatening lesions. A mortality rate of 65-85% within 2 years 

because of rupture or re-rupture is described. 1-4 Survivors of aneurysm rupture often are 

left with severe disabilities. 5 Some form of treatment is almost always warranted to cure 

or alter this grave natural course posing a tremendous challenge to the neurosurgical and 

endovascular team. 

The preferred treatment option of these aneurysms is direct clip placement across 

the aneurysm neck or coiling of the aneurysm lumen preserving blood flow through 

parent and branch vessels. 2, 6 This is however often impossible because of a too broad 

neck, branches originating from the aneurysm, too difficult surgical access or vulnerability 

of the aneurysm. As a second option the MCA can be temporarily occluded, giving the 

surgeon time to exclude the aneurysm from the circulation. This procedure is technically 

difficult with an associated high ischemic risk for the patient and high time pressure for 

the neurosurgeon. 7 A third treatment option is the construction of a so called ‘protective 

bypass’. The aneurysm is clipped or coiled under protection of this bypass, maintaining the 

original MCA vascular territory. After clipping or coiling the protective bypass is in principle 

not longer necessary. The fourth and last treatment option is the construction of a so called 

‘flow replacement bypass’. After construction of this bypass the aneurysm is excluded from 

the circulation by occluding one or more MCA branches proximally and/or distally from the 

aneurysm resulting in aneurysm thrombosis. The flow replacement bypass preserves flow 

to the distal MCA territory preventing cerebral ischemia. 

Several authors reported small series and case reports about flow replacement 

bypassing in the treatment of giant MCA aneurysms. 8-17 The bypass techniques described 

however still demand temporary MCA occlusion to construct an end-to-side anastomosis 

on the MCA which is theoretically accompanied by significant ischemic risk. 7 Most authors 

used an STA-MCA bypass which reverses flow direction starting on a recipient artery with 

a small diameter. The mathematical model of Hillen et al. 18, 19 provides hemodynamical 

arguments  that larger diameter bypasses (> 2mm) should be preferred to replace flow in 

the MCA (which can be up to 120 mL/min 20). An IC-IC bypass should  be able to replace the 

MCA in the orthograde, physiologic direction. Conventional anastomosing techniques are 

available but again are associated with ischaemic risk factors.

The excimer laser assisted non-occlusive anastomosis (ELANA) technique 

theoretically circumvents these problems.21-25 
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We reviewed our experience of flow replacement bypasses with the aid of the ELANA 

technique in the treatment of giant MCA aneurysms in our department from 1999 to mid 

2007.

Patients and methods

Patients

We included all patients with an MCA aneurysm treated from 1-1-1999 until 1-6-

2007 with a flow replacement bypass containing 1 or more ELANA anastomoses. Patients 

treated without bypass or with a protective bypass were excluded. Twenty-two patients 

were included. Baseline characteristics of these patients are listed in Table 3.1. Mean age  

(± SD) was 45 (± 16) years and 9 patients (41%) were female. All aneurysms were giant (> 2.5 cm 

diameter), the mean diameter (± SD) of the 22 MCA aneurysms was 38 (± 12 mm), measured 

on imaging. Twenty aneurysms (91%) originated from the M1 or its bi-or trifurcation and 2 

aneurysms originated from the M2 (9%). All these aneurysms were assessed as unclippable 

and uncoilable by a team of experienced neurosurgeons and intervention radiologists. 

Eleven aneurysms (50%) presented with a subarachnoid hemorrhage (SAH). In 4 patients 

(18%) previous attempts were performed to treat the aneurysms by clipping or coiling. 

 

Data collection

We studied operative reports, clinical files, nursing reports and imaging. We 

collected preoperative, short-term and long-term data for patient characteristics, operative 

aspects, complications and functional health scores. Preoperative data were used from 

patient admittance records. Short-term data were collected from information recorded at 

the time of patient discharge after surgery from our hospital (mean of 21 days, range, 2- 56 

days). Long-term data were updated by means of sending a questionnaire to all patients 

in August 2007. One of the authors (TPCvD) telephonically discussed the answers with all 

patients or their caretakers (mean 3,6 years, range, 0.2-7.7 years after surgery) 

To express the functional health of the patients we analyzed their score on the 

modified Rankin scale (mRs, Table 2.2) [35]. The aim of the treatment is to remove the 

aneurysm without decreasing the functional health of the patients. Therefore, we defined 

a favorable functional postoperative outcome as a higher or equal preoperative mRs . We 

defined patients with a mRs 3 (= moderate disability, needing help in daily life, but walking 

without assistance) or worse as dependent. 

Description Total (%)

General

     Patients 22 (100)

     Mean age  ± SD 45 ± 16

     Women 9 (41)

Risk factors

     Hypertension 5 (23)

     Current smoking  15 (68)

     Diabetes Mellitus 0 (0)

     First relatives with SAH 4 (18)

Aneurysm

     Left MCA aneurysm 9 (41)

     M1 20 (91)

     M2 2 (9)

     Saccular 10 (46)

     Fusiform 12 (55)

     Mean lumen diameter in mm ± SD 24 ± 8

     Mean total diameter in mm ± SD 38 ± 12

Presenting symptom

     SAH 11 (50)

     Epilepsia 3 (14)

     TIA’s 3 (14)

     Ischemic stroke 1 (5)

     No objective symptoms 4 (18)

Earlier interventions

     Clipping 1 (5)

     Coiling 3 (14)

Table 3.1 Baseline characteristics

SD, standard deviation; SAH, subarachnoid hemorrhage; TIA, 

Transient Ischemic Attack; MCA, Middle cerebral Artery. 
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Results

Surgical procedures

All bypass procedures were performed by our senior author (CAFT) or second 

author (AvdZ). The ELANA anastomosis technique has been described in Figure 1.6, and the  

specific principle of ELANA flow replacement bypassing in Figure 1.7.

In each of the 22 patients a bypass was constructed with 1 or 2 ELANA anastomoses. 

In 3 patients a second bypass procedure was performed after failure of the first bypass 

attempt. Therefore in total 25 bypasses were constructed (Table 3.2). In 20 of the 22 patients 

(91%) eventually a patent bypass was constructed. Median total surgery time (from incision 

until finishing of skin closure) was 9,5 hours [Range, 7,5- 13 hours]. Median time until the 

bypass was opened for the first time was 6 hours [Range, 5-8 hours]. 

We used three kind of bypasses:

Type I (Figure 3.1) is an intra to intracranial (IC-IC) bypass with a proximal and distal 

ELANA anastomosis. The proximal anastomosis is constructed on the ICA or proximal MCA 

(M1) and the distal anastomosis on the distal MCA (M2 or M3). We prefer this type of bypass 

to replace the MCA flow and used it in 9 out of 25 bypass procedures (36%). In 3 patients 

a second important MCA branch left the aneurysm which could be reached surgically. In 

those cases a Y shaped bypass was created with 1 proximal ELANA anastomosis, 1 distal 

ELANA anastomosis and 1 extra distal conventional anastomosis. 

Type II (Figure 3.2) is an IC-IC bypass with a proximal ELANA anastomosis and a 

distal conventional anastomosis. This type of bypass was constructed in 14 out of  25 bypass 

procedures (56%) because the distal MCA branch was smaller than 2.6 mm (the minimal 

diameter of the ring used in the ELANA technique). 

Type III is an extra- to intracranial (EC-IC) bypass with a distal ELANA anastomosis 

on the distal MCA and a proximal conventional anastomosis on the external carotid artery 

(ECA). This type of flow replacement bypass was described before in the treatment of ICA 

aneurysms [34]. We used this type in 2 out of 25 bypass procedures (8%) because a suitable 

proximal anastomosis site was not within surgical reach. 

Out of 53 anastomoses, 34 were ELANA’s (64%) (Table 3.2). All 34 ELANA attempts 

resulted in a patent anastomosis with a strong backflow directly after ELANA catheter 

(Elana bv®, Utrecht, the Netherlands) retraction. During none of the ELANA constructions 

the recipient artery  had to be temporarily occluded. In 6 ELANA anastomoses (18%) the disc 

of arterial wall (the ‘flap’) which is normally attached to the tip of the catheter after lasering 

and catheter retraction was not found on the tip. We still used these ELANA anastomoses 

because the arteriotomy proved to be widely patent, considering the immediate strong 

backflow from the anastomosis after ELANA catheter retraction. None of the 4 patients 

Desciption Total (%)

Bypass  procedures 25 (100)

     Type I 9 (36)

          ICA - M2 3 (12)

          ICA- M2 + conventional M3 (Y-shaped bypass) 1 (4)

          ICA - M3 1 (4)

          M1 -  M2 2 (8)

          M1- M2 + conventional M2 (Y-shaped bypass) 1 (4)

          M1 - M2 + conventional M3 (Y-shaped bypass) 1 (4)

     Type II 14 (56)

          ICA -  M2 3 (12)

          ICA  - M3 7 (28)

          M1 - M2 1 (4)

          M1 - M3 3 (12)

          

     Type III 2 (8)

          ECA - M1 1 (4)

         ECA - M2 1 (4)

Aneurysm treatments 20 100

     Total trapping 8 (40)

     Partial trapping 11 (55)

          Proximal and distal  selective MCA branch occlusion 1 (5)

          Proximal  MCA occlusion 5 (23)

          Distal M1 occlusion 3 (14)

          Distal selective MCA branch occlusion and    

          postoperative aneurysm coiling.

2 (9)

     Spontaneous thrombosis after bypass construction 1 (5)

Table 3.2  Treatment

Type I, Proximal and distal ELANA anastomosis; Type II, Proximal ELANA and distal conventional anastomosis; 

Type III, Proximal conventional and distal ELANA anastomosis; MCA, middle cerebral artery; M1, 

part of MCA before its bifurcation; M2, part of MCA after its fi rst bifurcation; M3, part of MCA after its

 second bifurcation; ECA, external carotid artery.
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A

B

B

Figure 3.1  Type I bypass

A Preoperative image of a giant MCA aneurysm. 

B  Postoperative angiography of a intra-intracranial bypass with a proximal and distal ELANA anastomosis (type I).  

The aneurysm was trapped. Bypass flow was 70 mL/min, patient had a excellent outcome (mRankin 0).

Figure 3.2  Type II bypass

A Preoperative angiography of a giant MCA aneurysm.

B  Postoperative angiography of a intra-intracranial bypass treated with a proximal ELANA anastomosis and a distal 

conventional anastomosis (type II). The aneurysm was trapped. The postoperative spasm of the ICA just proximal 

from the ELANA ring did not have clinical consequences. Bypass flow was 45 mL/min. The patient had an excellent 

functional outcome (mRankin 0).

in which these 6 anastomoses were constructed developed an ischemic event and the 

bypasses all remained patent.

Aneurysm treatment was attempted in all patients with a successful bypass (20 

patients). (Table 3.2) In 19 of these 20 patients we induced aneurysm thrombosis with 

different clip configurations on the MCA. The exact location where the clips were placed 

depended on individual aneurysm and MCA configuration. Our prefered method was total 

exclusion of the aneurysm from the circulation during the same procedure with clips on the 

MCA proximally and distally from the aneurysm. This so called ‘total trapping’ leaves no 

flow in the aneurysm. Total trapping was performed in 8 patients (40%). Seven of these total 

trappings were performed during the same procedure directly after the bypass construction 

and 1 total trapping was performed during a second procedure. Sometimes, anatomical 

characteristics of the aneurysm base (for example calcification or vessel incorporation)  

does not allow clip application on the MCA near the aneurysm. In that case we tried  

different so called ‘partial trapping’ clip configurations on the proximal and/or distal parts 

of the MCA, leaving a selection of proximal and/or distal MCA branches patent. 

After every temporary clip placement we measured bypass flow and MCA flow using 

single vessel flowmetry (Transonic Systems Inc.® Ithaka, NY, USA). We accepted the clip 

configuration if it was considered significant enough to induce aneurysm thrombosis. This 

partial trapping approach was used in 11 patients (55%). In 2 of these patients there was still 

a considerable flow in the aneurysm after distal partial trapping. These remnants, including 

the parent vessel, were successfully coiled after surgery. Finally, in 1 patient (5%) we did not 

place any clips on the MCA intraoperatively, but we planned postoperative MCA occlusion 

with a detachable balloon. However, the aneurysm spontaneously thrombosed after  

bypass construction and MCA occlusion was not necessary anymore. 

We preferred anticoagulant treatment intraoperatively and postoperatively. 

Preoperatively, we did not anticoagulate because of the supposed risk of hemorrhagic 

complications during the exploration of the aneurysm in the first part of the surgery. 

Heparin was administered intravenously by bolus injection (1000 IU) at the moment the 

bypass was opened. During the rest of the procedure approximately every 2 -3 hours an extra 

bolus of 1000 IU of heparin was administered. At the end of surgery the median quantity of 

intraoperatively administered heparin was 2000 IU [Range, 1000-5000]. Postoperatively all 

patients received bypass thrombosis profylaxis. From 1999- 2002 this was achieved with 50 

grams Dextran-40 (Rheomacrodex ®) per 24 hours and from 2002 on with heparin 15000 

IU per 24 hours.  These medications were both administered during 3 days on the intensive 

care unit. On the third day these were stopped and 1 daily dose of 80 mg acetylsalicylic acid 

was started.
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patent. Postoperative imaging showed the bypass to be patent. However, the aneurysm 

ruptured 1 day postoperatively and the patient died. In the second patient the aneurysm 

bled postoperatively after an uncomplicated bypass procedure and the application of 1 

distal clip on a distal bypassed MCA branch (partial trapping). The bypass occurred to be 

occluded on imaging. Fortunately the patient recovered and a second bypass procedure 

was successfully performed 6 months later, after which the aneurysm spontaneously 

thrombosed. In the third patient we primarily planned a protective bypass. We constructed 

a M1-M3 (IC-IC) bypass and clipped a fusiform 40 mm M1 aneurysm leaving the MCA totally 

intact. However the aneurysm bled postoperatively. We directly trapped the aneurysm in a 

second procedure. The bypass was found still patent and was able to facilitate the flow in the 

total MCA territory. Because of the hemorrhage, this patient had an unfavorable functional 

outcome. In the fourth patient a hemorrhage was seen on imaging in the aneurysm region 

after the construction of an M1-M3 bypass and the application of a hemoclip proximal from 

the aneurysm on the M1. We immediately took the patient to the OR and concluded that no 

further treatment options remained due to the inaccessibility of the aneurysm. However 

the bypass remained intact and the aneurysm further thrombosed completely.

Three patients (14%) experienced a bypass related ischemic complication. They were 

all related to the distal conventional anastomosis. In the first of these 3 patients an Y shaped 

bypass on the left MCA failed postoperatively after intraoperative aneurysm trapping 

causing total MCA occlusion. Imaging showed the thrombosis to begin at the site of the 

distal conventional anastomosis while the ELANA anastomosis remained patent. Two weeks 

after surgery the bypass was fully thrombosed. We decided not to perform a second bypass 

procedure because of the relatively small neurologic deficits (paresis right hand), probably 

due to a preoperatively shown large intracrerebral and leptomeningeal collateral network. 

In the other two patients an ischemic region was observed at the site of the temporary 

occluded recipient distal M2 and M3 branch. 

Four patients (18%) experienced minor ischemic symptoms because of the occlusion 

of small MCA branches leaving the aneurysm due to aneurysm thrombosis. However 

none of these patients suffered from a bad functional outcome (mRs postoperative > mRs 

preoperative).

Two patients experienced bypass failure because of thrombosis at the distal 

conventional anastomosis site. They experienced no ischemic complications and therefore 

no neurologic sequelae. In both patients it was very difficult to find a suitable location for the 

distal anastomosis. The thrombosis was already observed intraoperatively, and therefore we 

did not occlude the MCA. A second bypass procedure was performed in both patients. After 

the bypass the aneurysm was intraoperatively trapped in 1 patient, but in the second patient 

the small distal anastomosis caused the bypass to fail again. During the same procedure 

We measured flow after bypass completion using single vessel flowmetry. We put 

the flowprobe directly on the bypass. In case of arterial spasm, we locally applicated diluted 

papaverin (0,1 mg per mL). Mean intraoperative flow (± SD) through the 23 IC-IC bypasses, 

before any part of the MCA or aneurysm was occluded, was 15 (± 10) mL/min. The 2 EC-IC 

bypasses had a flow before MCA occlusion of respectively 35 mL/min and 50 mL/min. The 

mean intraoperative flow through the IC-IC bypasses after partial or full MCA occlusion, 

measured at the end of the operation, was 53 mL/min (± 13). In the first EC-IC bypass patient 

we did not record our intraoperative measurements, however a postoperative flow of 100 

mL/min through this bypass was measured with magnetic resonance flowmetry. In the 

second EC-IC bypass patient we did not occlude any part of the MCA intraoperatively, bypass 

flow was 50 mL/min at closure.

Complications

One patient experienced a fatal complication (5%) and 8 patients (36%)  

experienced a non-fatal complication. (Table 3.3)

Four patients (18%) suffered from a postoperative aneurysmal subarachnoid 

hemorrhage. For the first patient (5%) this complication was fatal. This patient had a 

60 mm thin-walled fusiform MCA aneurysm. Therefore partial or total trapping after 

construction of the EC-IC bypass was extremely difficult. Instead we planned to occlude 

the M1 part of the MCA with coils or a balloon 3 days postoperatively if the bypass proved 

Description Patients (%)

Fatal 

     Aneurysm hemorrhage 1 (5)

Non-fatal 1 10 in 8 patients (36)

     Aneurysm hemorrhage 3 (14)

     Ischemic 7 in 6 patients   (27)

Failure conventional anastomosis- 1 (5)

Construction conventional anastomosis- 2 (9)

Thrombosing aneurysm - 4 (18)

Table 3.3 Complications
1 Two patients with 2 complications: the fi rst patient with an haemorrhagic and an ischemic 

complication and the second patient with 2 ischemic complications respectively due to temporary 

M3 occlusion during conventional anastomosis construction and due to postoperative aneurysm thrombosis.
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Functional outcome 

At patient discharge from the hospital (mean 21 days, range 2- 56 days) after surgery, 

16 out of 22 patients (73 %) had a favorable functional outcome (all equal to preoperative 

mRs) while 6 patients (27 %) had an unfavorable functional outcome. One of the patients 

died (5%) and 8 patients (36%) were dependent. 

On long-term (mean 3.6 years, range 0.2-7.7 years) after surgery, 17 patients 

(77%) had a favorable outcome, of which 7 patients (32% of total) had an identical mRs 

and 10 patients (45% of total) had a better mRs compared to the preoperative mRs. Five 

patients (23%) had a long-term unfavorable outcome. (Table 3.4) In 4 of these patients 

the unfavorable outcome was surgery related (18%) and in 1 patient this was not surgery 

related (5%). He died suddenly 2 months postoperatively due to an unknown cause. A post-

mortem examination was refused by family. However, we confirmed bypass patency and 

total aneurysm thrombosis by angiography 2 weeks before his death. 

the fusiform aneurysm was explored in this patient. The risk of a new bypass, clipping or 

coiling was assessed too large so we decided to stop treatment. In total, as described above 

in the different complications, 4 bypasses occluded because of thrombosis at the distal 

conventional anastomosis site (16%), and 1 bypass thrombosed because of a postoperative 

aneurysm hemorrhage (4%), resulting in a short-term bypass patency  20 out of 25 bypasses 

(80%).

After the 7 procedures in which we totally trapped the aneurysm directly after bypass 

construction during the same procedure, the patients showed a trend of less hemorrhagic 

complications but more ischemic complications than after the 18 procedures in which we 

did not totally trap the aneurysm directly (0% versus 22% hemorrhagic complications in the 

2 groups and 50% versus 18% ischemic complications in the 2 groups respectively). However, 

these groups are too small to draw firm conclusions. Statistically, the differences are not 

significant (p = 0.26 and p = 0.15 respectively, 2-sided Fisher’s exact chi-square test). 

Bypass follow- up

We performed a short-term follow-up angiogram or magnetic resonance 

angiography (MRA) mean 18 days (range 1 – 51 days) after surgery in the 19 patients, in which 

we created a patent bypass and excluded the aneurysm from the circulation. In 18 out of the 

19 patients the bypass appeared to be still patent. In 1 patient it was impossible to assess 

whether the bypass was patent on MRA, because of artifacts due to the aneurysm clips. 

This patient refused CTA and angiography. His peripheral MCA branches however showed 

maximum filling, no ischemia was seen and he did not experience symptoms. 

Imaging during follow-up was not standardized in these patients, because this is 

accompanied by a small risk, while the aneurysm was proven to have totally disappeared 

short-term postoperatively (including its parent vessel) and none of the patients experienced 

any new or worse clinical symptoms. However, in 3 patients who showed a patent bypass 

on short-term imaging we performed long-term follow-up angiography respectively 1, 2 

and 3 years after the procedure, because of scientific interest and a request of the patients 

themselves. In the patient with an angiogram 1 year postoperatively, a patent bypass was 

seen. In the patients with an angiogram respectively 2 and 3 years postoperatively, it was 

seen however  that the bypass had thrombosed and the whole MCA territory was supplied by 

leptomeningeal and intracerebral collaterals from the anterior cerebral artery and posterior 

cerebral artery. Patients hereby experienced no signs or symptoms and no ischemia was 

found on imaging.

Description Total (%)

Mortality 1 (5)

Favorable outcome

     Short-term1 16 (73)

     Long-term2 17 (77)

Independent 

     Preoperative 17 (77)

     Short-term1 13 (59)

     Long-term2 17 (77)

Table 3.4  Clinical outcome
1  mean 21 days, range 2 - 56 days.
2  mean 3-6 years, range 0.2 - 7.7 years.
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a good outcome (GOS 4) in 3 patients (14%), an unfavorable outcome (GOS 3) in 4 patients 

(18%) and a poor outcome (GOS 1) in 2 patients (9%). Our good or excellent outcome in 82% 

on the GOS however does not take the preoperative functionality into account. The GOS 

is only sufficiently validated as an outcome scale for trauma patients. A second reason for  

the problematic comparison is that these studies do not describe flow results. The  authors 

mostly used conventional STA-MCA bypasses which facilitate a flow of approximately 10-

40 mL/min. 32, 33 Although higher flows are mentioned in literature, the variability of the 

STA diameters and therefore STA-MCA bypass flows might influence the safety of  the 

treatment  of these aneurysms. Our mean IC-IC bypass flow is 53 mL/min, which can be 

considered as significantly better to safely replace the total MCA territory, minimizing the 

need for acute dependence on additional collateral cerebral circulation. Finally, comparison 

is in fact impossible because we cannot extract the detailed outcome of the individual  

MCA cases from these reports. Although these series show a generally good outcome, MCA 

revascularization is particularly difficult and is often accompanied by specific complications. 

Therefore these aneurysms should be considered as a separate group. 

This study

This study contributes to existing knowledge on the treatment of uncoilable 

unclippable giant MCA aneurysms with the largest unique series of these patients to date. 

However, the study has some limitations. The first limitation is its retrospective 

character. We do not have a uniform control group. However, a prospective randomized 

controlled study in patients with giant MCA aneurysms to compare the ELANA flow 

replacement bypass with the natural course or the conventional flow replacement bypass 

would be difficult. At first because of the well known grave natural history of these lesions, 

second because of the small number of patients and finally because conventional bypass 

grafting on the intracranial ICA or proximal MCA without the ELANA technique is of very 

high risk. Comparison of our studies with historical natural course data is problematic. It is 

not known if there are patients in the group in which the natural disease course was studied, 

in which treatment was withheld. Therefore the natural course data could be skewed 

towards poor outcomes.

A second limitation of this study is the variation in bypass locations and aneurysm 

treatment modalities. Variation in bypass placement was caused by the large variation in 

MCA and aneurysm configuration. The MCA varied in locations and volumes of branches 

and associated leptomeningeal and intracrerebral collaterals. 34-36 These variables determine 

the peripheral resistance. The peripheral resistance influences the flow through the bypass, 

so the absolute flow values have a large variation, even if placed on identical anatomical 

locations. Therefore, absolute flow values through the bypass do not predict the irrigation-

Discussion

In this study we describe the outcome of 22 patients with a giant aneurysm of the 

MCA treated with an ELANA flow replacement bypass and MCA occlusion. 

Other studies

A significant number of case reports with a satisfactory outcome regarding MCA 

revascularization with conventional bypassing in aneurysm treatment have been published.  
8-17 However, we cannot conclude from these reports that a conventional bypass is generally 

feasible and successful.  Samson et al. addressed the specific practical and theoretical 

limitations of this therapeutic approach. 26

A few experienced surgeons included patients with MCA aneurysms in larger 

series on cerebral revascularization. Lawton et al. in 1996 reported a consecutive series of 

61 patients with 63 aneurysms requiring cerebral revascularization. 27 Seventeen of these 

patients harbored a MCA aneurysm but they were not separately described. The total acute 

graft occlusion rate was 5 %. Ischemic complications unrelated to graft occlusion were 

noted in 5% of cases. In total 93% had a good outcome (Glasgow Outcome Score (GOS) 4 

or 5). Mean follow-up was 2.3 years. The series of Lawton et al. in 2005 included 20 patients 

with an intracranial aneurysm treated with a bypass and parent artery occlusion. 28 In seven 

of those patients the MCA was revascularized. One of these seven patients died. Further 

data on this MCA subgroup were not described. In total 20 patients treated with a bypass 

and parent vessel occlusion were described in this paper. They reported 10% early bypass 

occlusion, 5% unintended branch occlusion, 90% good outcome and 10% mortality. Drake 

et al. showed in their extensive series 13 patients with an aneurysm on the MCA of which 9  

were treated with a bypass and parent vessel occlusion. 3 Three of these bypasses thrombosed 

(33%). They report a good or excellent outcome for 8 out of 13 patients (62%), poor for 4 out 

of 13 patients (31%) and death for 1 patient (8%) with operative morbidity in 3 patients (23%). 

Ewald et al. published 8 cases of giant aneurysms of which 3 grew from the MCA. 29 In these 

3 patients an EC-IC bypass was performed combined with aneurysm resection. In all three 

patients they successfully obliterated the aneurysm and constructed a patent bypass. They 

mention an ischemic complication in 1 of these patients.  Jafar et al. describe 29 patients with 

giant intracranial aneurysms. 30 Two of these patients harbored an MCA aneurysm, however 

their outcome has not been reported separately. They presented a total graft patency of 

93%. Three complications are described (10 %), including 1 fatal complication (3%). 

Comparison of these studies with our study is problematic. At first because we used 

different outcome measurements. If we, as in most studies described above, also had used 

the GOS 31, we would have had a long-term excellent outcome (GOS 5) in  15 patients (68%), 
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as a slowly fading non-physiological bridge to reach a new sound physiological situation 

with the aid of leptomeningeal and intracerebral collaterals. This hypothesis is supported 

by earlier reports on leptomeningeal function after MCA occlusion.34 This is important for all 

surgeons using cerebral revascularization as an instrument to treat intracerebral pathology, 

because follow-up in terms of bypass patency would then be less important than follow-up 

in terms of functional outcome, preferably measured with the modified Rankin score. Long-

term patency rates probably tell more about the vasculature of, and disease in the brain 

than about the quality of the bypass. Hopefully future studies will have larger numbers of 

patients and longer follow-up of vascular intracerebral adaptations created with the aid of 

the bypass in the brain, as well as follow-up of functional outcome assessment. This would 

further contribute to development of evidence based treatment of these very difficult to 

treat patients with a grim natural course.

Conclusion

This study shows that the treatment of giant MCA aneurysms with an ELANA flow 

replacement bypass has satisfactory results considering their very grave natural history and 

their treatment complexity. This study also shows that the ELANA technique, which facilitates 

an end-to-side anastomosis on locations impossible to graft on with a conventional end-

to-side anastomosis, is a useful addition to the treatment armamentarium of the vascular 

neurosurgeon.  

rate of the distal MCA territory. They cannot be regarded as a successful assessment tool. 

We recommend that, in the future, preoperative measurements of the flow through the 

ipsilateral and contralateral major cerebral arteries and its branches are performed. This 

could provide the surgeon with valuable data to determine intraoperatively if the measured 

flow through the bypass is acceptable. The variation in aneurysm treatment modality was, 

identical to the variation in bypass location, caused by the large variation in aneurysm 

configuration. Although not significant, it is noteworthy that after the 18 procedures in 

which we did not totally trap the aneurysm directly after bypass construction during the 

same procedure, 4 aneurysms started to bleed postoperatively (22%). Of these 4 events, 1 

was fatal and 1 occluded the bypass. These 4 events all caused a bad functional outcome in 

the patients. The ischemic complications because of trapping did not cause any decrease 

in functional outcome. The only bypass which occluded after trapping did not cause any 

decrease in functional outcome as well. Retrospectively this bypass was probably not 

necessary because of the preexistent large collateral flow through intracerebral and 

leptomeningeal collaterals, as shown on imaging. These differences in the ‘direct total 

trapping’ group versus the ‘not direct total trapping group’ suggest that direct total 

trapping of the aneurysm after bypass construction should be pursued whenever possible 

during the same procedure. It should be preferable to partial trapping or delayed aneurysm 

treatment. Prevention of hemorrhagic complications will probably outweight functional 

decrease caused by ischemic complications and will therefore lead to a better functional 

outcome for the patients. 

It has to be discussed further what the role of anticoagulation is in both ischemic 

complications (patency) and hemorrhagic complications. All patients followed more or 

less the same anticoagulation protocol, not withstanding small variations. This, combined 

with the relatively low number of patients, would make a well-founded statement based on 

these data unreliable. 

It is noteworthy that on short-term 3 bypasses occluded because of thrombosis 

at the site of the conventional anastomoses and another 2 patients had an ischemic 

complication with neurologic sequelae due to the temporary occlusion time which was 

necessary to construct a peripheral conventional anastomosis. This clearly shows that 

temporary occlusion of arteries in the brain is accompanied by high risk.

Long-term angiographic results in two patients showed an occluded bypass and an 

extensive collateral network, after an initial successful bypass construction which made 

these patients on short-term bypass dependent. Apparently they did not need the bypass 

anymore because they developed collaterals. This suggests that after bypass construction 

slowly a new equilibrium is established in the MCA flow territory, which varies individually. 

It can depend on preexistent collaterals and bypass location. The bypass then could function 
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Abstract

Objective

To define the safety and clinical value of giant aneurysm clipping under protection of an 

Excimer Laser Assisted Non-occlusive Anastomosis (ELANA) bypass.

Methods 

We report on 32 patients with an uncoilable intracerebral giant aneurysm, operated with 

the aid of an ELANA protective bypass between 1-1-1994 and 1-1-2008. We retrospectively 

collected data from patient records. Follow-up data were updated by telephonic interview.  

We defined a favorable outcome as a successfully treated aneurysm and a better or equal 

postoperative mRs (modified Rankin score) compared to the preoperative mRs.

Results

In total 33 bypasses were constructed, of which 31 were patent (94%) during the rest of the 

procedure. The first failed bypass was salvaged during a second procedure. Of the second 

failed bypass, the ELANA anastomosis could be reused during second bypass surgery. All 32 

aneurysms could be treated. The bypasses served as protection during temporary parent 

vessel occlusion (n= 24, 75%), as control during aneurysm rupture (n= 3, 9%), and in all 

patients as indicator for recipient artery narrowing during clip placement. Four bypasses 

(12%) eventually had to partially (n=3) or fully (n=1) replace recipient artery flow at the end 

of surgery.  Postoperatively 3 patients (9%) suffered from a hemorrhagic complication, of 

which 1 was fatal, and 2 patients (6%) suffered from an ischemic complication. At long-term 

follow-up (mean 6.1 ± 3.4 years) 28 patients (88%) had a favorable functional outcome.

Conclusion 

This study shows that the ELANA protective bypass is a safe and useful instrument during 

the treatment of these very difficult aneurysms. 

Introduction

An option which is often used during giant aneurysm clipping is temporary occlusion 

of the parent artery. This softens the aneurysm, allows readjustments of the clip or 

reconstruction with multiple clips in tandem or parallel configuration, permits visualization 

of branching arteries and perforators, avoids premature rupture and simplifies controlling 

intraoperative aneurysm rupture. 1, 2 However, temporary occlusion of a proximal cerebral 

artery may be accompanied by a significant ischemic risk for the patient. 1-4

The ischemic risk of temporary occlusion can be reduced by the construction of a 

temporary extra- to intracranial (EC-IC) or intra- to intracranial (IC-IC) bypass. Under this so 

called ‘protective bypass’ the definitive aneurysm clip still is placed on the aneurysm itself 

with the intention to exclude it from the circulation while the clip does not occlude the 

recipient artery. In principle, the protective bypass is used temporarily and is unnecessary 

at the end of the surgery. This bypass is different from a so-called ‘flow replacement bypass’.  

Under a flow replacement bypass the aneurysm and its parent artery are totally excluded 

from the circulation, and the bypass permanently takes over the flow.

If a protective bypass is constructed with conventional microsurgical techniques, 

temporary recipient artery occlusion is mandatory to attach the bypass. To provide sufficient 

bypass flow, in some cases an anastomosis has to be performed on a proximal cerebral 

artery like the internal carotid artery (ICA), proximal part of the middle cerebral artery, (M1) 

or proximal part of the anterior cerebral artery (A1). 5, 6 The Excimer Laser Assisted Non-

occlusive Anastomosis (ELANA) technique eliminates the ischemic risk associated with 

these anastomoses, 7-9 and facilitates a protective bypass in the original blood flow direction 

without having to temporarily occlude the parent vessel. (Figure 4.1) We reviewed our 

experience in the treatment of giant aneurysms with the aid of a protective ELANA bypass.

Methods

Patients

From 1-1-1994 until 1-1-2008, 32 patients with a giant intracranial aneurysm were 

treated with the aid of an ELANA protective bypass at the University Medical Center Utrecht, 

the Netherlands  (Table 4.1).  Mean age (± SD) was 53 ± 12 years and 24 patients (75%) were 

female. Sixteen patients (50%) had an ICA aneurysm, 12 patients (38%) had a middle cerebral 

artery (MCA) aneurysm, and 4 patients (13%) had an anterior communicating artery (ACOM) 

aneurysm. Aneurysm size was determined by CT or intraoperatively. Mean outer diameter 

was 31 ± 7 mm and mean inner diameter was 25 ± 9 mm. Twenty patients (63%) presented 
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primarily with a subarachnoid hemorrhage (SAH), 4 (13%) presented with cerebral ischemia, 

7 (22%) presented with mass effect, and in 1 patient (3%) the aneurysm was discovered 

incidentally. Twenty-four patients (75%) were functionally independent at presentation 

(Table 4.1).

Indication

We determined the indication for a protective bypass for these patients during 

weekly meetings with experienced neurologists and intervention radiologists. We applied 

3 main criteria: 1) the aneurysm had to be situated on a proximal cerebral artery in the 

anterior part of Willis Circle, 2) the aneurysm had to be uncoilable and 3) it had to be likely, 

based on our experience, that prolonged temporary occlusion (> 10 minutes) of the parent 

artery was needed to clip the aneurysm. 

Bypass technique

All patients described in this study were operated using a protective bypass with 

a proximal and/or distal ELANA anastomosis. The principle of this bypass is described and 

illustrated in Figure 4.1. The primary goal of the surgery using this bypass is to put definitive 

aneurysm clips on the aneurysm after the bypass attachment, while the full patency of 

the recipient artery is maintained. We did not include patients in whom the primary goal 

was to create a flow replacement bypass, with clips put proximally and/or distally from 

the aneurysm on the recipient artery to trap it partially or fully. Two subgroups of these 

excluded patients were described before. 8, 9However, one patient (number 26, Table 4.1) 

overlaps between this study and a flow replacement study. 9 This patient first received a 

protective bypass, which was used during the second surgery as a total flow replacement 

bypass. No other overlap exists between the different studies.

After initial exploration of the aneurysm and surrounding cerebrovascular anatomy, 

an intraoperative assessment was made to determine again the necessity of the bypass and 

the character of the bypass (protective or replacement). If it was decided that a bypass was 

necessary, definitive site selection for the 2 bypass anastomoses and the character of the 

anastomoses was determined. The two major factors that influenced the selection were 

the amount of flow which was necessary and the availability of suitable anastomosis spots. 

There are several minimum requirements for a suitable ELANA anastomosis site. First, the 

receiving artery has to have a minimum diameter of 2.6 mm and an accessible length of at 

least 3 mm. Secondly, this part has to be free of atherosclerosis. Thirdly, it should be possible 

to position the ELANA catheter perpendicular to the anastomosis site in the ring. For a 

conventional anastomosis, a site on a recipient has to be found  without atherosclerosis, 

with a minimal diameter of 1 mm, and with minimal size mismatch with the donor vessel.

Patient Sex age
Aneurysm 

location
Side

Size 

(mm)
Presentation

mRs 

pre
Bypass Compl

mRs 

fu

months 

of fu

1 F 65 ICA R 25 SAH 10 days preop        1 ECA ICA     None 0 27

2 F 63 ICA L 27 SAH 1 week preop        5 ECA ICA     None 4 63

3 F 35 ICA R 25 SAH 1 month preop        4 ECA ICA     None 0 69

4 F 48 ICA L 30 SAH 1 week preop        1 ECA ICA     None 0 60

5 F 52 ICA L 25 SAH 2 weeks preop        3 ECA M2  (r)   None 2 81

6 M 53 ICA R 25 SAH 1 year preop        1 STA ICA     None 0 157

7 F 42 ICA R 25 SAH 2 weeks preop        1 ECA ICA     None 0 150

8 F 70 ICA R 42 SAH 2 weeks preop        2 ECA ICA     None 1 132

9 F 30 ICA R 27 SAH 9 months preop        1 ECA ICA     None 0 168

10 F 63 ICA L 30 cnIII palsy        2 ECA ICA     None 1 72

11 F 56 ICA L 28 Cerebral infarction        5 ECA M2      None 3 60

12 F 73 ICA L 30 Headaches        1 STA ICA     None 0 72

13 F 37 ICA R 30 Epileptic fi ts        1 ECA ICA     None 0 147

14 F 53 ICA bif L 35 SAH 2 weeks preop        1 ICA M1      None 0 74

15 F 62 ICA bif R 30 SAH 3 months preop        1 ICA M2      None 1 60

16 F 36 ICA bif L 50 Headaches        2 ICA M1      None 1 64

17 F 47 MCA R 30 SAH 2 days preop        2 ICA M3 c None 0 64

18 F 35 MCA R 25 SAH 1 year preop        1 ICA M4c None 0 74

19 F 48 MCA R 25 SAH 3 weeks preop        2 ICA M2c   None 1 98

20 M 56 MCA L 25 SAH 2 weeks preop        1 ICA M2      None 0 45

21 F 47 MCA L 30 SAH 1 year preop        1 ICA M3c      None 0 18

22 F 42 MCA R 25 SAH 4 weeks preop        4 ICA M3c     None 2 60

23 F 48 MCA L 30 Cerebral infarction        4 ICA M3c     None 1 55

24 F 56 MCA R 35 Cerebral infarction        1 M1 M3c (r) Hemorrhagic 4 41

25 M 47 MCA R 25 TIA’s        1 ICA M2c      Hemorrhagic 6 1

26 M 52 MCA L 55 Epileptic fi ts        1 ICA M2 (r) None 0 49

27 M 68 MCA R 30 Epileptic fi t        1 A1 M2      Ischemic 6 6

28 M 58 MCA R 35 Coincidentally        1 ICA M3c      None 0 84

29 F 47 ACOM L 40 SAH 2 weeks preop        5 ECA ICA     Hemorrhagic 5 48

30 F 78 ACOM R 25 SAH 3 weeks preop        5 STA ICA (r) Ischemic 6 3

31 M 66 ACOM L 30 SAH 2 months preop        1 STA ICA     None 0 84

32 M 55 ACOM L 27 Epileptic fi t        2 STA M1      None 1 125

Table 4.1 Patients, treatment and outcome

ICA, Internal Carotid Artery; bif, bifurcation; MCA, Middle Cerebral Artery; M1, fi rst part of MCA until fi rst bifurcation; M2 fi rst branch of M1; 

M3, fi rst branch of M2; M4, fi rst branch of M3; ACOM, Anterior Communicating Artery; ECA, External Carotid Artery; SAH, Subarachnoid haemorrhage; 

TIA, Transient Ischemic Attack; mRs, modifi ed Rankin Scale; fu, follow-up; (r), still replaces fl ow at the end of surgery (patient 5, 26 and 30) or used 

as fl ow replacement during second surgery (patient 24).;c, conventional anastomosis
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Figure 4.1:  Treatment of a giant aneurysm with an ELANA protective bypass 

A  The first segment of homologous saphenous vein (white) is  sutured to the platinum ring (Elana bv, Utrecht, 

the Netherlands) and subsequently end - to - side to the recipient artery proximally from the aneurysm. 

Subsequently the second piece of harvested saphenous vein, including the ring,  is attached distally from the 

aneurysm.

B The ELANA catheter (Elana bv, Utrecht, the Netherlands) is slid into the proximal donor vein. 

C  The ELANA catheter touches the wall of the recipient artery. After 2 minutes of suction the catheter cuts a 

round hole in the wall of the recipient artery. 

D  The catheter is retracted from the donor vein. The cut-out tissue of the blood vessel wall (the flap) is held 

against the catheter tip by the vacuum. 

E The donor vessels are sutured together after the distal anastomosis is lased open. 

F The aneurysm is temporarily trapped. 

G It is now possible to clip the aneurysm sac, which is without blood pressure.

H  The parent artery is reopened by removal of the temporary clips. The protective bypass remains in situ in this 

example.

A B

C D

E F

G H

All bypasses were constructed with the saphenous vein from the lower leg. In 9 of 

these patients, which were operated before 1-1-1999, (patients 6-9, 13, 22, 27, 31 and 32) 

the ELANA ring was first sutured to the recipient artery with 4 microsutures. Then the vein 

was sutured on the ring and the recipient artery with 8 microsutures. We decided in the 

beginning of 1999, after experiments in the animal lab, to first attach the ELANA ring to the 

vein extracranially with 8 microsutures, and then attach the ring including the vein with 8 

sutures to the recipient artery. This reduces the number of intracranial stitches by 4, which 

potentially reduces the risk of intraoperative complications.  This revised ELANA attachment 

protocol was performed in the other 23 patients.

Bypass flow was intraoperatively measured  using single vessel flowmetry. (Tran-

sonic Systems Inc.® Ithaka, NY, USA). If the recipient artery was still patent, the bypass flow 

was defined as competitive. If the recipient was temporarily occluded, the bypass flow was 

defined as temporary replacement.

Data collection

We studied operative reports, clinical files, nursing reports and images. We 

collected data for patient characteristics, operative aspects, complications and functional 

health scores. Preoperative data were used from patient admittance records. Short-term 

data were collected from information recorded at the time of patient discharge from our 
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Bypass flow data in each subgroup were normally distributed. Mean competitive 

bypass flow was 31 ± 18 mL/min. Mean temporary replacement bypass flow was 63 ± 21 

mL/min. The 17 EC-IC bypasses showed, compared to the 16 IC-IC bypasses, a statistically 

significant higher mean competitive flow (mean 41 ± 23 mL/min versus 22 ± 14 mL/min, p< 

0.05) and a significantly higher temporary replacement flow (mean 82 ± 23 mL/min versus 

53 ± 15 mL/min, p< 0.05). The 5 EC-IC bypasses with the proximal anastomosis on the STA 

stump showed, compared to the 12 EC-IC bypasses with the proximal anastomosis on the 

cervical ECA, no statistical difference in competitive flow (mean 39 ± 27 mL/min versus 

mean 42 ± 23 mL/min) and temporary replacement flow (mean 77 ± 6 mL/min versus mean 

85 ± 28 mL/min). 

In total, 2 bypasses (6%) were deliberately occluded at the end of surgery. One 

bypass (3%) spontaneously thrombosed gradually at the end of surgery after the aneurysm 

was clipped under bypass protection. Twenty-six bypasses (79%) were left open with an 

intact reconstructed cerebral vasculature and therefore not being essential for the cerebral 

blood flow. Four bypasses (12%) eventually had to partially (n=3) or fully (n=1) replace the 

recipient artery flow at the end of surgery because of reasons described below. 

Mean time interval from bypass opening until patient closure was 217 ± 90 minutes. 

This prolonged time interval was caused by the fact that we often started to explore the 

aneurysm after we placed the bypass and not before because of safety reasons. In general, 

after this work, we had to place and replace definitive aneurysm clips numerous times on 

these difficult aneurysms, which required a significant period of time. However, the bypass 

allowed us to do this safely. Mean total surgery time was 437 ± 82 minutes. 

Aneurysm treatment

All 16 ICA aneurysms were successfully clipped with multiple clips after bypass 

construction. In 10 of the 16 patients (63%) it was necessary to temporarily trap the aneurysm 

because the aneurysm started to bleed (n= 1) or because it was impossible to place the clips 

perfectly under full arterial pressure in the aneurysm (n= 9). In all patients the bypass was 

useful during clip placement attempts, because it clearly showed increase in flow when 

clips were narrowing the ICA. In patient 5, clipping without narrowing the ICA turned out 

to be impossible. At clip placement, bypass flow increased from 17 mL/min to 80 mL/min, 

showing that the bypass permanently had to replace a part of the original flow through the 

ICA. At 8-month follow-up, bypass flow had increased to 90 mL/min.

In all 12 patients with an MCA aneurysm, temporary trapping was necessary to 

reconstruct the aneurysm because the aneurysm started to bleed (n=2), or placing of clips 

was impossible (n= 10) under arterial pressure in the aneurysm.  In all MCA patients bypass 

flow was used to evaluate potential recipient artery narrowing during clip placement.  

hospital (mean of 24 ± 12 days postoperatively). Long-term follow-up data (mean 6.1 ± 3.4 

years after surgery) were telephonically updated in every patient.

To express the functional health of the patients we analyzed their score on the 

modified Rankin scale (mRs) according to a structured interview. 10 The aim of the treatment 

is to exclude the aneurysm from the circulation without decreasing the functional health of 

the patients. Therefore, we defined a favorable outcome as a successfully treated aneurysm 

and a better or equal postoperative mRs compared to the preoperative mRs. We defined 

patients with a mRs 3 (= moderate disability, needing help in daily life, but walk without 

assistance) or worse as dependent. 

Numbers are stated ± standard deviation (SD) unless otherwise stated. To compare 

flow data between subgroups, the ‘T-test for equality of means’ was used (SPSS version 

14.0). We regarded a p-value smaller than 0.05 as statistically significant.

Results

Bypasses

In total 33 bypasses were constructed in the 32 patients (Table 4.1). Thirty-one of 

the 33 bypasses remained patent during the total procedure (94%).

Thirteen of the 32 patients had an aneurysm of the ICA below its bifurcation (patient 

1-13). Because no anatomical space existed for a proximal anastomosis on the intracranial 

part of the ICA in these patients, we performed an extra-intracranial (EC-IC) protective 

bypass. Three patients had an ICA bifurcation aneurysm (patients 14-16). We performed 

an intra-intracranial (IC-IC) protective bypass in these patients because proximally from 

the aneurysm a disease free segment of the intracranial ICA was available for the proximal 

anastomosis. In one patient with early bypass occlusion, permeability of the bypass was 

restored during a second procedure. Twelve patients had a MCA aneurysm (patients 17-28). 

In all these patients an IC-IC protective bypass was performed. In one patient a second bypass 

was constructed during a second procedure. Four patients harbored an ACOM aneurysm 

(patients 29- 32). All these patients had a partially or fully occluded ICA and therefore the 

hemisphere ipsilateral to the occluded ICA was dependent on the ACOM. In these patients 

an EC-IC protective bypass was constructed ipsilateral to the occluded ICA. 

In total, 65 anastomoses were created, of which 38 were ELANA anastomoses. The 

ELANA anastomoses were all patent directly after lasing. In 8 ELANA anastomoses (25%) we 

did not retrieve the flap at the catheter tip. We still used these anastomoses because they 

showed strong backflow. In these 8 patients the bypass remained patent, and no ischemic 

or other complications occurred. 
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from the aneurysm bleeding. This resulted in an unfavorable outcome. In patient 25 the 

previously unruptured aneurysm was clipped in a piggy back configuration above 2 long 

clips across the base of the aneurysm (Figure 1H). During clipping the aneurysm ruptured 

at its base. This could be controlled with temporarily clipping under the protective bypass. 

Subsequently the clips were reapplied. After an initial good recovery and dismissal from 

the hospital (mRs1) the patient returned 10 days postoperatively with a severe SAH. Re-

exploration showed that the aneurysm bled between the clips, and no further treatment 

options were left because patient had developed a high intracranial pressure. The patient 

died shortly after this surgery. Patient 29 suffered from a severe SAH 2 weeks before surgery 

from an aneurysm involving the total ACOM. During surgery it was observed that the ICA 

and A1 were severely arteriosclerotic. However one healthy looking part on the ICA was 

found to construct the intracranial ELANA anastomosis and the aneurysm was clipped. 

The patient deteriorated 8 days postoperatively. An intracerebral hemorrhage was seen 

on imaging. At re-exploration, we observed that the hemorrhage originated from a weak, 

blister like spot on the A1, 2 mm from the ELANA anastomosis. This lesion was most likely 

caused by manipulation of the arteriosclerotic arterial wall during anastomosis stitching.  

It was not the stitchable or clippable and repaired with local compression using Surgicel ® 

and Tisseel ®. This was the only time we encountered a complication of this kind associated 

with the ELANA technique. The patient did not recover well from these severe events and 

still had a mRs of 5 at follow-up.

Two patients (6%) suffered from a postoperative ischemic complication (patients 

27 and 30). In patient 27 the cerebral arteries appeared to be very arteriosclerotic and we 

had to perform the conventional distal M2 anastomosis  twice (an ELANA anastomosis did 

not fit onto this small vessel). The protective bypass functioned well during more than 1.5 

hours of aneurysm trapping. During this procedure we explored and eventually clipped 

the M1 aneurysm, saving the M1 segment. At the end of the procedure the bypass was left 

in situ. Postoperatively the bypass, as well as the M1, were occluded, resulting in a severe 

MCA ischemia. The patients postoperative mRs was 5. He died 3 months later. In patient 

30 (preoperative mRs 5 because of a severe hemorrhage) the ACOM aneurysm was clipped 

under protection of a right sided STA-ICA bypass because of an occluded right ICA. It was 

impossible to prevent the clip from narrowing the ACOM. Therefore at the end of surgery 

the bypass partially had to replace the ACOM flow. Flow measurement showed 30 mL/min 

through the bypass. The remaining ACOM flow could not be measured because of size 

mismatch with the flow probe. Postoperatively the female patient suffered from cerebral 

ischemia in the right sided MCA territory. The bypass was appeared to be occluded on 

imaging. The ACOM was not assessable because of clip artefacts. She deteriorated further 

after surgery and died 3 months postoperatively.

In patient 26 the bypass eventually had to partially replace flow permanently, because 

clipping the aneurysm without occluding an M2 branch with the tip of the clip turned out 

to be impossible. Bypass flow increased from 9 mL/min to 40 mL/min at clip placement. At 

the 8-month postoperative follow-up the bypass flow had decreased to 15 mL/min without 

causing any symptoms. In patient 24 the bypass was used as a flow replacement bypass 

after second surgery. The aneurysm, which was primarily clipped under bypass protection, 

bled 3 days postoperatively and had to be trapped. The protective bypass was still patent 

and could therefore serve as definitive flow replacement bypass. The flow in this bypass 

was 90 mL/min 6 months after surgery, indicating that the bypass was supplying the whole 

MCA territory.

All 4 ACOM aneurysms were successfully clipped under bypass protection. In all 

ACOM patients bypass flow was used to evaluate ACOM narrowing during clip placement. 

In 2 patients it was necessary to temporarily trap the aneurysm during aneurysm clipping. 

In patient 30 it was impossible to clip the aneurysm without narrowing the ACOM. Bypass 

flow increased from 12 to 30 mL/min at clip placement. Therefore at the end of surgery the 

protective STA-ICA bypass functioned as a flow replacement bypass.

Complications

In 2 patients (6%) an intra-operative bypass failure occurred (patients 14 and 

patient 25). Both failures did not have clinical consequences for the patients. In patient 14 

the ICA-M1 bypass with 2 ELANA anastomoses thrombosed at the end-to end anastomosis 

during the first surgery. Surgery was terminated prematurely. The patient woke up without 

complications (mRs 1). Three weeks later we were able to mobilize the original bypass 

because no thrombus had formed inside the 2 ELANA anastomoses. After restoring the 

end-to-end anastomosis we could use it as a protective bypass. In patient 25 the ICA-M2 

bypass with a proximal ELANA anastomosis thrombosed intraoperatively, immediately after 

opening because of poor vein quality and graft kinking. Surgery was aborted. The patient 

woke up without complications (mRs 1). During the second bypass procedure, 2 weeks later, 

the proximal ELANA on the ICA appeared to be patent without thrombus, so it could be 

used again with a new distal conventional anastomosis to make a new ICA-M3 bypass and 

to clip the aneurysm under protection. 

Three patients (9%) suffered from a postoperative hemorrhagic complication (Table 

4.1, patients 24, 25 and 29). In patient 24 the previously unruptured aneurysm was excluded 

from the circulation with 7 clips under protection of a bypass. The aneurysm bled 3 days 

postoperatively. At re-exploration the bypass proved to be patent and the aneurysm was 

trapped. The bypass remained patent (6 months follow-up, 90 mL/min on MRA). However, 

postoperatively, the patient stayed for 2 weeks on our ICU because of a slow recovery 
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up was performed. In 3 of these patients (mean follow-up 5,8 ± 2,4 years) the bypass was 

still open (2 EC-IC bypasses and 1 IC-IC) and in 1 patient the bypass had occluded without 

clinical consequences. In 1 of the patients in which the bypass was still open, the M1 had 

spontaneously occluded and the bypass took over the entire MCA region without clinical 

consequences.

Discussion

We described the first unique series of patients with a giant intracerebral aneurysm 

in which a protective bypass using the ELANA technique was used. Intraoperative patency 

was 94%. Postoperatively 3 patients (9%) suffered from a hemorrhagic complication and 2 

patients (6%) suffered from an ischemic complication. At long-term follow-up, a favorable 

outcome (successfully treated aneurysm and mRs at follow-up ≤ mRs preoperative) was 

observed in 28 of the 32 patients (88%).

Other studies

Several authors reported on the principle of the protective bypass to treat 

giant aneurysms. Sundt et al. reported the principle of the temporary protective flow 

replacement bypass as early as in 1982, but published no results. 11 Lawton et al. reported, in 

their series in 1996, 8 patients in which they directly clipped the aneurysm under temporary 

revascularization. 12 They described no specified outcome of this group, although their 

general results were excellent. Shekar et al. described in their series in 2001 an excellent 

outcome of 5 patients with a large or giant ICA aneurysm which were clipped under 

temporary revascularization. 13 They stated that a temporary bypass has benefits above 

other brain protective strategies, for example hypothermic cardiac arrest. Our experience 

regarding giant ICA aneurysms, as described in the current chapter, compares favorably 

with the excellent results of these studies in the treatment of giant ICA aneurysms with a 

protective bypass, because we experienced no complications in this subgroup. However, 

higher complication rates have also been reported in this subgroup. Hongo et al. reported 

the use of a transient radial artery bypass and reported an ischemic complication in 1 out of 

2 patients. 14 Ishikawa et al. reported a series of identical transient radial artery bypasses and 

reported an ischemic complication in 4 out of 15 giant ICA aneurysm patients (27%). 15 

 Because of the low numbers of patients and heterogeneity in treatment modalities, 

detailed comparison of studies is impossible. We are the first to describe protective bypasses 

for giant ACOM and giant MCA aneurysm treatment. These are totally different and more 

difficult subgroups than the giant ICA aneurysm patients. 

Follow-up

A long-term favorable outcome (mean follow-up 6.1 ± 3.4 years) was achieved in 28 

of the 32 patients (88%). Twenty-four of these patients increased in functional health 1 or 

more grades on the mRs. Four of the 32 patients had an unfavorable outcome (12%). In all 

these patients this was associated with postoperative complications. 

In total 24 of the 32 patients (75%) were independent at presentation (mRs 0-2). 

Of these 24 patients, 21 patients had a favorable outcome (88%) and 3 patients (12%) had 

an unfavorable outcome. Eight patients (25%) were dependent at presentation (mRs 

3-5), of which 7 had a favorable outcome (88%). Four of these 8 patients recovered to an 

independent state. 

Of the 3 partial and 1 full flow replacement bypasses, 1 partial flow replacement bypass 

occluded postoperatively (patient 30). The other 3 bypasses were patent on postoperative 

imaging. All 4 patients daily took aspirin during follow-up. Of the 26 protective bypasses 

left open after surgery, 13 bypasses were assessed short-term (< 30 days) with imaging. 

Ten (77%) of these bypasses were still patent next to a patent recipient vessel (Figure 4.2). 

None of these patients used postoperative anticoagulation. In 4 patients long-term follow-

Figure 4.2:  Protective bypass in patient 19

A  Preoperative angiogram (anterior view) 25 mm right sided M1 aneurysm. The aneurysm bled 3 weeks 

preoperatively, her modified Rankin scale score was 2. 

B  Angiogram 9 days postoperatively (lateral view). The aneurysm was protectively clipped. The M1 is patent 

(arrow). Also the ICA-M2 bypass is patent. There were no complications. Follow-up of this patient was 8 years 

and 2 months. She went fully back to work with a mRs of 1.

A B
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bypass grafting, with a low tendency to thrombose. Under competitive flow, which is the 

flow through the bypass while the recipient artery is patent, postoperative patency without 

anticoagulation was still 77%. Three ELANA anastomoses sites remained patent for weeks 

despite absence of flow through the bypass. We suspect that the absence of thrombosis in 

the ELANA anastomoses is caused by the relatively large diameter of the ELANA anastomosis 

itself, its perfectly round shape, its lased edge, and the platinum ring which keeps the 

anastomosis stable in case of turbulent flow.

Risks

Treatment of giant aneurysms with a protective bypass is still accompanied by 

serious risks because of the severity of the disease, as shown in this study. After giant 

aneurysm clipping under a protective bypass, a potentially diseased arterial segment is left 

under the clipped aneurysm. (Figure 4.1H). Aneurysm clips can be displaced or reopened 

due to the aneurysm configuration, pressure and calcification. Small recanalization of the 

aneurysm can occur between the tips of the clips and the clip itself can cause small ruptures 

at the base, which can bleed.  Temporary clips on the recipient artery may induce endothelial 

damage and the formation of thrombi, which can embolize after temporary clip removal. 

If a giant aneurysm is treated with complete trapping combined with a flow 

replacement bypass, these risks are circumvented, and the risk of a postoperative 

hemorrhagic complication approximates zero (chapter 3). 8 However, in certain giant 

aneurysm configurations it is impossible to completely trap the aneurysm. If ‘partial 

trapping’ (proximal occlusion combined with a flow replacement bypass) is then  

performed, this carries a significant risk of postoperative hemorrhage, as we reported in 22% 

of partially trapped giant MCA aneurysms (chapter 3) 9, while flow replacement bypassing 

is accompanied by a higher risk of ischemic complications than protective bypassing. 8, 9

Treatment choice

The complication rates of both ELANA flow replacement bypasses and ELANA 

protective bypasses are rather high and should be minimized further. However, because of 

the grim natural course of giant aneurysms and the absence of alternatives, the procedure 

is acceptable. In order to minimize morbidity, the patients needing such complex 

treatment modalities should be referred to specialized centers with experienced vascular 

neurosurgeons, interventional radiologists, neurologists, anesthesiologists, residents, 

scrub nurses and nurses on the ward. In these centers, each aneurysm should be approached 

on the basis of a tailor made strategy.  Protective bypasses should only be used when (1) 

temporary aneurysm trapping is necessary and a high associated ischemic risk is predicted, 

(2) when the clipping of the aneurysm is thought to be extremely difficult, or (3) if the risk 

Therefore we described results and complications separately.

Flow

Bypass flows in this study are relatively high because it is possible with the ELANA 

technique to create more anastomoses proximally on the cerebral circulation. The 5 EC-IC 

bypasses with a proximal STA anastomosis showed no significant difference in protective 

flow or temporary replacement flow compared to the 12 EC-IC bypasses with a proximal ECA 

anastomosis. Although these subgroups are very small, this corresponds with expectations 

based on a mathematical model developed by Hillen et al. 5 Our historical preference for 

a more proximal location of the inflow site of the bypass (ECA, CCA), assuming it would 

provide a higher flow, is questionable based on these data. If expected flow is equal, the 

shortest bypass conduit (for example the STA) would carry the lowest risk of thrombosis. 

However, more research is necessary to support the choice of the proximal anastomosis 

location.

Benefits

The primary benefit of a protective bypass during the surgical treatment of giant 

aneurysms is elimination of the time limit which is normally associated with temporary 

proximal  cerebral artery occlusion. Without pharmacologic brain protection, temporary 

occlusion of proximal cerebral arteries longer than 10 minutes has an associated ischemic 

risk of 45%. 3 Even under barbiturate suppression 10- 20% ischemic risk is reported.3 This risk 

significantly increases with temporary occlusion time, until 100% when total occlusion time 

exceeds 30 minutes. 3, 4, 16-18 Time pressure, normally associated with temporary occlusion, 

does not seem beneficial for the quality of the surgical intervention. For more invasive 

methods of cerebral protection, like deep hypothermia and circulatory arrest, the patient 

must be in good condition. The results of these techniques are disappointing with a 25% 

complication rate.19 The second benefit of protective bypass grafting during giant aneurysm 

clipping is the extra control on recipient artery narrowing caused by clip application. In 8 

patients we recognized parent vessel narrowing through bypass flow increase, not through 

visual assessment. This raises the question whether narrowing of the parent artery does not 

occur more often during giant aneurysm clipping without being recognized by the operating 

surgeon. This phenomenon has been observed in earlier studies describing clipping of giant 

aneurysms.1, 2 The third benefit of a protective bypass during giant aneurysm treatment is 

the possibility of the bypass to function as a partial or full flow replacement bypass, if it is 

not possible to  keep the cerebrovascular anatomy intact during aneurysm clipping or if an 

aneurysm rupture cannot be treated otherwise, like in 1 patient described in this study.

The ELANA anastomosis technique appeared to be safe and useful during protective 
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of aneurysm rupture during manipulation is very high. If the vascular neurosurgeon is not 

confident about the definitive clipping of the aneurysm, trapping combined with a flow 

replacement bypass seems the preferable option.

Conclusion

This study shows that the ELANA protective bypass is a safe and useful instrument 

during the treatment of difficult aneurysms. It enables the possibility to temporarily 

occlude the parent artery for a prolonged period of time during aneurysm clipping, control 

of an eventual aneurysm rupture is simplified, and it can serve as an assessment tool for clip 

induced parent vessel narrowing by showing flow alterations. However, giant aneurysms 

are still dangerous lesions and complications following treatment, with the aid of this or 

other techniques, remain inevitable.
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Abstract

Objective

To study the surgical results and clinical outcome after Excimer Laser-Assisted Non-occlusive 

Anastomosis (ELANA) extra-intracranial (EC-IC) bypass surgery in patients with symptomatic 

carotid artery occlusion (CAO) and a compromised hemodynamic state of the brain. 

Methods 

Between August 1998 and May 2008, 24 patients underwent ELANA EC-IC bypass surgery 

because of TIAs or minor ischemic stroke associated with CAO. We retrospectively collected 

information on patient characteristics, surgical results including flow measurements, and 

clinical outcome. Follow-up data were updated by structured telephone interviews between 

May and September 2008.

Results

In all patients the ELANA EC-IC bypass was patent at the end of surgery with a mean flow of 

106 (± 41) mL/min. Within 30 days after the operation, 22 patients (92%) had had no major 

complications while two patients (8%) had suffered from a fatal intracerebral hemorrhage. 

During follow-up of mean 4.4 (± 2.4) years the bypass remained patent in 18 of the 22 

surviving patients (82%) with a mean flow of 141 (± 59) mL/min. All patients with a patent 

bypass remained free of cerebral ischemic events. In 4 patients the bypass occluded. This 

was accompanied by ipsilateral transient ischemic attacks (TIAs) in 2 patients, ipsilateral 

ischemic stroke in 1 patient and contralateral ischemic stroke in another patient.

 

Conclusion 

This study shows that ELANA EC-IC bypass surgery in patients with CAO is technically feasible 

and results in cessation of ongoing TIAs, but carries a risk of post-operative hemorrhage. 

Our results support further research on this promising procedure. 

Introduction

Patients with transient ischemic attacks (TIAs) or minor disabling ischemic stroke 

associated with internal carotid artery occlusion (CAO) and a compromised hemodynamic 

state of the brain have an annual risk of recurrent ischemic stroke as high as 9-18%. 1-4 In the 

randomized extracranial to intracranial (EC-IC) bypass trial, the superficial temporal artery 

(STA) to middle cerebral artery (MCA) bypass was not effective to prevent stroke in patients 

with symptomatic CAO in general. 5 However, inclusion of patients was not restricted to 

patients with a proven compromised hemodynamic state of the brain. Moreover, the 

amount of flow through the STA-MCA bypass may have been too small to prevent recurrent 

ischemic stroke. 6 

With the Excimer laser assisted non-occlusive anastomosis (ELANA) EC-IC bypass 

procedure it is possible to construct a bypass with a high flow to a large cerebral artery 

proximal in the vascular tree, such as the intracranial part of the internal carotid artery (ICA), 

the anterior cerebral artery (ACA, A1 segment) or the MCA (M1 segment). 7, 8 Thanks to the 

specially designed laser catheter, the ELANA anastomosis is performed without temporarily 

clamping the recipient artery. 

In a first series of 15 patients in 2002, we showed that the ELANA EC-IC bypass is 

a potentially promising procedure in patients with symptomatic CAO and a compromised 

cerebral hemodynamic state of the brain. 9 Since this report technical developments 

have improved the procedure. An improved excimer laser system was used (CVX-300, 

Spectranetics Corp.®, Colorado Springs, CO, USA ) and the ELANA catheter quality was 

standardized (Elana bv®, Utrecht, the Netherlands). Intra-operative and post-operative 

flowmetry was introduced to assess bypass function. The number of intracranial micro-

sutures was reduced, shortening brain retraction. 7, 8 We now report the operative results 

and clinical outcome in a new series of 24 patients with TIAs or stroke associated with CAO 

who underwent ELANA EC-IC bypass surgery, using these new techniques.

Patients and methods

Patients

Between August 1998 and May 2008, 24 patients underwent ELANA EC-IC bypass 

surgery because of a symptomatic CAO, in the University Medical Center Utrecht, the 

Netherlands. Patients were selected for the operation if they met the 3 following criteria 
9: 1) Symptoms of cerebral ischemia (not the retina only) that were transient or at most 

moderately disabling (a score on the modified Rankin scale (mRs) of 3 or better), associated 
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with CAO, 2) Continuing symptoms after documentation of the CAO despite antithrombotic 

medication or oral anticoagulants in the previous 6 months and 3) Evidence of a possible 

hemodynamic origin of symptoms. This could be shown by a) clinical symptoms classically 

associated with a hemodynamic cause (limb shaking, symptoms subsequent to rising or 

exercise), b) a border-zone infarct, or c) low vasomotor reactivity as measured by transcranial 

Doppler (TCD) CO2 reactivity or positron emission tomography. 

By means of chart review we obtained information on patient characteristics, 

operative details, complications during and after the procedure, post-operative studies of 

bypass patency and flow, occurrence of TIAs or stroke during the time of follow-up, and 

the mRs score before surgery and at the time of the last follow-up. Any event that occurred 

within the first 30 days after surgery was considered as a complication of the procedure. 

All patients were telephonically interviewed between May and September 2008 for 

recurrence of ischemic symptoms. During this interview the mRs score was obtained by 

means of a structured questionnaire. 10

proximal ACA without temporary occlusion of the artery. The anastomosis site was carefully 

selected, avoiding parts of the artery with extensive atherosclerotic plaques (Figure 5.1).

Then the anastomosis was opened using the ELANA laser catheter 2.0 ®. A temporary clip 

was applied on the vein. Subsequently, the inflow anastomosis of the bypass was made. In 

case extra- to intracranial collateral flow via the ophthalmic artery appeared on preoperative 

angiographic or TCD studies, a conventional end-to-side anastomosis was constructed 

on the proximal STA. In the other patients a conventional end-to-side anastomosis was 

made on the common carotid artery (CCA) (Figure 5.2), the external carotid artery (ECA) 

or the superior thyroid artery (SThyA). Finally, the proximal and distal part of the bypass 

were connected with an end-to-end anastomosis, and the bypass flow was measured with 

a flowmeter (Transonic Systems Inc.® Ithaka, NY, USA). This was repeated just before skin 

closure. In the first year after surgery, bypass flow was measured by means of magnetic 

resonance flowmetry (MRF) at a variable time interval (median 39 days, range 3- 273).

Anticoagulation

For the first 21 patients, we discontinued acetylsalicylic acid 7 days preoperatively, 

administered 1000- 2000 IU of heparin at the time of opening of the bypass and 15.000 IU 

of heparin per 24 hours during 3 days after which the acetylsalicylic acid was restarted. At 

the beginning of 2007 (patient 22-24) we changed the anticoagulation protocol: we now 

continue low dose acetylsalicylic acid perioperatively and administer 3000 IU of heparin at 

bypass opening. 

Data analysis

To assess the differences in bypass flow between the moment of opening, the 

moment just before skin closure and the moment of follow-up, we used paired t-tests. To 

compare the mean bypass flow of different patient subgroups, we used non-paired t-tests. 

A p-value < 0.05 was considered significant. The data were analyzed with SPSS 15.0.

Results

Patient characteristics are summarized in Table 5.1. Of the 24 patients, 21 (88%) were 

male. Their mean age was 59 (standard deviation (±) 9) years. Seventeen (71%) patients 

had suffered from more than 5 episodes of cerebral ischemia in the 6 months prior to the 

operation, of whom 14 (58%) had suffered from 10 or more episodes. Seventeen patients 

(71%) preoperatively showed clinical symptoms suggesting hemodynamic compromise of 

the brain. Limb-shaking occurred in 6 of them.

Figure 5.1   Intra-operative photographs of patient 23

A  the intracranial internal carotid artery (ICA) was not suitable for an ELANA anastomosis because of 

atherosclerosis. However, an anastomosis was possible on the proximal anterior cerebral artery (A1). 

B A platinum 2.8 mm ELANA ring was positioned on the A1 anastomosis  location to confirm feasibility.

A B

ELANA EC-IC bypass

All ELANA bypass procedures in this study were performed by CAFT or AvdZ. The 

principle of the ELANA procedure has been described in chapter 2-4. 7, 8 11 We describe 

the procedure in short, specific for this study. At first the great saphenous vein (GSV) was 

harvested from the lower leg and cut in two parts. Then a 2.6 or 2.8 mm platinum ring was 

sutured to the outflow side of the first part of vein graft. Subsequently, this side of the graft, 

including the ring, was sutured end-to-side to the distal ICA, the proximal MCA, or the 
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Surgery

In all patients the ELANA EC-IC bypass was technically successful and patent at the 

time of skin closure. For the intracranial (outflow) ELANA anastomosis, the ICA was the 

recipient artery in 14 patients (61%), the MCA in 8 patients (33%) and the ACA in 2 patients 

(8%). (Table 5.2) All ELANA anastomoses were patent after the laser procedure. In 5 of these 

anastomoses (21%), the disc of arterial wall (the ‘flap’), which is normally attached to the tip 

of the catheter after lasing and catheter retraction, was not found on the tip. We still used 

these ELANA anastomoses because the arteriotomy proved to be widely patent, considering 

Patient Age, sex TIAs a Stroke* Hemodynamic symptoms Infarct on imaging
Hemodynamic 

compromiseb

1 51, M 1 3 MCA territory Yes

2 73, M >10 0 Rising, exercise, limb-shaking Yes

3 65,M >10 2 Exercise, limb-shaking Borderzone ACA/MCA/PCA Yes

4 73,M >10 0 Exercise Yes

5 71,M >10 2 Exercise
Borderzone ACA/MCA, PCA 

territory
Yes

6 39,M 0 1 MCA territory Yes

7 53,M 0 0 Exercise Yes

8 57,F >10 0 Yes

9 60,M >10 1 Borderzone ACA/MCA/PCA Unknown

10 53,M 6 0 Yes

11 59,M 0 2 Exercise Borderzone MCA/PCA Yes

12 55,M >10 0 Rising, exercise Yes

13 64,M >10 0 Rising, decrease after bedrest Yes

14 52,M >10 0 Exercise, limb-shaking Yes

15 51,M 1 0 Exercise Yes

16 58,M >10 1 Limb-shaking Borderzone MCA/PCA Yes

17 76,M >10 1 Rising, limb-shaking MCA territory Yes

18 47,F 1 1 Exercise Yesc

19 48,M 8 2 Exercise MCA territory Yes

20 60,M >10 0 Rising, exercise, limb-shaking Yes

21 57,M >10 1 Borderzone MCA/PCA Yesc

22 62,F >10 0 Rising, exercise Yesc

23 63,M 3 1 MCA territory Yes

24 57,M 8 1 Exercise Borderzone ACA/MCA Yes

Table 5.1: Baseline characteristics
a Number in 6 months before surgery.
b By means of trans-cranial doppler with CO2 reactivity, unless indicated otherwise. 
c By means of positron emission tomography with acetazolamide challenge.

Figure 5.2  Post-operative digital subtraction angiogram of patient 23 

A patent common carotid artery- anterior cerebral artery bypass is shown.

the immediate strong backflow from the anastomosis after ELANA catheter retraction. 

None of the 5 patients developed an ischemic event and the bypasses all remained patent. 

No other ELANA anastomosis related complications were observed during surgery. For the 

inflow anastomosis, in 15 patients (63%) a conventional end-to-side anastomosis on the STA 

was created and in 9 patients (38%) a more proximal conventional end-to-side anastomosis 

was created on the ECA or CCA . In one of these patients the SThyA was used. (Table 5.2) No 

conventional end-to-end and end-to-side anastomosis related complications were noted 

during surgery. 
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Two patients experienced a major complication. Patient 3 (left STA-A1 bypass; 

flow just before skin closure 90 mL/min) developed a left sided hematoma 4 days post-

operatively. The patient had been treated with 15.000 IU heparin during day 1-3 and the 

activated partial thromboplastin time (APTT) on day 4 was prolonged. Bypass flow had 

increased to 180 mL/min on day 3. The hematoma continued from subcutaneously to the 

epidurally and followed the bypass into the Sylvian fissure. There was also blood in the 

fourth ventricle. Subsequently, the patient developed an obstructive hydrocephalus, for 

which we placed an external ventricular drain. The patient died 15 days post-operatively 

after another intraventricular hemorrhage. Patient 9 (left CCA-M1 bypass; flow just before 

skin closure 230 mL/min) developed a large, hematoma in the left thalamic/insular region 7 

days after the bypass operation and died 9 days post-operatively. In the days after surgery, 

he had had episodes of high systolic blood pressure up to 220/80 mmHg. 

Three patients had a non-disabling complication. Patient 1 (right STA-ICA bypass; 

flow just before skin closure 90 mL/min, flow 14 days post-operatively 115 mL/min) had an 

ipsilateral TIA 30 days post-operatively. On imaging the bypass appeared to be occluded. A 

new, conventional, STA-M3 bypass was performed after which no further ischemic events 

occurred. In patient 10 (left ECA-M1 bypass, flow just before skin closure 120 mL/min) and 

in patient 21 (right STA-ICA bypass; flow just before skin closure 90 mL/min) the control 

MRI-scan showed a small subcortical intracerebral hemorrhage, that did not result in new 

neurological deficits. 

Long-term outcome

Eighteen of the 22 patients (82%) who survived the post-operative period remained 

free of new cerebral ischemic events during a follow-up of mean 4.4 (± 2.4) years. (Table 2) 

Two of the 22 patients (9%) suffered from an ischemic event ipsilateral to the bypass during 

follow-up, in both patients associated with bypass failure. Patient 15 received a right sided 

STA-ICA bypass (flow just before skin closure 110 mL/min) which was patent on magnetic 

resonance angiography (MRA) 21 days after surgery (flow 215 mL/min). After a period of 

16 months without any neurological deficits, he returned with multiple TIAs ipsilateral to 

the bypass, which appeared to be occluded on angiography. In addition, he had developed 

a 80% stenosis of the contralateral ICA and a 95% stenosis of the right subclavian artery. 

After endarterectomy of the contralateral ICA and stenting of the right subclavian artery 

the patient had no further TIAs. Patient 17 received a right sided STA-M1 bypass (flow just 

before skin closure 120 mL/min). Two months post-operatively he presented with a left 

sided hemiparesis with neglect and a difficulty swallowing, causing an increase in mRs from 

3 to 4. MRI showed infarctions in the ACA/MCA and MCA/PCA borderzones on the right 

side. The MRA showed partial thrombosis of the bypass with a flow of 40 mL/min. He was 

Patient Bypass Side Flap
Complications 

(≤ 30 days)

Follow-up

(years, 

months)

Ischemic events 

(>30 days)

mRs 

preop

mRs 

follow-up

1 STA-ICA Right Yes TIAa 5,3 2 6 e

2 STA-ICA Left Yes 8,8 1 5 f

3 STA-A1 Left Yes Fatal hemorrhage 3 weeks 2 6 

4 STA-M1 Right Yes 6,4 2 1 

5 STA-ICA Right Yes 3 months 2 6 g

6 STA-M2 Right Yes 5,8 2 1 

7 CCA-ICA Left Yes 5,5 3 3 

8 STA-ICA Right No 5,0 2 1 

9 CCA-M1 Left Yes Fatal hemorrhage 1 week 2 6 

10 ECA-M1 Left Yes Small hemorrhage 3,7 2 2 

11 CCA-M1 Left Yes 2,0 2 2 

12 STA-ICA Right No 2,0 1 1 

13 STA-ICA Right No 8,0 3 1 

14 STA-ICA Left Yes 8,0 1 0 

15 STA-ICA Right Yes 7,8 TIAsb 3 3 

16 SThyA-M1 Left No 5,0 3 3 

17 STA-M1 Right Yes 2,0 Ischemic strokec 3 6  

18 CCA-M1 Left Yes 5,0 2 1 

19 STA-ICA Right Yes 4,6 Ischemic strokesd 3 2 

20 STA-ICA Left Yes 4,1 1 1 

21 STA-ICA Right Yes Small hemorrhage 6,6 3 2 

22 ECA-ICA Right Yes 1,6 2 0 

23 CCA-A1 Left No 1,2 2 1 

24 CCA-ICA Right Yes 1,2 1 0 

Table 5.2 Outcome
a 30 days post-operatively; ipsilateral to occluded bypass.
b 1.4 yrs post-operatively; ipsilateral to occluded bypass.
c 2 months post-operatively; ipsilateral to occluded bypass.
d 1 year post-operatively; contralateral to patent bypass, 3.5 years post-operatively; contralateral to occluded bypass.
e Died 5 years post-operatively from melanoma.
f Long term decrease in functional health due to Gold IV COPD (chronic obstructive pulmonary disease with respiratory failure).
g Died 3 months post-operatively from metastasized rectum carcinoma. 

Post-operative outcome at 30 days

In 22 of the 24 patients (92%) no major complications occurred during the first 

30 days after the operation. Fifteen of these patients had suffered from frequent TIAs 

preoperatively (at least 5 TIAs in the 6 months before surgery). In all these patients the TIAs 

ceased immediately after the bypass surgery.
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treated by angioplasty of the bypass and administration of 750.000 IU of urokinase which 

resulted in reopening of the bypass with a flow of 100 mL/min. He experienced no further 

ischemic events until he died suddenly 2 years later.

Patient 19 (STA-ICA bypass, flow just before skin closure 110 mL/min) presented with 

an ischemic stroke contralateral to the bypass, 1 year after the operation. MRA showed the 

bypass to be patent (no flow measurements performed). Three and a half years after the 

bypass operation he suffered again from an ischemic stroke contralateral to the bypass. At 

that time the bypass was occluded.

At the time of follow-up 14 of the 22 patients (64%) had a better mRs score compared 

to preoperatively and 4 patients (18%) had the same. Four patients (18 %) had a worse mRs 

score. In three of them (patient 1,2 and 5) this was not related to recurrent strokes. 

(Table 2) 

Flow measurements

Just after opening of the bypass the mean intra-operative flow was 90 (± 54) mL/min 

(not obtained in 2 patients). Just before closure, the mean flow had significantly increased to 

106 (± 41) mL/min (not obtained in 1 patient, mean flow increase 14 mL/min ( 95% confidence 

interval (CI) 3-26), p = 0.01). At the time of follow-up, the mean flow in the bypass had again 

increased significantly, compared to flow at the end of the procedure, to 141 (± 59) mL/min 

(not obtained in 3 patients, mean flow increase 42 mL/min (95% CI 15- 70) p < 0.01). 

At the time of bypass opening, mean flow in the bypasses with the STA as inflow 

anastomosis site (70 (± 34) mL/min) was significantly lower than the flow in bypasses with 

the more proximal ECA, CCA or SThyA as inflow anastomosis site (126 (± 66) mL/min, mean 

difference 55 mL/min, 95% CI 10- 99, p = 0.02). At the time just before closure, mean flow 

in the bypasses with the inflow anastomosis on the STA had increased to 93 (± 25) mL/min, 

which was still significantly lower than the mean flow of 127 (± 52) mL/min in the bypasses 

with the ECA, CCA or SThyA as inflow anastomosis site (mean difference 35 mL/min, 95% 

CI 1-68, p = 0.04). However, at the time of follow-up, the mean flow in the bypasses with 

the inflow anastomosis on the STA had increased to 135 (± 65) mL/min and was no longer 

significantly lower than the 149 (± 52) mL/ min flow in bypasses with the ECA, CCA or SThyA 

as inflow anastomosis site (mean difference 14 mL/min, 95% CI -44- 73, p = 0.62). (Figure 

5.3)

Just before closure, the mean flow in patients in whom the bypass did or did not 

occlude over time was similar (106 (± 15) mL/min and 106 (± 43) mL/min respectively). In 

patients with a hemorrhagic complication, the flow just before closure (133 (± 67) mL/min) 

was not significantly higher than bypass flow in patients without hemorrhagic complication 

(101 (± 33) mL/min, mean difference 32 mL/min, 95% CI -13 – 77, p = 0.16).

Figure 5.3  Mean bypass flow at different points in time 

Error bars show95% confidence interval.

* Significant difference, P-value < 0.05

† STA, bypasses with the superficial temporal artery as donor
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current study. In the original EC-IC bypass study, 7% (n=46) of the patients had preoperative 

functional impairment. In our study this rate was considerably higher, with 79% (n=19) of 

the patients being preoperatively functionally impaired. The annual ischemic stroke rate in 

the patients in our current study has been therefore reported as high as 9-18% 1-4, compared 

to a mean annual ischemic stroke rate of 6% in the non-surgical arm of the original EC-IC 

bypass study.

Moreover, the majority of the postoperative TIAs and infarcts in the original EC-IC 

bypass study were reported in patients with a patent bypass, since bypass patency was 

96%. In our current series, no patient with an intact bypass suffered from a postoperative 

ipsilateral TIA or ischemic stroke, whereas the patients with recurrent TIAs or ischemic 

stroke had their bypass occluded. This not only means that we selected the appropriate 

patients, but also that the EC-IC ELANA bypass probably protects patients better against 

new ischemic events than the conventional STA-MCA bypass. We assume that this is caused 

by the higher flow through the EC-IC ELANA bypass.

Flow

The mean bypass flow in this study was 90 (± 54) mL/min just after opening, which 

is significantly higher than the 10-50 mL/min measured usually directly after opening in 

conventional STA-MCA bypasses with the distal anastomosis on a cortical MCA branch. 14 

Some authors report flows as high as 84-100 mL/min at follow-up with conventional distal 

anastomosis on M2-M3 arteries 15, 16. This is however still significantly less than the bypass 

flow of 141 (± 59) mL/min measured at the time of follow-up in the current series. 

During surgery a significantly lower flow was found in bypasses with an inflow 

anastomosis on the STA compared to bypasses with a more proximal inflow anastomosis 

on the CCA, ECA or SThyA. However, measurements at follow-up showed that a bypass with 

inflow from the STA could develop a flow over time comparable to bypasses constructed 

with a more proximal donor. From this point of view it is advisable to use the STA stem as 

preferable donor. Theoretically this procedure is associated with a lower ischemic risk than 

bypasses constructed on the ECA or CCA, because temporary clamping of the ECA or CCA 

might hamper eventual collateral flow. However, the large size discrepancy between the GSV 

and the proximal STA stem in some cases might be a technical challenge and even influence 

patency. In those cases, the ECA as donor would be a good second choice. Currently, studies 

are performed to adapt the ELANA technique to facilitate a safe, non-occlusive anastomosis 

on this location.

Discussion

The reported series of 24 patients with symptomatic CAO, at high risk of recurrent 

stroke, shows that an EC-IC ELANA procedure results in a bypass with a high flow and 

immediate cessation of ongoing TIAs. None of the ELANA bypass procedures in this series 

were abandoned because of technical failure, compared to 2 of the 15 ELANA bypasses 

in our previous report. 9 This illustrates the technical evolution and learning curve of the 

technique. In 22 patients (92%) there were no major post-operative complications. However, 

the procedure still carries the risk of secondary hemorrhage. 

Hemorrhage

The risk of intracerebral hemorrhage after conventional EC-IC bypass surgery varies 

between 0.6% and 14%. 5, 12 Haemorhage after EC-IC bypass surgery may be caused by the 

hyperperfusion syndrome in which the intracerebral arterioles are unable to constrict 

appropriately to protect the capillary bed against the increased perfusion pressure.13 In one 

of our patients the intracerebral hemorrhage was most likely caused by hyperperfusion, 

considering the high bypass flow at closure (230 mL/min) and the hypertensive periods. 

In another patient the hemorrhage was probably related to the high dose heparin 

administration during the first three days after the operation, considering the observed 

prolonged APTT. We have discontinued this anticoagulation strategy. In the 2 patients who 

had a small hemorrhage after the operation reperfusion most likely played a role. However, 

because patients were normotensive and did not have other symptoms, we assume that 

these patients did not have a hyperperfusion syndrome. The mean bypass flow at the time 

of closure in patients with a hemorrhagic complication (n=4) compared to the bypass flow 

in patients without hemorrhagic complications was not significantly higher. However, the 

lack of power of this small sample to detect a potential difference between these subgroups 

must be acknowledged.

Ischemic stroke

The original EC-IC bypass study 5 showed non-superiority of best medical treatment 

combined with STA-MCA bypass compared to best medical treatment alone in patients with 

arteriosclerotic disease of the ICA or MCA. This classic study described a 30-day postoperative 

major ischemic stroke rate in the surgical arm (n=663) of 3%, and a minor ischemic stroke 

rate of 8%. 5 In our current study (n=24) we did not observe a major ischemic stroke within 30 

days and 1 minor stroke (4.2%). During mean 4.4 years follow-up, the original EC-IC bypass 

study observed a total major ipsilateral ischemic stroke rate in the surgical arm of 10% and 

a minor ipsilateral ischemic stroke rate of 12%, compared to respectively 8% and 4% in our 
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Patency

In the current study, during follow up, the bypass had occluded in 3 patients of whom 

2 were symptomatic (1 on short term and 1 on long term). In general, patency rates of venous 

interposition graft bypasses are inferior compared to bypasses constructed by directly 

anastomosing the STA on an intracranial recipient artery. Without the ELANA technique, 

1-year patency of EC-IC GSV bypasses has been reported 86 ± 3 % with a subsequent failure 

rate of 1 to 1.5 % per year, compared to 96% patency in the original bypass study 5, 17 Our 

patency results are comparable to the GSV interposition graft data (potentially slightly 

better), indicating that the ELANA anastomosis does not influence patency. 

Comparison

In this relatively large case-series of patients with CAO, who were treated by the 

ELANA EC-IC bypass, the absolute number of patients is still small. Moreover, we did not 

study a comparable group that did not receive an ELANA EC-IC bypass. Therefore, firm 

conclusions regarding the risk of complications and the potential benefit of the ELANA EC-

IC bypass cannot be drawn. 

Currently two large prospective studies are ongoing to evaluate if the conventional 

STA-MCA bypass prevents subsequent ipsilateral stroke in comparison with best medical 

therapy alone in patients with symptomatic CAO and hemodynamic compromise. The 

Japanese EC-IC bypass study (JET study) showed in their second interim analysis that  

STA-MCA bypass surgery may be superior to medical treatment, but the final results have 

not yet been published in the English literature. 18 The results of the Carotid Occlusion 

Surgery Study (COSS) are expected in 2015. 19 

Conclusion

ELANA EC-IC bypass surgery in patients with CAO is technically feasible, and results 

in cessation of ongoing TIAs, but carries a risk of post-operative hemorrhage. To determine 

whether the ELANA EC-IC bypass is able to improve the cerebral blood flow more efficiently 

than the conventional STA-MCA bypass, and if the benefit of this promising procedure 

outweighs the risk, further prospective studies should be performed. 
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Abstract

Objective

A key element in the Excimer Laser Assisted Non-occlusive Anastomosis (ELANA) technique 

is the retrieval of a disc (‘flap’) of artery wall from the anastomosis by the laser catheter tip. 

We assessed if the flap retrieval rate could be optimized.  

Methods

We designed an in-vitro model using rabbit aortas to facilitate construction of a high num-

ber of ELANA anastomoses. We tested 3 essential elements of the technique: 1) Laser energy 

at the catheter tip (10, 13, 15 or 18 mJ), 2) Pressure on the catheter (0, 0.1, 0.2 or 0.4 N) and 

3) Number of lasing episodes (1 or 2). We made 2280 anastomoses using different combina-

tions of settings. With a logistic regression model we assessed the influence of each param-

eter. Current clinical settings (10 mJ, 0.2 N, 1 episode) were reference categories.

Results

Flap retrieval rate using conventional settings was 86.7%, equivalent to earlier reported 

clinical data. A significantly higher flap retrieval rate was observed when laser energy was 

increased to 13 mJ (OR 3.0, 95% CI 1.8- 4.8), 15 mJ (OR 3.2, 95% CI 1.9- 5.3) and 18 mJ (OR 3.7, 

95% CI 2.2- 6.2). A second lasing episode also significantly increased flap retrieval rate (OR 

2.1, 95% CI 1.4- 3.0). However, if we increased energy to 15 mJ or 18mJ, the effect of a sec-

ond laser episode was insignificant. When the catheter was pushed down with 0.4 N, flap  

retrieval rate decreased significantly in all subgroups (OR 0.07, 95% CI 0.04- 0.14).

Conclusions

The flap retrieval rate of the ELANA anastomosis technique can be optimized to 100% by 

setting the laser energy at 15 mJ. One laser episode is hereby sufficient. However, safety 

studies are necessary before clinical application. An extra lasing episode of 10 mJ is a good 

alternative to increase the flap retrieval rate. Moreover, the surgeon should be trained to 

apply not more than 0.2 N of pressure on the catheter.

Introduction

As shown in the previous chapters, the essential element of the Excimer Laser Assist-

ed Non-occlusive Anastomosis (ELANA) technique is the recipient artery wall perforation 

via the bypass graft by the specially designed ELANA laser catheter 2.0 (Elana bv, Utrecht, 

the Netherlands). This catheter punches out a disc of recipient artery wall from the anasto-

mosis (the so-called ‘flap’). 

Unfortunately not every flap was retrieved from the anastomoses described in the 

previous 4 chapters; total flap retrieval rate was 82 % (102 succesfull retrievals in 133 anas-

tomoses). In all patients treated with the ELANA technique since 1999 in the UMC Utrecht 

(n=228), retrieval rate was 84%.

Not retrieving the flap is a cause of severe discomfort during surgery for the sur-

geon, mainly because the flap could theoretically embolize. However, in our experience this 

is unlikely. The sunction force of the catheter is higher than the shear stress of the blood-

stream. Moreover, we never observed a postoperative ischemic event which could be ex-

plained by flap embolization. 1 However, since the flap, in case of non-retrieval, is probably 

still in situ at the anastomosis site after lasing, theoretically a thrombus could form which 

could embolise or eventually cause bypass failure. It can not be excluded that this is the 

cause of some of the ischemic complications we observed.

Several theoretical reasons exist for flap retrieval failure. First, the catheter can be 

manually pushed too hard or too soft against the vessel wall. What we believed to be the 

ideal force was until now based on experience but was never quantified. Second, the laser 

energy might be too low. The first excimer laser system we used (Medolas Max-10®) was 

limited to deliver maximally 10 mJ of energy at the tip of the catheter. This energy was never 

adjusted since. The third theoretical reason for failure is that 1 laser episode of 5 seconds 

might be insufficient. The conventional 5 seconds were empirically set. Finally, the ELANA 

catheter tip can be positioned asymmetrically or even outside the ring during laser activa-

tion by a technical error of the neurosurgeon. 

The exact working mechanism of the ELANA catheter was studied previously. 2 It 

appeared that the laser wall perforation mechanism of the ELANA technique is primarily 

based on explosive vapor bubbles, tearing the tissue in direct contact with the catheter 

tip. However, systematic research to study variables which could potentially optimize the 

flap retrieval rate, was not performed until now. We therefore developed an in-vitro model 

in which an ELANA anastomosis could be created with a standardized, perpendicular cath-

eter position in 4 minutes. In this model, we were able to vary the laser energy, which was 

given per pulse, the force by which the catheter was pushed against the vessel and the  

number of laser episodes. 
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We present a study in this in-vitro model to find out the optimal flap retrieval rate of 

the ELANA anastomosis by changing these variables.  

Materials and methods

All experiments were performed in the vascular neurosurgery training and research 

laboratory of the Utrecht University, the Netherlands. 

Animal materials

We harvested 164 abdominal aortas of hybrid rabbits (Californian/ New Zealand 

White, 3-4 kg) in a consumption slaughterhouse. The aorta was removed from the renal 

artery to its bifurcation, including its surrounding fat, without touching the main part of 

the vessel. Immediately after harvesting, the aortas were frozen and stored at a tempera-

ture of -20 degrees Celsius. At the moment of vessel usage, maximum 1 week later, we first 

thawed the vessels to a temperature of 20 degrees Celsius. Subsequently we microscopi-

cally cleaned the vessel by removing its surrounding fat and loose adventitia. The mean in-

tima-media vessel wall thickness was measured at 0.3 (± 0.1) mm, using a calibrated caliper 

under the microscope. When pressurised at 100 mmHg, the diameter of these vessels was 

approximately 4mm. These data were comparable to the dimensions of the internal carotid 

artery (ICA) and the middle cerebral artery (MCA) in humans, on which we perform most 

ELANA anastomoses. 3, 4 The aorta was placed in our specially designed model.

In-Vitro Model

The purpose of the model was to test flap retrieval in 14 laser anastomoses per rab-

bit aorta, while laser damage could be assessed at the contra-lateral endothelium. (Figure 

6.1)

At first, we slid a hollow metal rod (Figure 6.1A) into the rabbit aorta. This rod was 

3.8 mm at its maximum diameter and was flattened at the top. This shaped the vessel iden-

tically to an in-vivo recipient artery under pressure with an ELANA ring sutured to its sur-

face. The rod had 14 holes in the flattened topside and 14 corresponding holes at the bottom 

with a diameter of 2.5 mm. We stretched the vessel over the rod to increase its length by 

10%, in order to reach its original length in vivo. Secondly, we placed the rod with the ves-

sel in a plastic unit and covered it by a small plexiglas plate (Figure 6.1B). The Plexiglas had 

14 holes on the top corresponding with the 14 holes in the metal rod. Through these holes 

the ELANA catheter could be guided perpendicularly to make contact with the vessel. We 

placed a metal holder over the unit and the plate and fixated it with screws causing a tight 

Figure 6.1:  Setup of the in-vitro flap retrieval rate model 

The hollow metal rod with 14 openings on the top and 14 corresponding holes at the bottom to assess flap 

retrieval rate and contralateral wall damage in 14 ELANA anastomoses.

The rod, including rabbit aorta, is placed in a plastic unit and covered by a small plexiglas plate with correspon-

ding holes. A metal holder is placed over the unit and the plate, which is fixated with screws (not shown) causing 

a tight compression.

Setup experiments. 1. Water reservoir; 2. Stiff plastic tube; 3. ELANA catheter 2.0 ®; 4. Laboratory scale (E200, 

Mettler-Toledo, Inc., Columbus, OH); 5.  Roller pump (Verder®, Vleuten, The Netherlands); 6. Unit as described 

under B; 7. Pressure gauge. 

After lasing, the openings lased in the artery were assessed. The portion of a flap which was not fully penetrated 

is indicated in yellow.

B

C

D

A
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compression. This prevented leakage from aorta side-branches. Thirdly, we attached the 

extensions of the hollow rod to a closed system with plastic tubes through which water 

flowed with a mean pressure of 95 mmHg (Figure 6.1C). The flow was driven by a roller 

pump (Verder®, Vleuten, The Netherlands). This pump was set to generate a pulsatile flow 

with a maximum pressure of 110 mmHg, a minimum pressure of 90 mmHg and a frequency 

of 60 pulses per minute simulating physiological blood flow. A reservoir was attached to 

the system, which replaced leaking fluid during lasing, ensuring that the mean pressure 

in the system remained stable. We attached the ELANA catheter to a standard laboratory 

scale (E200, Mettler-Toledo, Inc., Columbus, OH), via a custom made construction which 

exactly showed the force the catheter exerted onto the recipient vessel in Newton. Finally, 

the catheter was attached to the vacuum pump and the excimer laser.

To create an anastomosis in the model, we first calibrated the catheter output ener-

gy. We used a special plug, which is only permitted for laboratory use, to attach the ELANA 

catheter to the laser, allowing energy level adjustment. We tested 4 different energy levels; 

10 mJ, 13 mJ, 15 mJ or 18 mJ. We put the catheter into one of the 14 holes in the Plexiglas unit 

and pushed down until the tip touched the artery. We calibrated the force pushing the cath-

eter down against the vessel wall with the laboratory scale construction. Mean standard 

force was determined at 0.2 N by measuring with which force different experienced ELANA 

users pushed on the recipient artery with the ELANA catheter, with what they considered 

a normal force during vacuum period and laser activation. To measure this we used the 

same laboratory scale setup. In the model we subsequently tested 0.2 N, a higher category 

(0.4 N), a lower category (0.1 N) and no force at all, with the catheter tip just flush with 

the aorta (0 N). After placement, vacuum was applied through the catheter for 2 minutes. 

Subsequently we activated the laser once or twice for 5 seconds at 40 pulses per second. 

In case a second laser episode was applied, it was performed 5 seconds after the first laser 

episode, because the excimer laser needed this period to reset. After catheter retraction, 

we assessed if there was backflow and if a full thickness disc of artery wall, the flap, was 

attached to the tip of the catheter. Finally, the hole in the plastic plate and recipient artery 

was covered by a specially designed plastic tip to prevent the system from leaking. After 

finishing all 14 anastomoses, the rod with vessel was removed from the system. All anasto-

moses were assessed (Figure 6.1D). The vessel was cut open to microscopically inspect the 

contralateral endothelium for damage. 

Experiment 1

Four categories of energy, 4 categories of force and 1 or 2 lasing episodes resulted in 

32 possible combinations of settings. We determined the minimal sample size per combina-

tion of settings at n=60, assuming an increase of flap retrieval rate from 84% to 100%, a 2 

tailed test, α set at 0.05 and a power of 90%. (G*Power 3.0.10, Kiel, Germany). In total 1920 

anastomoses were lased, for which 138 vessels were needed. Water flowed continuously 

through the system and was automatically replaced in case of leakage.

Experiment 2

It appeared in earlier studies that the excimer laser light creates water vapor bubbles 

that rapidly expand and collapse in an UV absorber such as oxibuprocaïne (OBP) solution 

or blood, but not in water. 2, 5 This means that in our model filled with water, bubbles stop 

forming at a fiber tip once this tip has penetrated the tissue. Theoretically, bubbles which 

would form under the anastomosis could influence flap retrieval rate and contralateral wall 

damage. To test this hypothesis, measurements were repeated with water, OBP solution (6 

g/L) and fresh, heparinized pig blood (200 IU/L)  in the system for the standard combina-

tion (10 mJ, 0.2 N, 1 episode) and the combination which performed best during the water 

experiments (15 mJ, 0.2 N, 2 episodes). In each subgroup we  made 60 anastomoses, so for 

this experiment 360 anastomoses were lased for which 26 vessels were needed.

Statistics

We compared  flap retrieval rates between different combinations using a chi-square 

test. We constructed a logistic regression model with conventional settings (10 mJ, 0.2N, 1 

episode) as reference, to predict the influence of each variable. Nagelkerke’s adjusted R2 

was used to quantify the predictive strength of the model. For these analyses we used SPSS 

15.0 (© 2006 SPSS inc.) In general, p< 0.05 was considered significant.

Results

A total of 2280 anastomoses were lased. All anastomoses showed backflow after las-

ing. Total flap retrieval rate was 92.5%. The 171 non-retrieved flaps were found still attached 

to the aorta at different quadrants, but all over a trajectory of 10-30 degrees (Figure 6.1D). 

No flaps were lost or detached. 

Experiment 1

The flap retrieval rate with the standard combination of settings (10 mJ, 0.2 N, 1  

lasing episode) was 86.7 % using water in the system. This was not significantly different 

from the 84% flap retrieval rate in the clinical experience in the UMCU since 1999 (p=0.70). 

We observed a 100% flap retrieval rate in 16 different combinations of settings. (Table 6.1)

The predictive strength of the logistic regression model was acceptable with 
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95% CI 1.9- 5.3) and 18 mJ (OR 3.7, 95% CI 2.2- 6.2). However ,with 15 mJ and 18 mJ, 1 lasing 

episode was already sufficient in the 0N, 0.1N and 0.2 N pressure subgroups to achieve a 

100% flap retrieval rate. 

In the 4 categories of catheter pressure we tested, the optimal flap retrieval rate 

was achieved in the 0.1 N and 0.2 N subgroups. Between these groups no significant differ-

ence was found. When the catheter was pushed against the wall with 0.4 N, this had a signif-

icant negative influence on the flap retrieval rate (OR 0.07, 95% CI 0.04 -0.14). We also found 

a pressure of  0 N to be of negative influence on the flap retrieval rate (OR 0.4, CI 0.2- 0.9). 

However, this effect was solely attributable to its effect in the 10 mJ and 13 mJ subgroups. At 

0 N even 26.7% of the flaps were missed when the laser was activated 1 time at 10 mJ. 

Adding a second laser episode significantly increased the flap retrieval rate in the 

total model (OR 2.1, 95% CI 1.4- 3.0). This effect was only observed in the 10 mJ and 13 mJ sub-

groups. If laser energy was set at 15 mJ or 18 mJ, a second laser episode did not significantly 

increase the flap retrieval rate. 

In none of the 1920 anastomoses made in experiment 1, contralateral arterial wall 

damage was observed.

Experiment 2

The flap retrieval rate with the standard combination of settings (10 mJ, 0.2 N, 1 laser 

episode) was 81.7 % using water in the system,  90% using OBP in the system and 81.7% using 

Nagelkerke R2 = 0.24. (Table 6.2) In the model all 3 tested categorical variables (energy, 

force and laser episodes) appeared to be of significant influence on the predictive values of 

the flap retrieval rates. The flap retrieval rate of 100% in 16 subgroups caused the regression 

model to have estimation problems when interactions between variables were included. 

Therefore, interactions were not included in the model.

Increasing the laser energy significantly increased the flap retrieval rate. An increase 

to 13 mJ (OR 3.0, 95% CI 1.8- 4.8) resulted in 100% flap rate when we lased once with 0.1 N 

pressure. When a second lasing episode was added, 100% was also achieved in the 13 mJ 

group when pressure on the catheter was 0 or 0.2 N. We also found this for 15 mJ (OR 3.2, 

Energy 1 laser episode 2 laser episodes

0 N 0.1 N 0.2 N 0.4 N 0 N 0.1 N 0.2 N 0.4 N

10 mJ 73.3 86.7 86.7 70.0 96.7 96.7 98.3 81.7

13 mJ 91.7 100 98.3 76.7 100 100 100 86.7

15 mJ 100 100 100 80.0 100 100 100 76.7

18 mJ 100 100 100 83.3 100 100 100 78.3

Table 6.1: Flap retrieval rates (%) in experiment 1.

Variable B (SE) OR 95% CI

Energya     

13 mJ 1.1†† (0.3) 3.0 1.8 4.8

15 mJ 1.2†† (0.3) 3.2 1.9 5.3

18 mJ 1.3†† (0.3) 3.7 2.2 6.2

2 Episodesb 0.7†† 0.2 2.1 1.4 3.0

Forcec

0 N -0.8† 0.3 0.4 0.2 0.9

0.1 N 0 0.5 1.0 0.4 2.4

0.4 N -2.6†† 0.3 0.07 0.04 0.14

Table 6.2: Logistic regression model (experiment 1) describing the infl uence 

of energy, episodes and force on the fl ap retrieval rate. 

Nagelkerke R2=0.24.
† p< 0.05, ††p<0.01
a: Control = 10mJ
b: Control = 1 episode
c: Control = 0.2 N

Figure 6.2:  Flap retrieval rates in experiment 2 

Group I: 10 mJ, 0.2 N, 1 laser episode; Group II: 15 mJ, 0.2 N, 2 laser episodes. 

*, oxibuprocaïne, no significant difference compared to water or blood.
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Discussion

The objective of this study was to find the optimal flap retrieval rate of the ELANA 

anastomosis technique. Based on insights obtained in an observational study 2 various op-

tions were proposed and have been tested in this study. 

In experiment 1, we observed that the flap retrieval rate, while applying 0- 0.2 N on 

the catheter, could be increased to 100% by increasing the laser energy to 15 mJ. To achieve 

the maximum flap retrieval rate using the conventional energy of 10 mJ, combined with 

0- 0.2 N of pressure on the catheter, 2 lasing episodes should be applied. This will at its best 

result in 98.3% flap retrieval. If 0.4 N is applied, this will result in a significantly decreased 

flap retrieval rate, independent from energy and laser episodes.

In experiment 2, the insignificant difference in flap retrieval rate between UV-ab-

sorber subgroups (OBP solution, blood) and saline subgroup confirmed that the perforation 

mechanism of the ELANA technique is primarily based on explosive tissue water vaporiza-

tion with explosive bubble formation, which tear the tissue in direct contact with the cath-

eter tip. The influence of the bubbles formed at the catheter tip after penetration of the 

tissue in an UV-absorber (OBP solution or blood) 2 appears to affect the retrieval of the flap 

not significantly. 

Other Factors

In this study we tested the most important variables influencing the flap retrieval 

rate. However, there are still some other factors of potential influence. 

The first factor is the vessel wall tension within the ELANA anastomosis before las-

ing. The model used in this study was designed to create a symmetrical tension on the aorta 

surface which was to be lased out as a flap. In vivo an asymmetrical tension can occur within 

the platinum ELANA ring, caused by asymmetrical suture placement. An asymmetry within 

the ring will cause an asymmetry in laser penetration and will theoretically lower the flap 

retrieval rate. Training on symmetrical suture placement in the lab is necessary. 

The second factor is the wall thickness of the recipient artery. Although the dimen-

sions of the rabbit arteries used in this study seem comparable to the human intracranial 

parts of the ICA and MCA, it is theoretically possible that the recipient artery is thicker in 

an individual patient, for example because of beginning arteriosclerosis. This will increase 

the risk on failing flap retrieval, because the distance from the tip of the fibers to the grid is 

too short, hampering the catheter to migrate through the vessel. Moreover, human arteries 

could have other morphological properties than rabbit aortas which cause the artery to re-

act differently to a laser pulse. It was however impossible for us to use human vessels in this 

study because of the high quantity needed. Moreover, flap retrieval rate in the rabbit vessel 

Figure 6.3:  Damage to the contralateral arterial wall

A  Bottom view of the rod. In every anastomosis constructed with OBP as medium, a tear in the contralateral  

vessel wall appeared (red arrow).

B  Potential mechanism of contralateral wall damage. During the implosion of the bubbles (light blue) formed 

at the tip of the catheter, the wall is sucked upward (black arrows). The local stress in the vessel wall induces the tear.

A B

Using the best combination (15 mJ, 0.2 N, 2 laser episodes), the flap retrieval rate 

was 100% in all 3 groups. The water and blood anastomoses had no contralateral vessel wall 

damage. However, when OBP was used, contralateral endothelium damage extending into 

the media or even up to the adventitial layer was observed in all 120 anastomoses. This dam-

age appeared microscopically as a longitudinal tear in the contralateral arterial wall, observ-

able from outside (Figure 6.3A)

blood in the system. This difference was not significant between groups, and none of the 

results were significantly different from the clinical result (84%). (Figure 6.2) 
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is 8 mJ/mm2. 10 The 308 nm laser light exits each of the 180 fibers (diameter 60µm) with a 

divergence angle around 20 degrees. At 18 mJ (maximum energy tested) the fluence is thus 

35 mJ/mm2 at the catheter tip. From these data it can be calculated that the 8 mJ/mm2 level 

is reached at 0.56 mm under the tip, not taking into account any absorption of the laser 

energy by a medium. It can be calculated with Beer’s law that in blood, assuming an absorp-

tion coefficient of 30 mm-1, this distance is reduced to sub micrometer scale. 11 

In figure 6.3B, we suggest a more likely potential mechanism for the observed dam-

age. Because most of the vessel wall is fixated by the rod, there is only movement possible at 

the contralateral opening during the implosion of the induced bubbles. The suction on the 

arterial wall creates such a high local stress that it results in the longitudinal tear which was 

characteristic for the observed damage. This phenomenon of the implosing vessel has been 

described before by van Leeuwen et al. 12 The OBP concentration of 6 g/L has an absorption 

coefficient of 58.8 mm-1. 13 The absorption coefficient of blood varies between 30 and 50 

mm-1. 11 We theorize that the higher concentration of the OBP resulted in a more powerful 

implosion compared to blood. Combined with the experimental circumferential fixation of 

the recipient artery in our experiment this probably explains the observed damage. This 

damage is artificial compared to the clinical situation, where the vessel is not circumferen-

tially fixated and therefore the stress is divided over a larger surface.

It appeared that, when the catheter was pushed against the vessel wall with 0.4 N or 

more, a flap rate of 100% is impossible. Most likely, a high pressure on the catheter results 

in movement of the flap over the grid during lasing, resulting eventually in flap detachment 

from the grid if the flap is still attached to the recipient artery over a small trajectory. Ap-

plying the right pressure (0.1-0.2 N) on the catheter therefore has to be trained in the lab. 

Based on the results of this study, we constructed a designated training setup in our lab as 

an addition to an earlier reported training model 14 to provide direct feedback to the sur-

geon on the force which is exerted on the ELANA catheter. Training remains an essential 

element for vascular neurosurgeons who want to have the ELANA technique in their treat-

ment armamentarium. 

Conclusion
The flap retrieval rate of the ELANA anastomosis technique can be optimized to 100% 

by increasing the laser energy from clinical standard of 10 mJ to 15 mJ. One laser episode is 

then sufficient. However, safety studies are needed before definite increase of energy in  

the patient. Since it is not clinically permitted yet to adjust energy levels, 2 laser episodes of 

10 mJ would be a good alternative to increase the flap retrieval rate. In addition the surgeon 

should be trained to apply not more than 0.2 N of pressure on the catheter.

control group was comparable with clinical human data. In the future, new measurements 

could be performed with adjusted ELANA catheter grid depths and thicker or thinner vessels 

to expand the potential area of ELANA anastomosis placement. 

The third factor which is not included in this study is the method of catheter place-

ment. When the catheter is not totally in the platinum ring and does not touch the recipi-

ent vessel wall, the flap will not be retrieved, because for the 308 nm Excimer laser direct 

contact of the fiber with the tissue is essential for its ablation mechanism as shown before. 
2 The trick to get the catheter in the ring can be difficult, especially when the anastomosis is 

not perpendicular to the position of the operating neurosurgeon. This results in rare misses 

and should be trained in the laboratory. Incorrect catheter placement was impossible in 

the model used for this study, potentially skewing the total result in flap retrieval rate of 

this study, adding all subgroups, towards a more positive outcome. However, the effect is 

equal in all subgroups, so comparisons between the subgroups which were tested were still 

considered to be fair.

Advisable Settings

With the currently commercially available form of the ELANA system (Elana bv®, 

Utrecht, the Netherlands) it is not permitted and not possible to vary laser energy when 

using the technique in patients. At the standard 10 mJ, the flap retrieval rate was shown to 

be suboptimal, which was already expected based on previous retrospective clinical series.1, 

6, 7 It was particularly worrisome that 26.7% of the flaps were missed in the 10 mJ, 1 laser epi-

sode, 0 N subgroup. During normal clinical use of the ELANA technique all forces exerted by 

the hands of the neurosurgeon on the catheter are aimed at prevention of contralateral wall 

damage. Therefore it is imaginable that, especially in small vessels, the surgeon exerts not 

more than 0 N on the catheter.  Therefore 2 lasing episodes should be applied when 10 mJ is 

used, which will increase flap rate from 73.3% to 96.7% at 0 N pressure.

It is also imaginable that, because of a little leak or other patient related compli-

cations, the surgeon wants to stop after 1 lasing episode. Because of this it is conceivable 

to choose a setting which can achieve a 100% flap retrieval rate in a single lasing episode. 

Requirements are met when the laser output energy is increased to 15 mJ. 

However, when laser energy is increased, risk on contralateral wall damage cannot 

be totally excluded in our study. We observed a contralateral wall tear in all OBP subgroups, 

including the OBP 10 mJ group. In vivo this has not been observed during ELANA anastomo-

sis grafting 8. 

Radiation damage by excimer laser light has been described before 9, and consists of 

dissections and necrosis. The healing response could theoretically influence patency of the 

bypass and/or recipient artery. However,  it is highly unlikely that the damage observed in 

the current study was caused by direct irradiation. The ablation threshold for endothelium 
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Abstract

Objective

To test if and how the surgically difficult Excimer Laser Assisted Non-occlusive Anastomosis 

(ELANA) technique can be simplified.

Methods 

In 42 rabbits, using the aorta as recipient artery and human saphenous veins as donor 

grafts, we made 30 conventional ELANA anastomoses with 8 micro-sutures, 90 ELANA 

anastomoses with 4 micro-sutures (ELANA-4), 40 ELANA anastomoses with 2 micro-sutures 

(ELANA-2) and 90 sutureless ELANA (SELANA) anastomoses. SELANA involved a new ring 

design with 2 pins. ELANA-4, ELANA-2 and SELANA anastomoses were each combined with 3 

different sealants (Bioglue®, TachoSil® and Tisseel®) and compared regarding application 

time, complications and burst pressure. 

Results

The conventional ELANA anastomoses were constructed in mean 14.8 ± 2.6 min. All 

experimental anastomoses were constructed significantly faster; the ELANA-4 in mean 10.9  

± 1.3 min, the ELANA-2 in mean 5.4 ± 1.7 min and the SELANA in mean 2.5 ± 1.8 min. All ELANA 

and ELANA-4 anastomoses were sufficiently strong with burst pressure > 200 mmHg, except 

for 1 insufficiently sealed ELANA-4 anastomosis. ELANA-2 was only  sufficiently strong with 

Bioglue, showing a burst pressure > 280 mmHg. SELANA was sufficiently strong with Bioglue 

or TachoSil, showing a burst pressure > 260 mmHg. 

 

Conclusion 

The ELANA technique can be simplified by reducing or even abandoning micro-sutures. 

Of the experimental anastomoses tested in this study, we consider the SELANA technique 

combined with TachoSil to have the most potential benefit. Long term animal studies will 

have to be performed before the use of these new techniques in patients.

Introduction

The current ELANA technique involves 8 intracranial micro-sutures, as shown in 

Figure 1.6. This requires high level microsurgical skills. Every suture is accompanied by 

potential complications like breaking the suture, rupturing the recipient artery wall or 

damage of surrounding structures. The sutures can cause asymmetry in tension of the 

recipient vessel wall within the ring which lowers the rate of successful ELANA lasing, which 

is defined by the rate of retrieving a full thickness piece of artery wall from the anastomosis. 

Attaching an ELANA anastomosis becomes more difficult if the recipient artery is located 

relatively deep and when the working channel is narrow. The time necessary to attach the 

anastomosis intracranially can therefore vary from 45 minutes (for example a M2 ELANA 

anastomosis) to 1.5 hours (for example an ICA ELANA anastomosis) to even 2 – 2.5 hours 

(for example P2, P1 and BA ELANA anastomoses). Reducing the numbers of micro-sutures 

needed to attach the ELANA anastomosis should theoretically reduce suture related 

compliations, simplify the procedure and reduce surgery-time. Furthermore, it might make 

the ELANA anastomosis possible on locations were it is impossible to suture in 1 or more 

quadrants, for example on the ICA close to the optic nerve or on the P1 next to the third 

cranial nerve or perforators.

We developed different variations on the conventional ELANA anastomosis 

technique in the past years. We used surgical sealants and different ring designs to reduce 

the number of micro-sutures. In this study we compared the current ELANA technique with 

3 new experimental variations in an acute in-vivo rabbit model combined with an in-vitro 

pressurization model. 
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Methods

This study was approved by the animal experimentation committee of the Utrecht 

University, the Netherlands. 

Experimental Model

We used female New Zealand White rabbits of approximately 3.5 kilograms. 

Preoperatively the rabbits were fed ad libitum. No anticoagulant or antiplatelet medication 

was given before the surgical procedure. We performed anesthesia introduction with 

intramuscular administration of acepromazine (0.5 mg/kg) and  methadone (1 mg/kg). 

Subsequently, we intravenously administered etomidate (0.3 mg/kg). After intubation 

we continuously infused midazolam (50 µg/hour/kg) and sufentanil (50 µg/hour/kg). The 

rabbit was put in a supine position. Mean arterial bloodpressure (MAP) of the rabbit during 

the procedure was 60 ± 10 mmHg. 

We dissected the abdominal aorta from the left renal artery to its bifurcation using a 

microscope. Subsequently a randomized combination of conventional ELANA anastomoses 

and different experimental ELANA variations were made end-to-side on the aorta. As 

bypass grafts we used small pieces of human spahenous vein (minimally 2 centimeters 

length) which were remnants from cardiac bypass surgery or ELANA bypass surgery.  On 

average 6 anastomoses could be placed on each aorta (range 4-8). After finishing the final 

anastomosis, we left the aorta, including anastomoses, in situ for 2 hours. Then we removed 

the aorta including anastomoses, and prepared the anastomoses for burst pressure testing. 

The rabbit was sacrificed with 200 mg/kg sodiumpentobarbital. 

Anastomoses

We made conventional ELANA anastomoses and experimental ELANA-4, ELANA-2 

and SELANA anastomoses. Before starting this study, we performed feasibility tests and 

training of every experimental anastomosis on a bench top ELANA practice model 1 (Elana 

bv®, Utrecht, the Netherlands)1 to minimize laboratory animal usage and eliminate the 

influence of a potential learning curve.

To make a conventional ELANA anastomosis, we attached a 2.8 mm ring (Elana bv, 

Utrecht, the Netherlands) to the vein graft with 8 microsutures. Subsequently we attached 

the ring including the vein end-to side to the rabbit aorta also using 8 microsutures. (Figure 

1.6 A) Then the anastomosis was lased open with the ELANA ® laser catheter (Elana bv, 

Utrecht, the Netherlands), and a full thickness disc of aorta wall (the ‘flap’) was retrieved 

at the suction portion of the catheter. (Figure 1.6 B) We put an aneurysm clip on the 

vein graft and checked the anastomosis for patency and leakage. The first experimental 

simplification was the ELANA-4 anastomosis. (Figure 7.1)  The attachment of the ring to 

the vein graft outside the operative field was identical to the conventional ELANA technique 

with 8 microsutures. To attach the ring including the vein to the rabbit aorta wall only 4 

microsutures were used. We subsequently put a surgical sealant around the anastomosis. 

The anastomosis was lased open identically to the conventional ELANA technique. 

The second experimental ELANA anastomosis we tested, the ELANA-2 anastomosis, 

was a further simplification (Figure 7.2). We attached the ring to the vein graft outside the 

operative field with 2 microsutures. We cut the vein under the ring longitudinally in half to 

create 2 pieces of vein on the recipient artery  (these were defined ‘coattails’). The coattails 

served to increase attachment surface for the sealant. To attach the bypass graft including 

ring to the recipient artery we used 2 microsutures on the side of the recipient artery. After 

attachment we applied sealant arround the anastomosis and under the coattails, and the 

anastomosis was lased open.

The third and final experimental ELANA simplification we tested was without sutures; 

the ‘sutureless’ ELANA (SELANA) technique. (Figure 7.3) This anastomosis involved a change 

in ring design. This ring was equipped with 2 pins. First we fixated the vein graft to the ring 

by folding it over the 2 pins. Two coattails for sealant fixation were cut. Subsequently, we 

slid the bypass graft including ring on to the recipient artery wall using the special form of 

the 2 pins. Hereby the vessel wall ‘clicks’ over the circumferential part of the pins, allowing 

a solid anastomosis in 1 single and smooth move. Only this circumferential part of the pins 

is exposed in the lumen of the artery. The anastomosis was then sealed by a circumferential 

layer of surgical sealant surrounding the anastomosis, and it was lased open.

The three experimental anastomosis subgroups were each sealed with 3 different 

sealants. The first was Bioglue® (Cryolife Inc., Kennesaw, GA, USA), a bovine serum albumin/ 

glutaraldehyde sealant. The second was  Tisseel® (Baxter International Inc., Deerfield, 

IL, USA), a fibrin sealant. The third was TachoSil® (Nycomed Inc. Zurich, Switzerland), a 

medicated fibrin sponge of which 4 small pieces (3x3 mm) were cut and put around the 

anastomosis. TachoSil appeared to be unsuitable to use in combination with the coattails of 

the ELANA-2 and SELANA anastomoses, because the collagen sponge has only 1 attachment 

surface. Therefore the coattails were cut off when TachoSil was used.

In combination with the conventional ELANA subgroup, three experimental 

anastomoses sealed with 3 different sealants resulted in 10 subgroups. In each subgroup we 

originally planned to construct 30 anastomoses. (Figure 7.4)

After non-occlusive opening of the conventional or experimental anastomosis and putting 

a clip over the donor vein, we assessed leakage. We regarded the leakage as ‘brisk’ if we had 

to temporarily or definitively occlude the recipient artery in order to control the leakage 

after lasing. 
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Figure 7.1:  ELANA-4. Eight microsutures are used to attach the ring to the vein graft, and 4 microsutures are used to 

attach the vein plus ring to the recipient artery. The anastomosis is sealed with Bioglue® (shown), Tisseel® or TachoSil®. 

Opening of the anastomosis is identical to the conventional ELANA anastomosis (Figure 1.6B)

Figure 7.2:   ELANA-2. Two microsutures are used to attach the ring to the vein graft, 2 coattails are cut, and 2 microsutures 

are used to attach the vein plus ring to the recipient artery. The anastomosis is sealed with Bioglue® (shown), Tisseel® 

or TachoSil®. With TachoSil, the ‘coattails’ were removed (not shown).  Opening of the anastomosis is identical to the 

conventional ELANA anastomosis (Figure  1.6B)

Figure 7.3:  SELANA. A. The attachment of the ring to the vein is possible without microsutures using the 2 pins which 

have to perforate the vessel outside-in. B. The pins serve to attach the vein and ring to the recipient artery in a one simple 

movement. Note that both pins simultaneously puncture the artery wall 2 times (outside-in and subsequently inside-

out). The recipient wall is fixated by the circumferential shape of the pins which ‘click’ under the recipient artery wall. The 

anastomosis is sealed with Bioglue® (shown), Tisseel® or TachoSil®. With TachoSil the ‘coattails’ were removed. Opening 

of the anastomosis is identical to the conventional ELANA anastomosis (Figure  1.6B)

Figure 7.4:  

A.  Two ELANA-2 anastomoses, sealed 

with Tisseel, and 2 conventional 

ELANA anastomoses on the rabbit 

aorta before lasing. 

B.  2 SELANA anastomoses on the 

rabbit aorta, sealed with TachoSil, 

after lasing. 

C.  SELANA anastomosis from inside. 

The backwall of the aorta is removed, 

showing the circumference of the pins 

exposed intraluminally, surrounding 

the lased anastomosis (2 mm).

A

B

C
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Results

In total, 250 anastomoses were constructed in 42 rabbit’s. (Table 7.1) 

ELANA 

We made 30 conventional ELANA anastomoses (Figure 1.6). We performed 

attachment of the ring to the vein with 8 sutures  in mean 11.3 ± 1.6 minutes (min). We sutured 

the vein including the ring to the aorta in mean 14.8 ± 2.6 min. (Table 7.1) No complications 

occurred during these procedures. All anastomoses showed good backflow after lasing. 

We retrieved 27 of 30 flaps from the anastomoses (90%). We did not observe any ‘brisk’ 

leakages directly after lasing. During burst pressure measurements no anastomosis leaked 

up until maximum system pressure (300 mmHg). 

ELANA-4 

We made 90 ELANA-4 anastomoses (Figure 7.1). We performed attachment of the 

ring to the vein with 8 sutures in mean 10.9  ± 1.3 min. We attached the vein plus ring to 

the aorta with 4 sutures and sealant in mean 8.8 ± 2.0 min, which was mean 6.0 min (95% 

CI 4.5-7.5 min) faster than the conventional ELANA anastomosis. (Table 7.1) Sealing with 

TachoSil (4.1 ± 0.4 min) took more time than sealing with Bioglue and Tisseel (0.3 ± 0.1 min, 

After removing the aorta from the animal, we flushed the anastomoses under low 

pressure with heparinized saline. The aorta was occluded using hemoclips at both sides 

from every anastomosis. Subsequently burst pressure was measured in the anastomoses 

which did not show brisk leakage after lasing. To test burst pressure the donor vein of 

every anastomosis was attached to a calibrated pressure system with saline (Figure 7.5). 

The pressure was increased by 100 mmHg/min in every anastomosis. If at any spot under 

the ELANA ring a deattachment occurred and a saline leak appeared, the anastomosis was 

scored ‘bursted’ at that point. Maximum pressure in the system was 300 mmHg.

Finally the anastomosis was opened. Every anastomosis was microscopically 

evaluated by minimally 2 observers (not the surgeon) to check for sealant inside the 

anastomosis or any other irregularities. (Figure 7.4C) In 1 anastomosis per experimental 

subgroup histologic examination was performed. (Figure 7.6)

Statistical analysis

To assess differences in leakage rates and flap retrieval rates of the different 

experimental subgroups with the conventional ELANA control group, we used Fisher’s exact 

tests. To assess differences in time intervals between subgroups, we used non-paired t-tests, 

because all subgroups were normally distributed regarding preparation and application 

time (Kolgomorov-Smirnov test, p > 0.05). For all statistical analyses, SPSS version 15.0 was 

used. Numbers are stated ± standard deviation (SD) unless otherwise indicated. 

We regarded a p-value of smaller than 0.05 as statistically significant.

Figure 7.5:  Schematic overview of the burst pressure  setup. On the left a pressurized infusion with saline. 

In the middle a calibrated pressure meter. On the right an anastomosis attachment block. 

Figure 7.6: Histology of an ELANA-2 anastomosis sealed with Bioglue using hematoxylin and eosin staining. Side 

view. Left: 20X magnification, inset 200 X magnification. The ring is black. Bioglue (purple) is positioned under the 

coattails and no sealant penetrated the anastomosis.
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In the TachoSil subgroup (n=30), 1 anastomosis ‘briskly’ leaked after lasing. At inspection 1 

quadrant of the anastomosis appeared to be not sealed. At pressurizing 2 of the 29 remaining 

TachoSil anastomoses leaked at 280 mmHg. 

In the Tisseel subgroup (n= 30), no anastomosis ‘briskly’ leaked after opening. At 

pressurizing, 4 anastomoses leaked at respectively 200 (n=2), 240 and 280 mmHg. 

In none of the anastomoses we observed migration of sealant to the intraluminal side of the 

anastomosis at microscopic inspection or at histological examination.

ELANA-2

We made 40 ELANA-2 anastomoses, instead of the planned 90. (Figure 7.2) We 

performed attachment of the ring to the vein with 2 sutures in mean 5.4 ± 1.7 min. This 

included cutting the coattails.  In the TachoSil subgroup we cut of the coattails before 

attachment, because the TachoSil does not attach to tissue at the side of the sponge. 

We attached the vein plus ring with 2 sutures and sealant to the aorta in mean 5.3 ± 1.4 

min, which was mean 9.5 min (95% CI 7.9- 11.1 min) faster than the conventional ELANA 

anastomosis. (Table 7.1) We observed that the ‘coattails’ limited the spreading of Bioglue 

and Tisseel over surrounding tissue before polymerizing, which was observed in the ELANA-4 

anastomoses. In total 31 of the 40 flaps were retrieved (78%), which was not significantly 

different from the ELANA control anastomoses (p= 0.21). There was no significant difference 

in flap retrieval rate between the 3 sealant subgroups. 

In the Bioglue subgroup (n=30) 1 anastomosis showed brisk leakage after lasing on 

the lateral side of the anastomosis between the aorta wall and the sealant layer. During 

pressurizing one other Bioglue anastomosis leaked at 280 mmHg.

We cancelled the TachoSil subgroup because of abundant leakage after 2 

anastomoses. Also Tisseel provided too little adhesive strength to seal the ELANA-2 

anastomosis.  It caused 2 abundant leakages after 8 anastomoses, and all other anastomoses 

bursted before 120 mmHg at burst pressure testing. Therefore we cancelled this subgroup. 

In none of the anastomoses we observed migration of sealant to the intraluminal side of the 

anastomosis at microscopic inspection or at histological inspection. (Figure 7.6)

SELANA

We made 90 SELANA anastomoses (Figure 7.3). We performed attachment of the 

SELANA ring to the vein in mean 2.9 ± 1.2 min. We attached the vein plus SELANA ring to 

the aorta wall and sealed the anastomosis in mean 2.5 ± 1.8 min, which was mean 12.3 min 

(95% CI 10.8- 13.7 min) faster than the conventional ELANA anastomosis. (Table 7.1) All 

anastomoses showed good backflow after lasing. 

In 84 of 90 anastomoses we retrieved the flap (93%), which was not significantly 

mean difference 3.5 min, 95% CI 3.1-3.9 min), because it was necessary to locally tamp every 

piece of TachoSil gently for 30 seconds to 1 minute directly after application. Bioglue and 

Tisseel are liquid at application and potentially spread over the surrounding tissue before 

polymerizing. Therefore it was more difficult to locally apply these sealants than TachoSil, 

which remains in situ during application. All anastomoses showed good backflow after 

lasing. We retrieved 74 of 90 flaps (82%), which was not significantly different from the 

ELANA control group. (p= 0.40) There was also no significant difference in flap retrieval rate 

between the 3 sealant subgroups. 

In the Bioglue subgroup (n=30), we did not observe any ‘brisk’ leakage directly after 

lasing. At pressurizing, none of the anastomoses leaked up until maximum system pressure 

(300 mmHg). 

Anastomosis N Total
Attachment 

Time (min)
Flap (%)

N Brisk 

leakage 1

N Burst 

< 120 

mmHg

N Burst 

< 300 

mmHg

ELANA (control) 30 14.8 ± 2.6 90 0 0 0

ELANA-4 90 8.8 ± 2.0 82

Bioglue• 30 0 0 0

TachoSil• 30 1 1 3

Tisseel• 30 0 0 4

ELANA-2 40 5.3 ± 1.4 78

Bioglue• 30 1 1 2

TachoSil• 22 2 - -

Tisseel• 82 2 8 -

SELANA 90 2.5 ± 1.8 93

Bioglue• 30 0 0 2

TachoSil• 30 0 0 2

Tisseel• 30 1 3 12

Table 7.1 Anastomosis leakage and burst pressure.
1 At the moment of opening in the rabbit at 60 mmHg.
2 Stopped with this subgroup because of 2 brisk leakages.
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different from the ELANA control group (p= 0.70). There was no significant difference in flap 

retrieval rate between the 3 sealant subgroups. 

In the Bioglue subgroup (n=30) no anastomosis showed brisk leakage after opening. 

During pressurizing 2 anastomoses leaked at approximately 260 mmHg. 

In the TachoSil subgroup (n=30), of which the co-attails were cut of identically to the 

ELANA-2 Tachosil group, no anastomosis briskly leaked at opening. During pressurizing 2 

leaked at 280 mmHg. 

The Tisseel subgroup (n=30) 1 anastomosis briskly leaked at opening. During pressurizing 

this group showed inferior anastomosis strength with 3 anastomoses leaking below 120 

mmHg and 12 below 200 mmHg. 

In none of the anastomoses we observed migration of sealant to the intraluminal 

side of the anastomosis at microscopic inspection or at histological inspection.

Discussion

We studied 3 variations of the ELANA anastomosis technique in an acute rabbit 

model. Reducing the 8 conventional ELANA microsutures to 4 microsutures resulted in a 

solid anastomosis using Bioglue, TachoSil and Tisseel. The ELANA-2 anastomosis was only 

feasible with Bioglue as surgical sealant. The new SELANA ring design with 2 pins facilitated a 

safe, solid and fast sutureless ELANA anastomosis in combination with Bioglue or Tachosil. 

Other studies

We previously tried to simplify the ELANA technique and reduce the number of 

microsutures. 2 This prior, ‘screw’ like, ring design however could cause vessel wall damage 

at application, occasionally leading to rupture of the anastomosis from the vessel wall 

([Bremmer et al.], 2008, unpublished data).  This did not occur with the SELANA device in 

this study. 

Another option to simplify neurosurgical revascularization is an automated end-to-

side anastomosis. This device, called the C-port xA ® (Cardica, Inc. Redwood City, CA, 

USA), integrates the functions necessary to enable this. Good results in neurosurgical 

revascularization in terms of short-term patency in 11 patients have been reported. 3, 4 

However, disadvantages compared to ELANA and even more so to SELANA are the need for 

temporary occlusion (average occlusion time in 10 patients using the C-port was 16 ± 3.4 

minutes), the relatively large size of the applicator, the straight shape of the device, and 

the endoluminal penetration of the “anvil”, which causes impairment of the view on the 

anastomosis, as well as obligatory coarse vessel handling.3 This limits the use of the device 

in its current design essentially to the M2 segments.

Currently there are no other neurosurgical devices to facilitate a sutureless non-

occlusive end - to - side anastomosis.  However, in cardiac surgery many connectors have 

been developed to enable minimal access to reduce the technical demand and to standardize 

anastomosis quality. These techniques include the St. Jude connector™ (St. Jude Medical 

Inc, St Paul, MN), the Graft Connector™ (Jomed International AB, Helsingborg, Sweden), 

the Magnetic Vascular Positioner™ (Ventrica Freemont, CA), the Heartflow ™ anastomosis 

device (Perclose Inc, Redwood City, CA), the Converge Coronairy Anastomosis Coupler™ 

(Converge Medical Inc, Sunnyvale, CA), the S2 Anastomotic system™ (Iitech BV, Amsterdam, 

the Netherlands) and the Distal Anastomotic Device ™ (Bypass Ltd, Hertzlia, Israel). 5 

Theoretically these connectors also could be of use in neurosurgery. Practically however, 

in their current design, none of these devices seem to meet neurosurgical requirements. 

Most important drawbacks of all these devices are their lack of miniaturization and 

limited visibility during application, resulting in suboptimal placement in areas difficult to  



chapter  7

134

Experimental Simplification of the ELANA Technique in a Rabbit Model

135

they will only be more significant when the situation gets more difficult. 

Second limitation is the relatively low opening pressure in the rabbit at mean 60 

mmHg. This is significantly lower than the mean ICA pressure of 106 mmHg. An anastomosis 

is at its weakest just after opening when no physiological sealing by fibrin deposition has 

occurred yet. The anastomoses we performed had 2 hours time to seal physiologically at 

a relatively low pressure. Theoretically this would have resulted in an under-estimation of 

the number of brisk leakages after opening and an over-estimation of burst pressure of the 

different anastomoses in this study. 

Third limitation is the method of burst pressure measurement. We did not measure 

the burst pressure with a pulsatile technique over a longer period of time. In such a model 

the associated stress load would be higher at lower pressures, resulting in lower burst 

pressures.

Fourth limitation are the relative low numbers of histological analyses. Although 

we analyzed every anastomosis in detail with 2 observers trough a microscope, histology 

of every anastomosis, as in Figure 7.6, would have been more sensitive. However, because 

the ring is involved in the ELANA anastomosis, expensive histological  techniques have to be 

used. This was not feasible for every anastomosis in this study. 

This study does not contain survival experiments. Therefore, before the use of any 

of these techniques in patients, long-term animal studies should be done to assess patency, 

endothelialization and eventual thrombosis, stricture or stenosis in the experimental 

anastomoses.

Conclusion

The ELANA technique can be simplified by reducing or even abandoning 

microsutures. Of the experimental anastomoses tested in this study, we consider the 

SELANA technique combined with TachoSil as most beneficial. Long term animal studies 

will have to be performed before using of these new techniques in patients.

approach, anastomosis bleeding and intima hyperplasia. Therefore none of them have been 

used in cerebral revascularization surgery until now.

This study

Of all the experimental groups tested in this study, the SELANA anastomosis appeared 

to have the best combination of fast application and low complications. The SELANA 

technique has the potential to offer profit in the future to patients as well as surgeons. We 

believe it will facilitate a deep intracranial anastomosis with minimal brain retraction, still 

benefiting of the advantages of a non-occlusive technique. The application is simple, fast 

and straightforward. SELANA has the potential of making neurosurgical revascularization 

minimally invasive and maximally safe, and opens up new treatment strategies. 

Flap retrieval rate seemed to decrease with the number of stitches used (ELANA 

90%, ELANA-4 82%, ELANA-2 78%). However, in the SELANA anastomoses flap retrieval rate 

was even 93%. This shows, together with the observed minimal leakage and high burst 

pressure, that the SELANA facilitates a good circumferential fixation, comparable to the 8 

microsutures of the conventional ELANA method. Moreover, SELANA results theoretically in 

a more symmetrical, standardized arterial surface for the lasing by the ELANA catheter than 

the conventional ELANA method, which is dependent on the quality of manual stitches. 

However, flap retrieval rate in this study was still not 100%. Therefore more research is 

necessary, also focusing on laser energy, catheter pressure and eventually ELANA catheter 

design. (Chapter 6)

In this study Bioglue and TachoSil appeared to be stronger sealants than 

Tisseel, however Bioglue is not officially CE/FDA approved for intracranial use because 

of its glutaraldehyde component. Unfavorable Bioglue  results have been reported; 

sutureless anastomosis, without medical devices, sealed with Bioglue showed stenosis, 

pseudoaneurysm formation, thrombi and calcifications. 6 Moreover, wound complications 

were reported  when Bioglue was used to seal the dura. 7 More favorable results have been 

reported with TachoSil, which is CE approved and under FDA review. TachoSil seems to 

have no long-term negative effect on wound healing or anastomosis quality. 8, 9 An extra 

advantage of TachoSil was that it is not liquid at application, which allows a more focal 

application while preventing migration of sealant to underlying tissue.  We therefore regard 

TachoSil currently as the most ideal sealant for this purpose.

This study has some limitations. At first, it is easier to create an anastomosis on the 

abdominal aorta of the rabbit than on the intracranial proximal cerebral arteries like the 

ICA and MCA because there is more space, less angulation and less working distance in a 

rabbit. Therefore times observed are less than anastomosis attachment times in patients. 

However, since time differences between techniques are already significant in this study, 
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Abstract

Objective

To compare intracranial feasibility of the conventional Excimer Laser Assited Non-occlusive 

Anastomosis (ELANA) with the new experimental Sutureless ELANA (SELANA).

Methods 

Four pressurized human cadaver heads were bilaterally trepanated, using a combined 

pterional/ pretemporal/ transcavernous approach. In each head 7 ELANA anastomoses 

and 7 contralateral SELANA anastomoses were constructed on 1) the proximal PCA/ basilar 

artery (P1 segment/ BA), 2) the distal posterior cerebral artery (PCA, P2 segment), 3) the 

supraclinoidal internal carotid artery (ICA), 4) the ICA bifurcation, 5) the proximal anterior 

cerebral artery (ACA, A1 segment), 6) the proximal middle cerebral artery (MCA, M1 

segment) and 7) the distal MCA (M2 segment).

Results

In total 26 of 28 ELANA anastomoses (93%) and 22 of 28 SELANA anastomoses (79%) could 

be completed. Two ELANA anastomoses on the BA could not be finished because of limited 

space. Six SELANA anastomoses could not be attached because the applicator did not 

permit an angulated anastomosis spot. Of the remaining anastomoses, more ELANA (n=8) 

than SELANA (n=2) anastomoses could not be realized without manipulation of surrounding 

structures. The SELANA anastomoses were completed significantly faster than the ELANA, 

mean difference ranging from 11 minutes on the M2 to 107 minutes on the P1/BA.  

Conclusion 

This comparative study shows potential advantages of the SELANA anastomosis over the 

ELANA anastomosis, because during application it causes less manipulation of surrounding 

structures while it is faster and easier. However, further preclinical research should be done 

to improve SELANA feasibility on angulated anastomosis spots and to assess long-term 

SELANA patency and endothelialization.

Introduction

The ELANA technique involves 8 intracranial microsutures. This requires a high level 

of microsurgical skill. Every suture is accompanied by potential complications like breaking 

of the suture, rupturing the recipient artery wall or damage of surrounding structures. If 

the sutures are asymmetrically applied, this can cause asymmetry of the recipient vessel 

wall tension within the ring. This reduces the probability of successful ELANA lasing. The 

difficulty and the risk of complications, increase when the recipient artery is located deeply 

and when the working channel is narrow. 

To overcome these difficulties, we developed a new version of the ELANA technique, 

the so-called Sutureless ELANA (SELANA), as described in chapter 7. We present a feasibility 

study of this technique in a pressurized human cadaver head model.

Methods

Cadaver model

We operated on 4 pressurized cadaveric heads at the ‘Yaşargil Microneurosurgery 

Laboratory’ of the department of neurosurgery at the University of Arkansas for Medical 

Sciences, Little Rock. 

The cadaver model preparation was performed similar to methods previously 

described. 1 In short, after decapitation of a formalin fixed cadaver at approximately C6/C7, 

the common carotid arteries (CA) and vertebral arteries (VA) were exposed and cannulated. 

In addition, an 8- to 10-gauge tube was intradurally inserted left and right from the spinal 

canal and advanced to reach the intracranial subarachnoid space. Subsequently the canal 

was plugged with bone wax. Tap water was used to repeatedly irrigate and flush the vessels 

and the subarachnoid space to remove clots, tissue debris, and formalin fixative. Leaks from 

arteries or veins on the sectioned surface of the neck were sealed either using ligation or 

coagulation. Subsequently artificial blood was made with a mixture of red poster paint 

and water. Serum bags with artificial blood were attached to the CA’s and VA’s. Pressure 

bags were put over the serum bags. The arterial pressure bags were connected to a balloon 

pump (Datascope® 90T) providing pulsating pressure. We selected a rate of 60 pulses per 

minute, a baseline pressure of 80 mmHg and a ‘systolic’ peak pressure of 110 mmHg. 

On each of the 4 cadaver heads a bilateral combined pterional/ pretemporal/ 

transcavernous approach was performed as earlier described. 2-5 In short,  a standard 

pterional skin incision was made that extended below the zygoma, just anterior to the 

tragus. The skin flap was separated from the temporal fascia down to the fat pad over the 
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zygoma. The temporal muscle was cut anteriorly and superiorly and was retracted inferiorly. 

The bone flap included the anterior temporal squama, and extended down to the temporal 

floor anteriorly. The pterion and the sphenoidal wings were drilled to expose the dura over 

the anterior temporal pole. The dura was cut parallel to the Sylvian fissure , the medial 

cisterns were opened, the Sylvian fissure was opened laterally to medially and Liliequist’s 

membrane was opened. Subsequently, the anterior clinoid process was removed. The roof 

of the cavernous sinus was incised just medially to the third nerve. Since the venous system 

was not pressurized, no leak occurred. The incision was progressively enlarged posteriorly 

until the posterior clinoid process was encountered which was also removed. This exposure 

facilitated a good view on all arteries on which we planned an anastomosis, including the 

MCA after the bifurcation (M2), the proximal MCA (M1), the ICA bifurcation, the proximal 

ICA, , the proximal ACA (A1), the PCA after the posterior communicating artery (P2) and the 

proximal PCA (P1/ BA).

Anastomoses

Before starting this study, application of ELANA and SELANA anastomoses was 

trained on the ELANA practice model 6 to minimize the influence of a learning curve. All 

anastomoses were made by the first author (TPCvD).

For all conventional ELANA anastomoses we used thoracic rabbit aorta’s as bypass 

graft. These were harvested in a consumption slaughterhouse from rabbits of 3-4 kg. All 

side branches were occluded with microsutures.

To make a conventional ELANA anastomosis (Figure 1.6A), we first attached a 2.8 

mm ring to the graft with 8 microsutures. Subsequently we attached the graft including 

the ring end-to side to the recipient artery, also using 8 microsutures. Then the anastomosis 

was lased open, using the ELANA catheter 2.0 (Elana bv, Utrecht, the Netherlands) and a 

full thickness disc of recipient artery wall (the ‘flap) was retrieved at the suction portion 

of the catheter. (Figure 1.6B). We put an aneurysm clip on the vein graft and checked the 

anastomosis for patency and leakage. 

To make a SELANA anastomosis, a newly designed SELANA ring was used. (Figure 

8.1A) This ring was equipped with 2 pins. The SELANA ring was first mounted on the end 

of a thin walled polytetrafluoroethylene (ePTFE) graft with a diameter of 3 mm (W. L. Gore 

& Associates Inc, Flagstaff, AZ, USA) by our technician in the University Medical Center 

(UMC) Utrecht, The Netherlands (Figure 8.1B). The SELANA was then mounted on the tip 

of  a specially designed SELANA applicator (Figure 8.1C+D). Subsequently, the SELANA  was 

slid on to the recipient artery wall using the special form of the 2 pins. (Figure 8.2) First 

the longitudinal parts of the 2 pins were simultaneously inserted in the vessel wall. When 

the resistance of the circumferential part of the pins was felt, the pins were aimed inside 

Figure 8.2  Attachment of the SELANA anastomosis

The applicator is introduced in the ePTFE graft including the SELANA ring. The pins serve to attach the ePTFE graft 

to the recipient artery. First, both pins simultaneously puncture the artery wall outside in. The pins are then intra-

luminally translated forward. If the longitudinal parts of the pins are completely in the vessel, resistance of the 

circumferential part is felt. The pins are then directed upward to puncture the recipient artery wall inside out. With 

a gentle second forward motion, the circumferential shape of each pin ‘clicks’ under the recipient artery wall. The 

straight part of each pin will be positioned outside the artery. The anastomosis is sealed with Bioglue (Cryolife® 

Inc., Kennesaw, GA, USA). 

Opening of the anastomosis is identical to the conventional ELANA anastomosis. (Figure 1.6B)

Figure 8.1  Preparation of the SELANA anastomosis

A. SELANA involves a ring with 2 pins. Each pin has a straight part and circumferential part. B. The attachment of 

the ePTFE graft to the pins was performed by our technician, by bending and shaping the pins after puncturing 

the ePTFE graft from outside in and everting the graft over the ring. C. & D. A specially designed applicator is 

introduced in the artificial graft until its tip is flush with the SELANA ring. The applicator contains an inner steel rod 

which can be pushed towards the tip with one click of the thumb on the upper part. This extends the diameter of 

the tip, fixating the applicator in the ring.

A

D

B C
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out again. Then the ring was gently pushed further in this direction, and the vessel wall 

‘clicked’ over the circumferential part of the pins. In this way, only the circumferential part 

of each pin was exposed in the lumen of the artery. (Figure 7.4C) The longitudinal parts of 

the pins were situated extraluminally on the arterial wall. The anastomosis was sealed by 

a circumferential layer of Bioglue ® (Cryolife® Inc., Kennesaw, GA, USA) surrounding the 

ring on the abluminal part. The anastomosis was lased open with the ELANA 2.0 ® catheter, 

identically to the conventional ELANA anastomosis. (Figure 1.6B)

We made in each of the 4 cadaver heads 7 anastomoses on the main proximal cerebral 

arteries of the left hemisphere and 7 anastomoses on the main proximal cerebral arteries of 

the right hemisphere. The anastomoses were sequentially constructed on: 1) the P1/BA tip, 

2) the P2, 3) the ICA before its bifurcation, 4) the ICA bifurcation, 5) the A1,  6) the proximal 

M1 and 7) one of the M2 arteries. In 2 cadaver heads, ELANA anastomoses were created in 

the right hemisphere (Figure 8.3) and SELANA anastomoses in the left hemisphere (Figure 

8.4). In the 2 other cadavers, the side of the anastomoses was reversed. Attachment time 

intervals were measured from the first penetration of the recipient artery in the cadaver 

(by either microsuture or anastomosis device) until the anastomosis was ready for lasing. 

The lasing procedure with the ELANA catheter was excluded from the time interval because 

it was the same in every anastomosis. This procedure consisted of introduction of the 

catheter in the bypass graft, 2 minutes of vacuum suction, 2 laser episodes (10 mJ, 40 Hz) 

of 5 seconds, retraction of the catheter from the anastomosis and applying a clip over the 

bypass graft. After every anastomosis, the surrounding brain, all exposed cerebral arteries 

and all exposed cranial nerves (CN)) were systematically inspected and scored for damage 

(yes-no) by an observer, other than the surgeon. If damage was observed, the video 

recordings were analyzed by 2 observers to find the exact cause of damage. 

Analysis

To compare application time intervals between ELANA and SELANA, we used 

non-paired t-tests, because in both groups application time was normally distributed 

(Kolgomorov-Smirnov test, P-value > 0.05). SPSS version 15.0 was used. Numbers are stated 

± standard deviation (SD) unless otherwise indicated.  

Figure 8.3  Left side of cadaver 3

At this stage before lasing, 4 conventional ELANA anastomoses were attached (#, proximal internal carotid artery 

(ICA); * distal ICA; +, distal middle cerebral artery (M2); ^, proximal anterior cerebral artery (A1) ).

Figure 8.4  Left side of cadaver 2

Four SELANA anastomoses (*, proximal internal carotid artery (ICA) anastomosis; ̂ , ICA bifurcation anastomosis; +, 

middle cerebral artery anastomosis; #, basilar artery anastomosis). The ICA was not lased open yet, the other 3 were 

successfully lased and temporary occluded with an aneurysm clip.
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Results

More ELANA anastomoses (26 of 28) than SELANA anastomoses (22 of 28) could be 

finished. However, still more SELANA anastomoses (22 of the 28) than ELANA anastomoses 

(20 of 28) could be created without overt manipulation of surrounding structures. 

During the creation of the in total 28 ELANA anastomoses, 2 anastomoses on the 

BA could not be finished because there was no space to apply a microsuture in minimally 

1 quadrant. During the creation of the 2 other BA/P1 ELANA anastomoses, the CN III and 

perforators from the P1 and the BA tip had to be manipulated to create enough space to 

perform the anastomosis. During the construction of 2 P2 ELANA anastomoses, a perforator 

from the posterior communicating artery (PCOM) ruptured and a hemoclip had to be 

placed on the artery. During 2 ELANA anastomoses on the ICA before the bifurcation, the 

CN II was manipulated several times by instrument shafts, causing visible damage. After the 

construction of 2 M1 ELANA anastomoses, damage of frontal cerebral cortex was observed, 

also caused by manipulation of instrument shafts.

During the creation of the 28 SELANA anastomoses, it appeared that the SELANA 

applicator was not suitable to apply anastomoses on spots which were not perpendicular 

or near perpendicular to the surgical corridor. Therefore, we could not apply SELANA 

anastomoses on all 4 A1 arteries, and not on 2 M1 arteries which were angulated sharply 

upward from the ICA bifurcation. Of the other 22 anastomoses, only 2 anastomoses 

demanded slight manipulation of surrounding structures; during 2 BA anastomosis, the 

CNIII had to be mobilized and manipulated to create enough space.

The mean time interval necessary to construct an ELANA anastomosis significantly  

increased with depth of the anastomosis. ELANA application time ranged from 12  minutes  

on the M2 anastomosis to 130 minutes on the P1/ BA. With the SELANA anastomosis, the 

depth of the anastomosis was of significantly less influence to the application time. SELANA 

application time ranged from 3 minutes on the M2 to 11 minutes on the P1/ BA. (Table 8.1)

Flap retrieval rate by the ELANA catheter appeared to be not significantly different 

between the finished conventional ELANA anastomoses (20 of 26 flaps, 77%) and the finished 

SELANA anastomoses (19 of 22 flaps, 86%).  Also leakage of anastomoses after lasing was 

not significantly different between the ELANA anastomoses (6 leakages, 23%) and SELANA 

anastomoses (6 leakages, 27%). 

Location1
ELANA 

Anastomoses

Application Time 

(Min)

SELANA 

Anastomoses

Application Time 

(Min)

Mean 

Difference2

M2 4 15 ± 3 4 4 ± 1 11 [7- 15]

M1 4 24 ± 8 2 7 ± 4 17 [5- 29]

ICA 3 8 45 ± 6 8 4 ± 2 41 [33- 49]

A1 4 59 ± 10 None - -

P2 4 52 ± 9 4 5 ± 3 47 [35- 59]

P1/BA 2 115 ± 15 4 8 ± 3 107 [89- 125]

Total 26 22  

Table 8.1 Number of completed anastomoses and application times.
1M2, fi rst generation middle cerebral artery branch; M1, proximal middle cerebral artery; ICA, internal carotid artery; 

A1, proximal anterior cerebral artery; P2, posterior cerebral artery distal to posterior communicating artery; 

P1, proximal posterior cerebral artery; BA, basilar artery.
2 Showing minutes [95% CI]
3 Four anastomoses were constructed on the ICA and 4 on the ICA bifurcation.

Discussion

This feasibility study comparing the new experimental SELANA anastomosis with 

the conventional ELANA anastomosis in a pressurized cadaver model shows potential 

advantages of the SELANA anastomosis. SELANA anastomoses could be simply applicated on 

deep anastomosis spots with minimal brain retraction, still benefiting of all the advantages 

of a non-occlusive technique. 

We previously tried to simplify the ELANA technique and reduce the number of 

microsutures. 7 This premature, ‘screw’ like, ring design however could cause vessel wall 

damage at application, occasionally leading to rupture of the vessel wall ([Bremmer et al.], 

2008, unpublished data).  This did not occur with the SELANA device in this study. 

However, the SELANA anastomosis design as described in this study still needs some 

improvement. At first, the anastomosis was not feasible on every intracranial anastomosis 

location. The special applicator should be redesigned to facilitate SELANA anastomoses on 

locations not perpendicular to the surgical corridor. Secondly, a surgical sealant is necessary 

to prevent the SELANA anastomosis in its current form from leaking after opening with 

the laser catheter. In this study we used Bioglue®, one of the rare sealants which adheres 

sufficiently to artificial grafts, but which is not FDA approved for intracranial use. Therefore 

different dedicated vascular sealants in combination with the SELANA device should be 

tested in the future. We will also try to redesign the SELANA to ultimately eliminate the use 

of a surgical sealant. 
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anastomosis safety in terms of patency and endothelialization, long-term survival studies 

in animals are still necessary.

Conclusion

This comparative study shows potential advantages of the SELANA anastomosis 

over the ELANA anastomosis, considering its fast application and low complications. Further 

preclinical research should be done to improve SELANA feasibility on angulated anastomosis 

spots and to assess long-term SELANA patency and endothelialization.

 

In this study, we used ePTFE grafts. It is also possible to use an autologous donor 

graft (greater saphenous vein (GSV) or radial artery) in combination with SELANA. (Chapter 

7) These donor grafts are still the golden standard for small diameter (< 3 mm) vascular 

reconstructions. 8 The results of this study would have been the same if these donor grafts 

were used, because there is absolutely no difference in application mechanism. However, 

there are multiple reasons to aim for a combination of SELANA with artificial grafts: 1) 

surgery to harvest the donor graft, with associated technical details and complications 9, is 

eliminated, 2) the SELANA ring can be preoperatively attached which reduces surgical time 

and 3) the patient population is getting older, increasing the risk on low quality autologous 

vessels or even on the absence of the vessels because of earlier cardiac or peripheral bypass 

surgery. In general, the 3 year patency of autologous grafts is only 74-83%. 10-12 One of the 

goals in artificial vessel development is to optimize this ratio. It is however questionable if  

an ePTFE graft is a potential substitute to achieve this. In general, main problem of 

ePTFE grafts and other artificial grafts, like Dacron®, is that the graft never completely 

re-endothelializes, limiting patency.13, 14 Promising other alternatives are cadaveric 

cryopreserved grafts 15, bioengineered grafts (seeded with endothelial cells or impregnated 

with biological agents) 16, or tissue engineered blood vessels from fibroblasts. 17 However, 

substantial (pre)clinical research still has to be performed before this new generation of 

vascular substitutes will become clinically available.

A limitation of this study is the performance of all procedures by 1 surgeon (TPCvD). 

Although this facilitates comparison of variables between both study groups, it also 

introduces an observer bias. Therefore it might be dangerous to extrapolate the outcomes. 

However, differences between both tested anastomosis techniques were remarkably clear 

and significant. We therefore consider this study sufficient to show reliable differences 

between the ELANA and SELANA concept. At further preclinical testing, multiple other 

surgeons should evaluate the SELANA technique and compare it with the conventional 

ELANA technique.

The pressurized model used in this study, developed by Aboud et al. 1, showed to 

be of high value in testing the feasibility of a new experimental anastomosis technique 

and comparing it with a conventional technique. For our purpose, a minor drawback of the 

model was the stiffness of the arterial walls due to the preparation with formalin. Besides 

a different feel, this probably decreased the flap retrieval rate.  Flap retrieval rate can be 

studied best in fresh arteries, so it is not  useful to draw further conclusions from these data 

besides the comparison between the ELANA and SELANA subgroups. Despite the absence 

of coagulating blood, the leaking of the anastomosis  in the model was limited because of 

the ideal viscosity of the artificial blood. The ‘Aboud model’ substantially reduced the use of 

laboratory animals for feasibility studies, and added realism. However, to assess long-term 
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Abstract

Objective

The aim of this study was to compare patency, endothelialization and flow of the new 

sutureless excimer laser assisted non-occlusive anastomosis (SELANA) with historical data 

of the current ELANA technique in a porcine model. 

 

Methods

In 38 pigs a bypass was made with 2 SELANA anastomoses on the left common carotid 

artery (CCA) using  the right CCA as graft. Bypass flow was measured using single vessel 

flowmetry. The pigs survived in 13 groups (3 hours, 1 untill 7 days, 10 days, 2 weeks, 3 weeks, 

3months and 6 months). Angiography was used to assess bypass patency just before animal 

sacrifice and in the 3 and 6 month survival groups also after 3 weeks. After animal sacrifice, 

endothelialization was assessed using scanning electron microscopy and histology. Before 

starting the study, we defined 84% bypass patency at the end of the survival period as the 

border of non-inferiority compared to the current ELANA technique based on previous 

ELANA bypass patency studies. 

Results

The SELANA anastomoses were created in mean 7 ± 2 minutes. No SELANA device related 

complications occurred during bypass creation, and all bypasses were patent at the end of 

surgery. Overall SELANA bypass patency at follow-up was 87% (33 of 38 bypasses), which 

was within the predefined limits of non-inferiority. All 5 SELANA bypass occlusions were 

noted at 3 week control angiography of long-term survival animals. Not retrieving the flap 

(n=5, 9%) was associated with bypass failure (OR 0.04, 95% CI 0.004- 0.4). Mean SELANA 

bypass flow at opening was 160 ± 56 mL/min compared to 145 ± 29 in the earlier ELANA pig 

study.  Complete endothelialization was observed after approximately 3 weeks.

 

Conclusion 

The SELANA technique is not inferior compared to the current ELANA technique regarding 

patency, flow and endothelialization. A pilot study in patients is a logical next step.

Introduction

We developed a new version of the ELANA technique, the so-called Sutureless 

ELANA (SELANA). This technique eliminates the use of intracranial microsutures. Feasibility 

was shown in an acute rabbit model and in a pressurized human cadaver model. (Chapter 

7 and Chapter 8) It appeared that the SELANA technique required less space than the 

current ELANA technique, which results in less brain retraction. Because of the extreme 

simplification, the time which was necessary to create an anastomosis reduced from hours 

to minutes. Moreover, the SELANA technique could facilitate an anastomosis on locations 

at which it is extremely difficult or even impossible to suture the conventional ELANA in 1 or 

more quadrants, for example on the internal carotid artery (ICA) close to the optic nerve, 

on the posterior cerebral artery (PCA, P1 part) next to the third cranial nerve or perforators 

or even on the basilar artery (BA). 

With this study we aimed to show non-inferiority of the SELANA technique compared 

to historical data of the ELANA technique regarding patency, flow and endothelialization. 1-3 

This study is the next logical step in the development of the SELANA technique towards 

clinical application, identical to an earlier ELANA study in an identical pig model. 1

Methods

This study was conducted from march untill december 2009, and approved by the 

animal experimentation committee of the Utrecht University, the Netherlands. Experiments 

were performed in the ISO-9001 certified animal laboratory of  Utrecht University. The study 

was conducted according to the FDA (21CFR58) and OECP regulations of Good Laboratory 

Practice.

Animals

For this study we used 38 female Dutch Landrace pigs. We operated the pigs at 

mean 30 (±4) kilograms. Preoperatively the pigs recieved a normal diet. All animals received 

1 daily dose of aspirin (80 mg) from 5 days before the surgical procedure until sacrifice. 

Anaesthesia

As pre-medication we intravenously (iv) administred midazolam (0,2 mg/kg) and 

ketamine (10 mg/kg). Subsequently we induced anaesthesia with thiopental (3-8 mg/kg  iv 

depending on the level of sedation after pre-medication) and atropine 0,5 mg iv. Then we 

intubated the animal and positioned it in a supine position on the operating table. 
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A continuous saline infusion was started (300 ml/hour) with sufentanil (first 0,1 mg/kg 

bolus, then 0,1 mg/kg/hour), midazolam (first 0,2 mg/kg bolus, then 0,2 mg/kg/hour) and 

pancuronium (first 0,05 mg/kg bolus, then 0,05 mg/kg/hour). 

Procedure (Figure 9.1)

All procedures were performed by the first author (TPCvD). A median incision in 

the neck of approximately 15 cm was made. The right common carotid artery (CCA) was 

exposed and excised over a length of 10 cm. The artery was cut in two and preserved in a 

heparin-saline solution (50 IU/ml). Subsequently the left CCA was exposed. The rest of the 

procedure was performed using the operation microscope (Opmi MD S3, Carl Zeiss, Inc., 

Göttingen, Germany). The peri-adventitial tissue was removed from the left CCA, leaving 

the adventitial layer exposed. Subsequently, the two pieces of right CCA were attached end-

to-side to the left CCA with 2 SELANA anastomoses. 

The principle of the SELANA anastomosis technique has been described in chapter 7 

and 8. However, we changed the application at 4 points for this study. 

Firstly, to each of the 2 parts of excised right CCA,  a SELANA device was attached 

in a modified way. The SELANA ring consists of a MRI compatible stainless steel ring with 2 

pins (Figure 9.1A). Because we did not want to have any potential influence of endothelial 

damage on long term, we attached the ring to the bypass graft using 6 sutures 8/0 Prolene, 

without touching the endothelium (Figure 9.1C- 1F), instead of attaching it without sutures 

(Figure 7.3A). Attachment with suturess took mean 9.6 ± 2.1 minutes, which was slower 

than sutureless application (2.9 ± 1.2 min), but comparable to the mean conventional ELANA 

ring attachment time of 10.9 ± 1.3 minutes in our earlier experiments (chapter 7). 

Secondly, after 24 procedures, we slightly changed the shape of the pin from straight 

to curved in order to position the upper ring more flat on the recipient artery wall without 

the tip of the pins touching the recipient artery wall. (Figure 9.1B) 

Thirdly, to applicate the SELANA device to the recipient, it was grasped at the back 

with a straight 21,5 cm Jacobson micro needle holder with catch (Scanlan® International, St 

Paul, MN, USA), in between the 2 pins. We chose not to use an internal applicator, as used 

in chapter 8, because we did not want to introduce this element as a potential reason for 

endothelial damage and resulting anastomosis failure. The SELANA pins were pushed into 

the left CCA wall, in the direction of the later left CCA occlusion, and the device was pushed 

forward (Figure 9.1G). When the longitudinal parts of the pins were completely in the vessel, 

and resistance of the circumferential part was felt, the pins were directed upward again to 

puncture the recipient artery wall inside out, and to ‘click’ the circumferential shape of the 

pins under the recipient artery wall. (Figure 9.1H) The anastomosis was sealed with 4 small 

pieces of TachoSil® (Nycomed Inc. Zurich, Switzerland). (Figure 9.1I) 

Fourthly, the anastomosis was lased open with 16.6 mJ at 40 pulses/second in 3 laser 

episodes of 5 seconds using the ELANA catheter 2.0 (Elana bv®, Utrecht, the Netherlands). 

(Figure 9.1J) Because the wall CCA of these pigs (0.3-0.4 mm) was slightly thicker than the 

normal human recipient artery as for example the ICA or MCA (0.1-0.2 mm respectively)1, 

the distance from the tip of the fibers to the grid was increased from 0.3 mm to 0.4 mm, and 

the laser energy was increased from 10 mJ to 16.6 mJ. 

When lasing was successful, a full thickness piece of recipient artery wall (the so-

called ‘flap’) was retrieved at the suction portion of the catheter tip. 4, 5 Subsequently we 

put an aneurysm clip on the bypass graft and checked the anastomosis for patency and 

leakage. Any leakage from the anastomosis which was self limiting or could be controlled 

by short local pressure with a small gauze was defined as ‘oozing’ . If temporary occlusion 

was necessary to control the leakage, the leakage was defined as ‘brisk’. After lasing of each 

of the two anastomoses and controlling eventual leakage, a bolus of 5000 IU of heparin was 

iv administered. 

Subsequently the end - to - end anastomosis was made. First a single corner stitch 

was placed inferiorly. A second corner stitch was placed superiorly and continued over the 

backwall with a running suture to the inferior corner stitch. The suture was attached to this 

stitch after confirmation of good endothelium to endothelium positioning. Subsequently 

the suturing was continued over the anterior wall. Before final attachment to the superior 

stitch, the remaining air was flushed from the bypass by shortly opening both temporary 

clips. 

After finishing the end-to-end anastomosis, the 2 temporary clips were removed 

from the bypass, and a temporary clip was put on the left CCA under the bypass. If the 

bypass showed steady or increasing flow (single vessel flowmetry, Transonic Systems Inc.® 

Ithaka, NY, USA) during the first 15 minutes, we replaced the temporary clip on the left CCA 

with 2 definitive hemoclips (Figure 9.1K) and surgically closed the wound in layers.

Flow

Flow measurements were performed using a dedicated single vessel flowmeter 

(Transonic Systems Inc.® Ithaka, NY, USA). Before attaching the bypass,  left CCA flow was 

measured. During the procedure, flow through the bypass was measured during at least 15 

minutes after finishing the bypass. Finally, during a second procedure, just before animal 

sacrifice, flow through the bypass was measured again.
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Figure 9.1:  Sutureless Excimer Laser Assisted Non-occlusive Anastomosis (SELANA) bypass procedure

A SELANA device in first 24 procedures

B SELANA device in final 14 procedures

C  The SELANA device is slid over the right common carotid artery (CCA) (performed on side table). A front suture 

and 2 side sutures are attached to the ring.

D After the first three sutures, the arterial wall is cut at the back.

E The front ‘tail’ of arterial tissue is slid under the pins

F The SELANA is attached with 2 extra sutures at the back, above the origin of the pins, and 1 at the front.

G  The SELANA device, including the bypass graft, is slid into the left CCA. The pins are first positioned under the 

vessel wall. By transposing the device then forward, the pins slide inside out again.

H Two SELANA anastomoses in situ, before sealing.

I  The distal SELANA anastomosis is sealed with TachoSil® (Nycomed Inc. Zurich, Switzerland). The blue device 

around the distal CCA is the single vessel flowmeter (Transonic Systems Inc.® Ithaka, NY, USA). CCA flow before 

lasing was measured 277 mL/min.  

J Lasing of proximal anastomosis with the ELANA catheter 2.0 (Elana bv®, Utrecht, the Netherlands).

K  Finished bypass, with definitive hemoclips put on the recipient CCA between the anastomoses. Flow through 

the bypass was measured 183 mL/min.

Animal sacrifice

For animal sacrifice, the same anesthesia protocol as described above was used. First 

a control angiogram was performed via a sheath in the femoral artery to check for bypass 

patency. (Figure 9.2) Then the left CCA including the bypass were dissected. Subsequently 

the bypass was removed. Sacrifice was performed with an overdose sodium pentobarbital 

while the animal was still under general anesthesia. 

Sample size

With this study we wanted to show non-inferiority of the SELANA anastomosis 

compared to the ELANA anastomosis. Before starting the study, we chose patency as main 

variable. In 3 earlier animal survival experiments a total patency rate of 94% was shown in 

77 ELANA anastomoses. 1-3 
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immediately after removal from the pig. Subsequently the anastomoses were embedded in 

plastic. After a 7-day fixation coupes were made with a diamond saw (necessary because of 

the steel ring) and stained with hematoxylin and eosin. 

Statistics

To assess differences in patency, leakage rates and flap retrieval rates of the SELANA 

anastomosis with the historical ELANA anastomosis control group we used Fisher’s exact 

tests. To assess differences in time intervals and bypass flows in the pig between this 

SELANA study and historical data we used non-paired t-tests. To assess differences in flows 

at different time intervals in the same bypass we used paired t-tests. Tested subgroups were 

normally distributed with the P-value > 0.05 of the Kolgomorov-Smirnov.  For all statistical 

analyses, SPSS version 15.0 was used. Numbers are stated ± standard deviation (SD) unless 

otherwise indicated.  We regarded a P-value smaller than 0.05 statistically significant.

Results

Surgical Results

In total 38 bypass procedures were performed with in total 76 SELANA anastomoses. 

(Table 9.1) 

No device related complications were observed during the SELANA application. 

Of the 76 SELANA devices, 72 (95%) were inserted in one simple movement. Four SELANA 

devices (5%) were removed after the first application and re-applied because one of the 

two pins did not totally perforate the recipient left CCA wall. The devices could be removed 

without damage to the recipient artery wall. Eventual leakage from the perforation holes 

was self limiting and there was never a need to place a stitch or temporarily occlude the 

recipient left CCA. Mean SELANA anastomosis application time, including re-application 

and sealing of the anastomoses was 7 ± 2 minutes. This was significantly faster than the 

mean application time, recorded before, of 28 conventional sutured ELANA anastomoses 

on the porcine CCA, which was 45 ± 9 minutes. (p< 0.01, Table 9.1) 

After lasing with the ELANA 2.0 catheter, the flap was successfully retrieved by the 

catheter in 69 of the 76 anastomoses (91%). The flap was not retrieved in 7 anastomoses 

(in 5 bypasses). In 3 of the anastomoses in which we did not retrieve the flap, we used a 

catheter which was confirmed malfunctioning postoperatively. In 2 other anastomoses 

we used unintentionally a conventional catheter with a more superficial grid. These 5 

missed flaps were removed manually via an extra horizontal side cut in the bypass graft 

close to the anastomosis under temporary occlusion of mean 1.5 ± 0.3 minutes.  In the 

The sample size calculation, using 80% power, defining 10% less (=84%) patency in 

the SELANA anastomoses as the lower border of equivalence and tested one-sided with 

α= 0.05, resulted in minimally 70 SELANA anastomoses (PASS© version 2008, NCSS, LLC, 

Kaysville, Utah, USA). The pig was used as experimental model, because it was known to 

be the most critical with 86% long-term ELANA patency. 1 We performed only SELANA 

anastomoses in the current study and compared our data with the historical cohort. 

To study bypass patency, flow and endothelialization on short and long-term, 12 

survival groups were made; 1 day (n=2), 2 days (n=2), 3 days (n=2), 4 days (n=2) , 5 days (n=2),  

6 days (n=2), 1 week (n=2), 10 days (n=3), 2 weeks (n=3), 3 weeks (n=3), 3 months (n=7) and 

6 months (n=7). In the 3 months and 6 months subgroups, a control angiogram was made 

after 3 weeks to check bypass patency. One extra animal was operated and terminated 3 

hours after bypass opening, while the animal was still under general anesthesia, to serve 

as control to analyze endothelialization. This resulted in total in 38 animals, in which 76 

SELANA anastomoses were created.

Postoperative analysis

In each of the 12 survival subgroups, 2 anastomoses were analyzed using a previously 

described scanning electron microscopy (SEM) technique. 1 As control, one anastomosis of 

the acutely terminated animal was also analyzed with SEM.

At least 2 other anastomoses per survical subgroup and one anastomosis of the acute 

control animal were histologically analyzed. Hereto the anastomoses were put in formalin 

A B

Figure 9.2  Postoperative angiograms pig 10 

A  Control angiogram at 3 weeks. Black arrow indicates the back of the proximal SELANA device. Flow at opening 

was 135 mL/min.

B  Angiogram just before termination at 6 months. Flow at termination was 245 mL/min. Arterial remodeling 

occurred in all directions. The arrow indicates the back of the proximal SELANA device. 
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between the 2 pins at the exit point of the recipient artery wall. For this reason we then 

slightly changed the design of the pins on the SELANA device. This caused the ring to be 

more flat on the recipient artery wall. (Figure 9.1B) Leakage from the anastomosis was not 

observed anymore during the remaining procedures. 

In total 3 of the 76 SELANA anastomoses (4%) briskly leaked after lasing, compared 

to 4% of the ELANA anastomoses in our earlier study (non-significant difference).1 ‘Brisk’ 

SELANA  leakage was caused by insufficient sealant application in 2 anastomoses and in 1 

anastomosis by detachment of the TachoSil as a result of incorrect movement by the surgeon 

during catheter extraction. After extra TachoSil application, all 3 anastomoses were totally 

dry. In our earlier ELANA  study in a porcine model, all brisk leakages were solved with an 

extra stitch.1 

Patency

All bypasses were patent at skin closure. At short-term follow-up (all subgroups 

until maximum follow-up of 3 weeks), 33 of the 38 bypasses were patent (87%). (Table 

9.1) All 5 occlusions occurred in long-term survival subgroups and were observed at the 3 

week control angiogram, after which these 5 animals were directly terminated. At 3 and 6 

month termination of the remaining 9 bypasses in these subgroups, no occlusions occurred 

anymore. Therefore total patency was 87%. This is above the lower limit of non-inferiority 

for which this study was designed (84%). 

In all 9 bypasses which remained long-term (3 and 6 months) in-situ, arterial 

remodeling and growth from the recipient CCA was visible at termination. This caused 

upward displacement and angulation of the SELANA device, which was still perpendicular 

to the donor graft. The distance of the SELANA device to the CCA wall varied from 0.5-1.5 

mm, with pins pointing downwards and the bypass still perpendicular to the SELANA ring. 

(Figure 9.3). This involved both proximal and distal anastomoses, and did not cause any 

complications. Arterial remodeling was also visible in the earlier ELANA pig study (Figure 

9.3), although the effect was not specifically described. 1 No other irregularities, like 

pseudoaneurysm formation at the site of the SELANA anastomosis, were observed in the 

bypasses.

In 6 bypasses, the lumen of the bypass was larger than the ring, causing a slight 

stricture at the place of the SELANA device. There was no association with a lower bypass 

flow or patency. 

Flow

The flow in the left CCA before bypass attachment was 296 ± 63 mL/min. The 

mean flow through the bypasses just after opening was mean 160 ± 56 mL/min. After 15 

Variable SELANAa ELANAb P-Value

Number of pigs 38 28 -

Animal weight at surgery (kg ± SD) 30 ± 4 31 ± 4 NS

Animal weight at 6 months (kg ± SD) 86 ± 6 112 ± 27 NS

Attachment time (min ± SD) 7 ± 2 45 ± 9 < 0.01

Flap retrieval (n/ n total) 69/76 (91%) Unknown -

Oozing after lasing (n/n total) 24/76 (32%) 14/28 (50%) NS

Brisk leakage after lasing (n/ n total) 3/76 (4%) 1/28 (4%) NS

Mean fl ow at opening (mL/min) 160 ± 56 145  ± 29 NS

Mean fl ow at 2 weeks (mL/min) 179 ± 13 155 ± 34 NS

Mean fl ow at 6 months (mL/min) 202 ± 52 169 ± 45 NS

Patency (n/ n total) 33/38 (87%)c 24/28 (86%)d NS

Complete endothelialization 3 weeks 2 weeks -

Table 9.1 Results
a  This study, using the SELANA technique
b Earlier study in pigs (2005), using the conventional ELANA technique 

(Adapted from: Streefkerk HJ et al.: Long-term Re-endothelialization of Excimer 

Laser Assisted Non-occlusive Anastomoses Compared with Conventionally 

Sutured Anastomoses in Pigs. J Neurosurg 103:328-336, 2005.)
c Three of the 7 bypasses in the 3 months subgroup and 2 of the 7 bypasses of the 6-months 

subgroup appeared to be occluded on the control angiogram at 3 weeks
d Two bypasses occluded acutely, which was observed with the animal still under anaesthesia. 

The third bypass  occluded in the 2 weeks subgroup and the fourth occluded in the 

6 months subgroup, both observed at the point of termination.

other 2 anastomoses in which we missed the flap, we were not able to manually retrieve 

them. At termination we observed that we positioned the catheter incorrectly and partially 

lased outside the ring. This  resulted in both cases in endothelial damage and a ‘moon like’ 

opening without flap. In bypasses in which the flap was not directly retrieved with the laser 

catheter in 1 or both anastomoses, patency at follow-up was significantly less (OR 0.04, 95% 

CI 0.004 – 0.4).

After catheter retraction, 24 of the 76 SELANA anastomoses oozed (32%), compared 

to 14 of the 28 ELANA anastomoses (50%) in the earlier porcine study (non-significant 

difference).1 The oozing in 24 SELANA anastomoses was observed during the first 24 

procedures, increasing leakage rate until that moment to 50%.  During these procedures 

we noted that leakage always occurred at the same (front) side of the SELANA anastomosis 
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The pin seemed to endothelialize earlier than the edge between bypass graft and recipient 

CCA. (Figure 9.4B and 9.5B, Figure 9.6A). Endothelialization of the pin seemed to originate 

from both sites were the recipient arterial wall was penetrated by the pin. 

At 3 weeks both endothelialization of the pin, as well as endothelialization of the 

edge between bypass graft and laser edge was completed. A thin layer of newly formed 

endothelium totally covered the anastomosis (Figure 9.4C and 9.5C, Figure 9.6B). 

At 3 and 6 months, the ring was better visible from inside the anastomosis, because 

the anastomosis expanded over the device. (Figure 9.4D and 9.5D) However, the device is 

still covered by a thin layer of endothelium.

A B

Figure 9.3:  Arterial remodelling of the ELANA and SELANA anastomosis

Conventional ELANA CCA anastomosis, 3 month survival

The black arrow points out the newly formed arterial wall under the ELANA ring. The ring is angulated approximately 

20 degrees from the recipient vessel, while it is still perpendicular to the bypass graft.  Adapted with permission from: 

Streefkerk HJ et al.: Long-term re-endothelialization of excimer laser assisted non-occlusive anastomoses compared with 

conventionally sutured anastomoses in pigs. J Neurosurg 103:328-336, 2005

SELANA CCA anastomosis, 3 month survival.

The black arrow points out the newly formed arterial wall under the SELANA ring. The device is angulated 

approximately 30 degrees compared to the recipient vessel, and is perpendicular to the bypass graft.

A

C

B

D
minutes mean bypass flow had slightly increased to 172 ± 37 mL/min. At termination mean 

bypass flow in the 33 patent bypasses had increased to 192 ± 70 mL/min, which was a not 

significantly increased compared to flow at opening. 

The SELANA bypass flow results tended to be higher than flow results in the earlier 

ELANA pig study. The differences were however not significant in any of the survival 

subgroups. 1 (Table 9.1)

Endothelialization

In the acute stage (1 hour after the bypass completion) there was a clear demarcation 

between bypass graft, laser edge, pin and recipient artery. (Figure 9.4A and 9.5A) The 

catheter did not damage the intima directly mechanically or indirectly via the laser pulses, 

since the endothelial cell layer of the donor artery and recipient artery was still totally intact. 

The different layers of the recipient artery (intima, media and adventitial layer) could clearly 

be distinguished on the laser edge, which was covered by platelet aggregates and fibrin 

depositions. 

During the first week an increasing amount of activated thrombocytes, with long 

villus-like protrusions could be found between bypass graft and laser edge, and over the 

pin. At 10 days, the laser edge was retracted and endothelialized, as earlier described. 1 

Figure 9.4:  Photographs of anastomoses after termination (view from inside)

A  Acute (1 hour). No endothelialization of the pins, laser edge or edge between bypass graft and recipient. 

B 10 Days survival. Starting endothelialization over the pins. Laser edge migrates backward.

C  Weeks survival. Complete endothelialization, laser edge is totally retracted and endothelialized, endothelialized 

pins are still slightly visible.

D  6 Months survival. Complete endothelialization. Arterial remodeling under the ring, the contour of the pins is 

not visible anymore.
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Figure 9.5:  Scanning Electron Microscopy 

The anastomosis is cut in two parts on the longitudinal axis. A schematic drawing indicating the location of the SEM 

picture is depicted left from each picture.

A  Acute (1 hour). Clear demarcation between (from top to bottom) bypass graft, laser edge, pin and recipient 

artery. The endothelial cell layers of the donor artery and recipient artery are completely intact. The different 

layers of the recipient artery (intima, media and adventitia) cleary can be distinguished on the laser edge, which 

is covered by platelet aggregates and fibrin depositions. On the pin only a few trombocytes are attached.

B  10 Days. The laser edge is retracted and endothelialized. The border between donor artery and recipient is still 

visible. Endothelium started to grow over the pin, preceded by activated trombocytes and fibrin which adhere 

to the smooth surface of the pin (see detail totally right with precursor cells attached to the pin surface).

C 3 Weeks. The SELANA device is completely endothelialized, and visible as 1 single layer.

D  6 Months. The endothelial layer over the device is thinner because the anastomosis expanded within and 

ultimately slightly over the device. However, no spots without endothelium are visible.

166
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Discussion

The most important findings of this study are threefold. First of all, this study showed 

a 87% patency of the SELANA anastomosis technique in a pig model, which was non-inferior 

compared to earlier ELANA anastomosis patency studies. Secondly, this study showed that 

SELANA bypass flow is, at least, not inferior to ELANA bypass flow in the same pig model. 

Finally this study showed that the endothelialization process of the SELANA anastomosis 

is finished after approximately 3 weeks, which is slightly longer than the conventional 

ELANA anastomosis in the identical pig model. The ELANA anastomosis showed complete 

endothelialization in approximately 2 weeks. 1 

The methodology of this study, using a previous study as historical control group, 

has an obvious drawback; differences between studies could have influenced the outcome. 

The most evident difference was that our earlier ELANA patency and endothelialization 

studies were not all performed in pigs, but also in rabbits. 2, 3 We chose to use only pigs 

because our earlier results showed that these animals are more susceptible to thrombosis 

(86% ELANA bypass patency in pigs versus 94-100% ELANA bypass patency in rabbits) and 

therefore provide a more critical model. Additionally, the procedure described in this 

study results in a small surgical wound in the neck, which causes relatively less suffering 

for pigs than the relatively large laparotomy which is necessary in rabbits. Finally we chose 

to use pigs because their physiology is more comparable to human physiology than rabbit 

physiology. However, there could always be other small differences between this study and 

our historical studies which we overlooked. In our opinion this argument was not sufficient, 

both ethically and cost-effectively, to sacrifice 38 extra pigs to perform additional bypasses 

with ELANA anastomoses.

This is the first study in which we found a negative influence of flap retrieval failure 

on bypass patency. However, the low number of anastomoses should be acknowledged. This 

finding could be coincidental, and our earlier, clinical studies showed the opposite. 6-9 The 

element which is different in the current study is that we tried to retrieve the flap manually 

in all cases were it was not retrieved directly by the catheter tip. This procedure has not been 

standard in clinical studies until now, and influence of this procedure on bypass patency 

has never been investigated. It is conceivable that moving with micro-instruments into 

the anastomosis could be of more negative influence to patency than the flap remaining 

in situ and setting itself onto the wall of the donor or recipient. 6 It is also noteworthy that 

no bypass occlusions occurred anymore in the final 15 bypasses. A learning curve could be 

another explanation for these bypass occlusions. 

The arterial remodeling, observed in the long-term survival groups in this study, 

Figure 9.6:  Histology

The anastomosis was embedded in plastic, cut with a diamond saw perpendicular to the recipient CCA, and stained 

with hematoxylin and eosin. 

A  10 days. 20x magnification. The circumferential part of the pin is covered by endothelium (red arrow), but the 

edge between recipient artery and donor artery is not (green arrow)

B  3 weeks, 20x magnification. A new arterial wall covers the ring and pin. (black arrow) Two white blocks appear  

on the left because the metal was washed away during preparation. The black bubbles are artifacts from high 

heat resulting from cutting with the saw.

C  3 weeks, 200x magnification. The new arterial layer covering the edge between recipient and donor artery  

(black arrow).

A B

C

C
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was identical to the remodeling in the previous ELANA pig study. We consider this to be 

an hemodynamical effect, combined with substantial growth of the pigs. The remodeling 

effect has been previously described and visualized in a study by Buijsrogge et al. 10 In 

this study an intima-media apposition was used, identical to the apposition of the ELANA 

technique, to create beating heart coronary bypasses in pigs. Their conclusions support our 

finding that this effect is of no influence to the flow and patency of these anastomoses. 

Buijsrogge et al., and in a separate article Borst et al. 11, state that in off-pump and 

endoscopic coronary bypass surgery, a need exists for a simple, timesaving, and reliable 

facilitated distal anastomosis procedure to replace the technically demanding manual 

suturing process. The SELANA technique in its current form can certainly meet these criteria. 

Therefore, future SELANA research should also be aimed at adapting the SELANA technique 

to facilitate a cardiac bypass. 

The current SELANA design was previously successfully tested in pressurized 

cadavers using artificial vessels and a dedicated applicator. (chapter 8) We chose to test the 

SELANA device in this study with autologous bypass grafts (the contralateral CCA), of which 

the endothelium was not touched during ring attachment to the bypass graft, and during 

application on the CCA.  In this way, the effect of the SELANA device itself on patency was 

not blurred by the effect of endothelial damage on patency or the effect of eventual failure 

of artificial vessels to endothelialize on patency. However, future research should be aimed 

at the development of SELANA combined with an ideal artificial vessel, since this prevents a 

second incision to harvest a graft. Moreover this autologous bypass graft potentially can be 

of low quality, especially in patients in whom cerebral revascularization is necessary.

Conclusion

The SELANA is not inferior to the ELANA technique regarding patency, flow and 

endothelialization. The SELANA technique could be preferable over the ELANA technique 

considering its easy, fast and less invasive application. A pilot study in patients is a logical 

next step. 
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Abstract
The research described in the previous chapters embodies a part of the ongoing 

evolution of the ELANA technique. The steps made create a number of new possibilities and 

challenges.

One of these future possibilities could be a better adaption to the individual patient. 

This could be performed using the ‘Hillen method’ to model individual intracerebral blood 

flow. This would be especially suitable for ELANA bypass design because of its constant 

anastomosis diameter which is an important variable in the Hillen model. Another possibility 

could be slight modification of the ELANA and/or SELANA method to facilitate other 

anastomosis locations as for example coronary arteries. It is also theoretically possible to 

further technically simplify the SELANA procedure, using a clip mechanism, to circumvent 

the use of surgical sealant. Eventually, in the future the SELANA anastomosis could be 

applied in an ultra safe and non-invasive way using automated feedback mechanisms, 

navigation technologies or even using a robot combining these modalities.

A future challenge is the growing need to improve bypass quality. The current 

results, using autologous grafts, are far from perfect, and will potentially further decrease 

because of reduction of graft quality in the increasingly older population. New technologies 

as bioengineering of new vessels from stem cells or dedicated preparation of cadaver vessels 

should be further explored. Another challenge is the training of vascular neurosurgeons. 

Compared to previous decades, a lower number of vascular neurosurgical cases present 

with more difficult surgical problems. Other training methods such as pressurized cadaver 

heads or virtual reality training methods mimicking intraoperative difficulties need to be 

further explored. The final challenge is the regionalization of patient care, necessary to 

maximize the use of new expensive knowledge and technologies. 

Exploring the defined possibilities and facing the challenges mentioned will 

ultimately lead to quality improvement of patient care.

Introduction

The research summarized in this thesis showed feasibility and good technical and 

functional results of the conventional Excimer Laser Assisted Non-occlusive Anastomosis 

(ELANA) technique in different patient categories. However, the ELANA technique was 

thereby also shown to have limitations: the flap retrieval rate was suboptimal (chapter 

2-6) and application through a deep and narrow surgical corridor could be challenging 

and caused manipulation of surrounding (healthy) structures. (chapter 8) Therefore, 

this thesis also focused on technical improvement of the ELANA technique. A proposal to 

increase the flap retrieval rate has been described. (chapter 6) Moreover the evolution 

from the conventional ELANA technique towards the less invasive, faster and easier SELANA 

anastomosis technique has been described. (chapter 7-9)  Thereby the non-occlusive 

character of the technique was always maintained as the key-feature.

This was an evolutionary, not a revolutionary, development. Taking 3 steps forward 

and 2 steps backward, the evolution started already before the beginning of the research 

described in the previous chapters, and will surely continue hereafter. The steps which were 

made create a number of new possibilities and challenges.

Possibilities

Individual bypass adaptation

Customizing the bypass is an important issue within cerebral revascularization in 

general. The model of Hillen could thereby be very useful.  This simple mathematical model 

was used previously to show that a more proximally attached bypass is necessary to reach 

optimal flows in certain patient categories. (Chapter 2-4) 1, 2 The Hillen model for cerebral 

blood flow is based on the use of the Poiseuille-Hagen formula and the Kirchhoff formula. 

It disregards pulsatility, vessel wall elasticity and non-linear effects. However, comparison 

with flows calculated in a more sophisticated mathematical model, including these effects, 

revealed only very slight differences. 3

It is a possibility to further validate the Hillen method to model the cerebral blood 

flow in an individual patient, first without and then with several potential flow augmentative 

or flow replacement bypasses. In this way it is possible to predict bypass flow and ultimately 

design the perfect individually customized bypass. Data necessary to fit this model 

include cerebropetal and intracerebral flow data and arterial radius data. These could be 

preoperatively acquired by magnetic resonance imaging (MRI) and Non-invasive Optimal 

Vessel Analysis (NOVA 4, VasSol Inc ®, Chicago, IL, USA). The radius of arteries is an important 

factor in the Poiseuille- Hagen formula and therefore in the Hillen model in general.  This 

model is therefore very suitable for use in combination with the ELANA technique, because 

it results in a standardized anastomosis diameter of 2 mm.

ELANA mechanism

 It was recommended in chapter 6 to increase laser energy to 15 mJ to reach a 100% 

flap retrieval rate in 1 laser episode. However, risk on contralateral wall damage, especially in 

small recipient arteries, could not completely be excluded in this study. Another possibility 

to solve this problem would be to deliver the laser energy in a more controlled way. 
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Instead of exposing all fibers at once, creating one ‘big’ explosive vapor tube, 

individual fibers in the ring catheter could be exposed in a time sequence. Potentially this 

could decrease stress in the vessel wall and prevent detachment of the flap. Initial feasibility 

testing has shown promising results (Figure 10.1). In this approach a smaller, less expensive 

excimer laser could be used with lower output energy per pulse, set at a higher repetition 

rate. It would be even possible to combine this with a feedback mechanism, by detecting 

the auto-fluorescence signal in front of each fiber to determine tissue perforation per fiber. 

However, like the current technique, this principle needs to be proven by extensive series of 

laboratory testing before it could be approved for clinical use.

occlusive anastomosis on the CCA or ECA. Because the vessel wall on these locations is 

thicker (0.8- 2 mm)5, this implies a change in catheter dimensions. The distance between 

the tip of the laser fibers and the metal grid (the so-called grid-depth) is too small (0.35 mm) 

to contain the total disc of recipient artery wall, and therefore should be increased. How far 

the grid should be put back will be the subject of further research. Potentially this could be 

combined with a catheter and ring with a larger diameter. Increasing the proximal diameter 

would decrease resistance of the bypass and increase bypass flow. Eventually the size of this 

anastomosis or even the distal anastomosis could be another variable to customize bypass 

flow. 

It has been shown that more distal cerebral arteries like the M3 or even M4 artery 

incidentally do not tolerate prolonged temporary occlusion. (Chapter 3) Therefore also on 

these locations it should be possible for vascular neurosurgeons to choose for the ELANA 

technique. Based on the same principles as described for the ELANA for thicker vessels, 

the grid depth in ELANA catheters for this location should be decreased, as well as the 

catheter diameter and the ring diameter. 

When arteries of more different sizes could be anastomosed using the ELANA 

technique, application of the ELANA anastomosis at other (extracranial) locations is a 

logical next step. Especially with the less invasive, easier and faster SELANA technique 

(Chapter 7-9), other surgeons could evaluate if the non-occlusive technique could offer 

extra value to their treatment armamentarium, eventually combined with dedicated 

design changes.

In cardiovascular surgery, an invasive approach (sternotomy) is necessary to 

sufficiently expose the arteries which need to be anastomosed. The SELANA concept could 

circumvent the invasive approach by creating a cardiovascular anastomosis through an 

intercostal opening. It could be combined with a customized form of the Octopus® tissue 

stabilizer technique (Medtronic Inc. Minneapolis, MN, USA), also originally invented in 

the University Medical Center Utrecht, the Netherlands 6, to locally fixate the recipient 

artery and circumvent attachment of the patient to an extracorporal circulation. These 

developments could lead to a less invasive cardiac bypass. To reach this goal, SELANA 

should be possible at different angles and, as previously mentioned, thicker (for example 

the aorta) or thinner (for example the left anterior descending artery) wall thicknesses. 

More research is necessary in this direction.

 Also other surgeons who regurlarly create arterial anastomoses, could use the 

SELANA principle to develop new anastomosis techniques for a specific recipient, for 

example the femoral artery, the carotid artery or the renal artery. Even for non-vascular 

uses, like in urology or abdominal surgery, the SELANA principle could be evaluated to 

obtain potential benefits. 

Figure 10.1:  Potential ELANA mechanism improvements

Top: Comparison between explosives bubbles of sequentially individual exposed fibers to the excimer laser light 

(left) and all fibers exposed at once (right). Bottom: Auto-fluorescence during tissue vaporization of individual 

exposed fibers (left) and all fibers exposed at once (right).

Other Locations

 The temporary clamping of the common carotid artery (CCA) or external carotid 

artery (ECA) in case of an extra-intracranial (EC-IC) bypass for flow augmentation in patients 

with hemodynamic cerebral ischemia might hamper collateral flow, if present. (chapter 

5) It would be safer for these patients to adapt the ELANA technique to facilitate a non-
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SELANA application

The SELANA anastomosis (Chapter 7-9)  facilitates a deep anastomosis through a 

narrow surgical corridor with minimal brain retraction, still benefiting of the advantages of a 

non-occlusive character. The application is simple, fast and straightforward. Combined with 

real time instrument tracking and navigation feedback mechanisms, automatic flawless, 

ultra safe and simple application of the anastomosis anywhere in the human body could 

be a future possibility. Thereby it would be worthwhile to explore the possibilities to apply 

the SELANA technique with a surgical robot which can integrate these new technologies. 

Devices such as the Da Vinci surgical system (Intuitive Surgical, Inc., Sunnyvale, CA, USA) 

have difficulties applying microsutures, but should have no problems with the SELANA 

technique.

The design of the SELANA anastomosis is simple and elegant, and the device is 

strongly attached to the recipient, once applied. However it still needs a surgical sealant 

to be totally impermeable, even with the small change in design of the pins described in 

chapter 9. A possibility to make the anastomosis totally watertight without the need for 

sealant is to involve a clip mechanism at the back of the SELANA device in between the pins. 

The device eventually could be attached to the recipient artery by a common aneurysm 

clip applier. The pins would then slide in and out the recipient artery without friction of the 

tissue around the upper ring. Once the pins are in the perfect position, the clip is closed and 

the anastomosis is tightly fixed. However, a drawback of this design could be the lack of 

overview in a small space. More research is necessary to explore this direction.

Challenges

Patency

A 100% long-term patency is not the primary challenge of cerebral revascularization. 

If bypass indication is optimal, there will be a subgroup of patients who develop intracerebral 

and leptomeningeal collaterals on long-term, providing a superior, physiological method 

of revascularization. However, this does not mean that the bypass in these patients failed, 

because it protected the brain on short-term (before collateral completion) from ischemia. 

This mechanism, as observed in chapter 2-4, shows that besides the brain itself, also its 

vascular system is more dynamic than previously thought. However, failure of bypasses 

which protect the brain against ischemia should be further reduced. This will be a challenge. 

The quality of autologous bypass grafts will decrease because the patient population will 

become older, with a more diseased arterial and venous system. It is absolutely necessary 

to determine on short-term an ideal anticoagulation protocol per indication and bypass 

category (maybe even per patient), and to optimize the quality of interposition bypass grafts. 

Theoretically, results achieved with autologous interposition grafts could be exceeded by 

combining the best elements of new developments, such as artificial vessels seeded with 

anticoagulative coating and/or cellular matrixes 7, bioengineering of vessels from stem cells 
8, and the use of donor cadaver vessels. 9 Using an artificial or donor interposition graft has 

an additional advantage: the circumvention of autologous vessel harvesting. This is to be 

considered as a separate surgical procedure with its associated hazards.10

Training

Training of microsurgical techniques remains one of the most important elements 

to maximize results of cerebral revascularization. To manage any bypass associated 

problem, or vascular neurosurgical problems in general, the neurosurgeon still needs to 

be sufficiently trained in the full spectrum of microanastomosis techniques, regardless 

of the future availability of safe and simple sutureless anastomosis techniques. Regular 

training in a readily available microsurgical laboratory by the vascular neurosurgeon is 

thereby of vital importance. 11 This will be an enormous challenge for future neurosurgeons. 

Resident working hours are restricted, while other duties besides performing surgery, often 

administrative obligations, increased. The number of vascular neurosurgical cases in general 

decreased in the past decades because of the emergence of other treatment modalities as 

coiling, stenting, gluing or a combination of these treatments. The minimal invasive nature 

of these treatment modalities, combined with good short-term outcome, cause them to 

be generally preferred, while long-term results are often unknown. 12 This results in less 

cases for vascular neurosurgeons. However, these cases are more difficult to handle, as for 
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example previously coiled aneurysms which continue to grow. Because of these reasons, 

training options, such as the pressurized cadaver heads described in chapter 8, should be 

further developed and become more widely available. Also virtual reality should be further 

explored to train these procedures, and mimick associated intraoperative complications to 

learn how to manage them. 13, 14

Regionalization

A highly trained multidisciplinary neurovascular team is necessary to perform 

cerebral revascularization (vascular neurosurgeons, neuro-interventionalists, neurologists, 

neurointensivists, neuroanesthesiologists, specialized nurses and medical technology 

specialists). Moreover, all up to date techniques to optimize preoperative, intraoperative 

and postoperative care should be available. Therefore, cerebral revascularization should 

be performed in regional neurovascular referral centers. Based on the number of patients 

currently treated in the Netherlands, 1 cerebral revascularization center should be available 

for reference per 10-20 million inhabitants. There should be close cooperation between this 

reference center and other neurosurgical centers in that region to refer patients, to perform 

research and to educate residents. This will not only improve quality, it will also stimulate 

new developments as for example combinations of surgical and endovascular treatment 

modalities to ultimately improve the quality of patient treatment.

Conclusion

The steps already taken in ELANA research in the past years revealed possibilities to 

further customize bypass design, to expand the locations on which a non-occlusive bypass is 

possible and to further technically improve the procedure. Future challenges include bypass 

quality improvement, the optimization of training and regionalization of patient care. This 

will contribute to improve the outcome of patients in the future. 
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Summary
The research described in this thesis had 2 main goals. The first goal was to 

evaluate the clinical results of the Excimer Laser Assisted Non-occlusive Anastomosis 

(ELANA) technique. The most important subgroups of patients were separately 

evaluated in the first part of this thesis (chapters 2 to 5). The second main goal was 

to further develop the ELANA technique towards a less invasive, easier, faster, but 

equally safe anastomosis technique.  The developmental steps which were taken were 

described in the second part of this thesis (chapters 6 to 10).

The thesis starts in chapter 1 with an outline of the history of cerebral revas-

cularization, during which the Excimer Laser Assisted Non-Occlusive Anastomosis (ELANA) 

technique, developed by Prof. dr. C.A.F. Tulleken, played a major role since 1993. The 

ELANA technique made it possible to attach a bypass without the need to temporarily 

occlude the recipient artery. This resulted in a safer and more customized form of cerebral 

revascularization. 

In chapter 2,  the results of the ELANA flow replacement bypass in the treatment 

of 34 patients with a giant or large internal carotid artery (ICA) aneurysm are described.  

We could construct a patent bypass in 33 patients (97%). A fatal complication occurred 

in 2 patient (6%), and a non-fatal complication occurred in 7 patients (21%). At long-term 

follow-up, (mean 3,3 [range 0,6- 5,6] years), 25 patients (74%) had a favorable outcome (the 

same or a better functional health as preoperatively and independent). This study shows 

that the ELANA high flow replacement bypass is an effective method to treat these patients 

considering their grave natural history.

In chapter 3,  the results of the ELANA flow replacement bypass in the treatment of 

22 patients with a giant middle cerebral artery (MCA) aneurysm are described. We could 

construct a patent bypass in 20 patients (91%). A fatal complication occurred in 1 patient 

(5%), and a non-fatal complication in 8 patients (36%). At long-term follow-up (mean 3.6 

[range 0.2- 7.7] years), 17 patients (77%) had a favorable outcome (the same or a better 

functional health as preoperatively and independent). This study shows that the ELANA 

high flow replacement bypass is an effective method to treat these patients considering 

their grave natural history.

In chapter 4,  the results of the ELANA protective bypass in the treatment of 32 

patients with a giant aneurysm of the ICA, MCA or anterior communicating artery (ACOM) 

are described. Under a protective bypass the definitive aneurysm clip is still placed on the 

aneurysm itself, leaving the parent artery patent. In principle, the protective bypass is used 

temporarily and is unnecessary at the end of the surgery. We could construct a patent 

bypass in 31 patients (97%). A fatal complication occurred in 1 patient (3%) and a non-fatal 

complication occurred in 4 patients (13%). At long-term follow-up (mean 6.1 [range 1.5- 14] 

years), 28 patients (88%) had a favorable outcome (the same or a better functional health as 

preoperatively and independent). This study shows that the ELANA protective bypass is an 

effective tool to treat these patients with difficult giant aneurysms. 

In chapter 5, the results of the ELANA flow augmentative bypass in the treatment 

of 24 patients with symptomatic carotid artery occlusion (CAO) and a compromised 

hemodynamic state of the brain are described. We could construct a patent bypass in 

all patients. A fatal hemorrhagic complication occurred in 2 patients (8%) and a non-

fatal complication occurred in 3 patients (13%). At long-term follow-up (mean 4.4 [range 

0.3- 8.8] years), 18 of the 22 surviving patients (82%) remained free of cerebral ischemic 

events. This study shows that the ELANA flow augmentative bypass in patients with CAO 

is technically feasible and results in cessation of ongoing TIAs, but carries a risk of post-

operative hemorrhage.

From the studies described in chapters 2 to 5 it appeared that the retrieval of a disc 

of artery wall (the ‘flap’) from the anastomosis by the ELANA catheter was only successful in 

82%. This could theoretically cause thrombus formation or even bypass occlusion. Therefore 

an assessment of the flap retrieval rate using different energies, force pushing the catheter 

down and laser episode is described in chapter 6. A specially designed in-vitro model was 

used. In total 2280 anastomoses were made. Current clinical settings (10 mJ, 0.2 N, 1 episode) 

were reference categories. It appeared that the flap retrieval rate could be optimized to 

100% by increasing the laser energy to 15 mJ. An extra laser episode of 10 mJ showed to be 

a good alternative. It was also concluded that the surgeon should be trained to apply not 

more than 0.2 N on the catheter, because a higher force led to significant decrease of flap 

retrieval.

The aim the of the subsequent study, which is described in chapter 7, was to evaluate 

simplifications of the surgically difficult ELANA technique. We developed 3 simplifications 

of the technique (ELANA-4, ELANA-2 and SELANA), which were each combined with 3 

different sealants (Bioglue®, TachoSil® and Tisseel®). In a non-survival rabbit model they 

were compared regarding application time, complications and burst pressure. It appeared 

that the SELANA technique combined with TachoSil was of most potential benefit.
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In chapter 8, the further feasibility testing of the new experimental SELANA 

technique in a pressurized human cadaver model is described. Four cadavers were bilaterally 

trepanated. In total 28 ELANA and 28 SELANA anastomoses were constructed on different 

intracranial recipient arteries. The study showed advantages of the SELANA anastomosis 

over the ELANA anastomosis. During application SELANA caused less manipulation of 

surrounding structures while it appeared to be faster and easier, especially on deep cerebral 

arteries like the basilar artery (BA) or the posterior cerebral artery (PCA). 

In chapter 9, a study is described in which we chronically tested the SELANA 

technique in a pig model. The left common carotid artery (CCA) was used to construct a 

bypass with 2 SELANA anastomoses on the right CCA. We used 38 pigs and made 12 survival 

groups from 1 day to 6 months. Bypass patency was studied using angiography, flow was 

studied using single vessel flowmetry and endothelialization was studied using scanning 

electron microscopy and histology. Data were compared with historical ELANA data in an 

identical porcine model. It appeared that the SELANA technique was not inferior compared 

to the ELANA technique regarding patency, flow and endothelialization. It was concluded 

that a SELANA pilot study in patients is a logical next step.

Finally, in chapter 10, based on the studies described in this thesis, possibilities 

and challenges for the future are described. The importance of further individual bypass 

adaptation, of further expansion of the locations on which a non-occlusive bypass is possible 

and of further technical improvement is emphasized. Bypass quality improvement, the 

optimization of training and the regionalization of patient care are described as the most 

important challenges.
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dat de ‘bloedstroom vervangende’ ELANA bypass een effectieve methode is om deze 

patiënten te behandelen, zeker gezien het ernstige natuurlijke beloop van de ziekte. 

 

In hoofdstuk 4 worden de resultaten van de beschermende ELANA bypass bij de behandeling 

van 32 patiënten met een reuze aneurysma van de ACI, ACM of arteria communicans anterior 

(AcomA) beschreven. Onder bescherming van een bypass  wordt het aneurysma geclipt, 

terwijl getracht wordt de betreffende slagader aan intact te houden. In principe wordt de 

beschermende bypass tijdelijk gebruikt en is deze derhalve onnodig na de operatie. We 

konden een doorgankelijke bypass construeren in 31 patiënten (97%). Een fatale complicatie 

trad op bij 1 patiënt (3%) en een niet-fatale complicatie trad op bij 4 patiënten (13%). Op 

langere termijn (gemiddeld 6,1 [spreiding 1,5 tot 14] jaar), hadden 28 patiënten (88%) een 

gunstig resultaat (dezelfde of een betere functionele gezondheid dan  preoperatief en ADL 

onafhankelijk). Deze studie toont aan dat de beschermende ELANA bypass een doeltreffend 

instrument is om deze patiënten, met moeilijk te clippen reuze aneurysma’s, toch te 

behandelen. 

 

In hoofdstuk 5 worden de resultaten beschreven van de ‘bloedstroom toevoegende’ ELANA 

bypass bij de behandeling van 24 patiënten met een symptomatische ACI occlusie (SAO) 

en een gestoorde hemodynamische toestand van het ipsilaterale brein. We konden bij alle 

patiënten een doorgankelijke bypass construeren. Een fatale (hemorragische) complicatie 

trad op bij 2 patiënten (8%) en een niet-fatale complicatie trad op bij 3 patiënten (13%). Over 

een langere termijn tot het moment van evaluatie van deze studie (gemiddeld 4,4 [spreiding 

0,3 tot 8,8] jaar) bleven 18 van de 22 overlevende patiënten (82%) vrij van een herseninfarct. 

Deze studie toont aan dat de ‘bloedstroom vermeerderende’ ELANA bypass bij patiënten 

met een SAO technisch haalbaar is en leidt tot beëindiging van de doorlopende ‘transient 

ischemic attacks’ (TIA’s). Er is echter een postoperatief bloedingsrisico.

Uit de studies beschreven in de hoofdstukken 2 tot 5 bleek dat het uitlaseren van een 

disk uit de ontvangende vaatwand (de ‘flap’) door de ELANA katheter slechts succesvol was 

in 82%. Niet goed uitlaseren van de flap kan in theorie leiden tot vorming van bloedstolsels 

ter plaatse van de anastomose of zelfs occlusie van de bypass. Daarom wordt in hoofdstuk 

6 de invloed bestudeerd van 1) verschillende laser energie niveaus, 2) manuele kracht op 

de katheter tijdens het laseren en 3) het aantal laser episodes op het ‘oogsten’ van de flap. 

Een speciaal ontworpen in-vitro model werd gebruikt om in totaal 2280 anastomoses te 

maken. De huidige klinische instellingen (10 mJ, 0,2 N, 1 laser episode) werden gebruikt als 

referentie categorieën. Het flap percentage bleek te kunnen worden geoptimaliseerd tot 

100% door het verhogen van de laser energie tot 15 mJ. 

Samenvatting 
Het onderzoek, beschreven in dit proefschrift, had 2 belangrijke doelstellingen. 

De eerste doelstelling was de evaluatie van de klinische resultaten van de ‘Excimer 

Laser Assisted Non-occlusive Anastomosis’ (ELANA) techniek. De evaluaties van de 

behandelresultaten in de belangrijkste subgroepen van patiënten zijn beschreven 

in het eerste deel van dit proefschrift (hoofdstukken 2 tot en met 5). De tweede 

doelstelling van het onderzoek was het verder ontwikkelen van de ELANA techniek 

tot een minder ingrijpende, makkelijkere, snellere anastomose techniek zonder in te 

boeten op veiligheid. De stappen die in deze richting werden genomen zijn beschreven 

in het tweede deel van dit proefschrift (hoofdstukken 6 tot en met 10).

 
Het proefschrift begint in hoofdstuk 1 met een schets van de geschiedenis van de cerebrale 

revascularisatie. De ELANA techniek, ontwikkeld door Prof. dr. C.A.F. Tulleken, heeft 

hierin sinds 1993 een belangrijke rol gespeeld. Deze techniek maakte het voor het eerst 

mogelijk om een bypass aan te sluiten op een slagader zonder deze tijdelijk af te sluiten. Dit 

resulteerde in meer mogelijkheden, ten opzichte van de conventionele bypass technieken, 

tot cerebrale revascularisatie op een veiligere manier.

In hoofdstuk 2 worden de resultaten van de ‘bloedstroom vervangende’ ELANA 

bypass bij de behandeling van 34 patiënten met een reuze aneurysma (> 2.5 cm) of een 

groot aneurysma (> 2cm) van de arteria carotis interna (ACI) beschreven. We konden een 

doorgankelijke bypass construeren in 33 patiënten (97%). Een fatale complicatie trad op bij 

2 patiënten (6%), en een niet-fatale complicatie bij 7 patiënten (21%). Op langere termijn 

(gemiddeld 3,3 [spreiding 0,6 - 5,6] jaar), hadden 25 patiënten (74%) een gunstig resultaat 

(dezelfde of een betere functionele gezondheid dan preoperatief en onafhankelijk in 

algemene dagelijkse levensverrichtingen (ADL)). Deze studie toont aan dat de ‘bloedstroom 

vervangende‘ ELANA bypass een effectieve methode is om deze patiënten te behandelen. 

Hierbij dient het zeer slechte natuurlijke beloop van deze ziekte in acht te worden 

genomen.

In hoofdstuk 3 worden de resultaten van de ‘bloedstroom vervangende‘ ELANA 

bypass bij de behandeling van 22 patiënten met een reuze aneurysma van de arteria 

cerebri media (ACM) beschreven. We konden een doorgankelijke bypass construeren 

in 20 patiënten (91%). Een fatale complicatie trad op bij 1 patiënt (5%), en een niet-fatale 

complicatie trad op bij 8 patiënten (36%). Op langere termijn (gemiddeld 3,6 [spreiding 

0,2 tot 7,7] jaar) hadden 17 patiënten (77%) een gunstig resultaat (dezelfde of een betere 

functionele gezondheid als preoperatief en ADL onafhankelijk). Deze studie toont aan 
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proefschrift. Het belang van een bypass die goed is aangepast op de individuele patiënt 

wordt onderstreept, evenals de noodzaak tot uitbreiding van de locaties waarop een non-

occlusieve bypass mogelijk is. Ook wordt de noodzaak tot verdere technische verbetering 

toegelicht. Verbetering van de kwaliteit van de bypass, de optimalisatie van de vasculair 

neurochirurgische opleiding en de regionalisatie van de patiëntenzorg worden beschreven 

als de meest belangrijke uitdagingen. 

 

Een extra laser episode van 10 mJ bleek een goed alternatief. Tevens werd 

geconcludeerd dat de chirurg moet worden getraind om niet meer dan 0,2 N op de katheter 

uit te oefenen tijdens het laseren. 

Het doel van de van de daaropvolgende studie, beschreven in hoofdstuk 7, was te 

evalueren hoe de technisch moeilijke ELANA techniek vereenvoudigd kon worden. Er werden 

3 simplificaties van de techniek ontwikkeld (ELANA-4, ELANA-2 en de SELANA techniek), die 

elk in combinatie met 3 verschillende chirurgische lijmen getest zijn (Bioglue ®, TachoSil ® 

en Tisseel ®). In een acuut konijnen model werden deze technieken vergeleken voor wat 

betreft de applicatie tijd, complicaties en druk waarop de anastomose barstte. Van de 

geteste technieken bleek de SELANA techniek, die intracranieel hechten onnodig maakt, in 

combinatie met TachoSil de meeste potentiële voordelen te bieden.

  

In hoofdstuk 8 wordt een studie beschreven waarin de uitvoerbaarheid werd getest van 

de nieuwe experimentele SELANA techniek in een humaan kadaver model, waarbij de 

bloedvaten kunstmatig op druk gebracht werden. Vier kadaver hoofden werden bilateraal 

getrepaneerd. In totaal 28 ELANA en 28 SELANA anastomoses werden geconstrueerd 

op verschillende intracraniële slagaders. De studie toonde voordelen van de SELANA 

anastomose ten opzichte van de ELANA anastomose. Tijdens de applicatie van de SELANA 

werden de omliggende structuren minder gemanipuleerd, terwijl de applicatie sneller en 

eenvoudiger was. Dit gold met name voor de applicatie op diepgelegen cerebrale arteriën 

als de arteria basilaris (AB) of de arteria cerebri posterior (ACP).

  

In hoofdstuk 9 wordt een studie beschreven waarin de SELANA anastomose chronisch getest 

werd in een varkens model. De linker arteria carotis communis (ACC) werd uitgenomen 

en als graft gebruikt voor een bypass op de rechter ACC met 2 SELANA anastomosen. We 

gebruikten 38 varkens en maakte 12 groepen met verschillende overleving, variërend van 1 

dag tot 6 maanden. Bypass doorgankelijkheid na verschillende overlevingsperiodes werd 

bestudeerd met behulp van angiografie. Kwantitatieve bloedstroom meting werd gedaan 

op verschillende momenten met een speciale sonde. Het overgroeien van de anastomose 

met endotheel (endothelialisatie) werd bestudeerd met behulp van scanning elektronen 

microscopie (SEM) en histologie. De gegevens werden vergeleken met historische ELANA 

gegevens in een identiek varkens model. De SELANA techniek bleek niet inferieur ten 

opzichte van de ELANA techniek met betrekking tot doorgankelijkheid, doorstroming en 

endothelialisatie. Er werd geconcludeerd dat een pilot SELANA studie bij patiënten een 

logische volgende stap zou zijn. Tenslotte worden in hoofdstuk 10 enkele mogelijkheden 

en uitdagingen voor de toekomst beschreven op basis van de studies beschreven in dit 
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mogen ontvangen, niet alleen in microchirurgische technieken, gaat me levenslang bijblijven. 

Ik hoop dat we nog vaak samen in het lab of in het GDL kunnen oefenen en experimenteren. 

Prof. dr. L. Regli, beste Luca, het is een grote eer dat ik je eerste promovendus mag zijn, en 

mede door jou opgeleid wordt tot neurochirurg. Je kennis, vaardigheden, enthousiasme en 

gezond kritische houding maken dat ik, met vele anderen, zeer blij ben dat je naar Utrecht 

gekomen bent, en hier de neurochirurgie tot het mooiste deel van de divisie hersenen maakt. 

Dr. A. van der Zwan, beste Bart, wat een geweldige tijd! De manier waarop jij invulling hebt 

gegeven aan het co-promotorschap is uniek. Jouw vermogen om te enthousiasmeren, zonder 

de rode draad te verliezen, was een scheppende voorwaarde voor dit boekje. Ik denk met zeer 

veel plezier terug aan het bespreken van je correcties, aan onze discussies (al dan niet tijdens 

een bypass operatie) maar ook alle mooie congressen, buitenland tripjes en stapavonden 

om publicaties te vieren. Allebei een dochter krijgen tijdens de afgelopen periode was extra 

speciaal. Onze vriendschap is een geweldige voedingsbodem voor een mooie, nog hopelijk 

lange samenwerking. 

Dr. B.H. Verweij, beste Bon, bedankt voor onze discussies over de neurochirurgie, over onze 

artikelen en over de wetenschap, met altijd een mooie beschouwelijke noot die de zaken 

meteen in perspectief plaatsen. Ik hoop nog vaak ‘mindful’ met je samen te werken, met in 

het achterhoofd: ‘Live this moment, this moment is your life.’  

Rutger Tulleken en Felix von Coerper, zonder jullie continue ondersteuning, vertrouwen 

en vriendschap was ik nergens geweest. Ik heb enorm veel respect voor de professionele 

manier waarop jullie Elana bv hebben opgebouwd tot een omgeving waarin zoveel  

mensen zich ontzettend gelukkig voelen en waarin de patiënt centraal staat. Ook Bogusia 

Vaessen, Suzanne van Slooten, Raoul Beex, Harry Teirlinck, Sander van Thoor en Claartje 

Beks- Ypma wil ik bedanken voor de fantastische samenwerking.  

Rik Mansvelt Beck en André van Dieren, in het lab zorgden jullie voor essentiële 

ondersteuning. Het omvormen van het zoveelste halfslachtige verzoek (het maken van een 
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Stafleden neurochirurgie, bedankt voor het feit dat jullie mij willen opleiden tot neurochirurg. 

Ook wil ik de arts-assistenten, verpleegkundigen en overige medewerkers van het cluster 

neurologie & neurochirurgie bedanken voor de prettige samenwerking en het in mij gestelde 

vertrouwen.  

Drs. Mr L. Vencken, bedankt voor de bijzondere manier waarop we met elkaar in contact zijn 

gekomen en voor uw nuttige correcties. 

Dr(s) M. van Meer, beste Michel, zo een goede en bijzondere vriend wenst zich iedereen. Al 

18 jaar lief en leed gedeeld, om nu met een paar weken verschil allebei te promoveren. Ik weet 

zeker dat er nog heel veel moois gaat komen, Ja Hoor! 

Christiaan Saris en Tijs Rietjens, het is een eer dat jullie aan mijn zijde willen staan om dit 

boekje te verdedigen. Dat we samen begonnen zijn in Diepenbeek, België in 1998, en nu 

binnen een straal van een paar kilometer alle drie als jonge vaders vol passie aan het werk zijn 

vind ik heel bijzonder. We weten alle drie: ‘Het giet zoals ’t giet’! 

ΔυναμιΣ Hoog! 

Frits Suntjens, dit proefschrift werd ook jouw obsessie. Bedankt voor je honderden correcties, 

maar ook voor alle ondersteuning en mooie gesprekken. Mariet Suntjens, bedankt voor de af 

en toe broodnodige ‘knienebats’ en alle stellingen!  

Perry, Mitchell en Jesse, broeders, ik ben heel erg trots op jullie alle drie, niet alleen 

als neuroloog i.o., fysiotherapeut en top scorende middelbare scholier, maar vooral als 

fantastische kerels waar ik altijd op kan terugvallen.  

Pa en Ma, jullie hebben jezelf altijd maar weer opgeofferd om ons de beste start op de wereld te 

kunnen geven. Jullie steun in alle opzichten was onontbeerlijk, niet alleen voor dit proefschrift, 

maar om zo gelukkig te zijn zoals ik nu ben. Ik zal jullie nooit genoeg kunnen bedanken.   

Lieve Maartje, verliefd zijn op een neurochirurg in wording gun je niemand. Ik ben begonnen 

met ‘je voeten te kussen’ en dat zou ik nog steeds moeten doen. Wat geef je me veel; liefde, 

geluk, vriendschap, relativering en plezier. Samen met Tess zijn wij nu een onverwoestbaar 

trio. Ik hou zo ongelofelijk veel van jullie. Daarom zijn de laatste woorden natuurlijk voor jullie; 

You two are my real ‘First Love’!

onmogelijk ringetje, of een niet werkende opstelling) tot een geniaal concept hebben jullie tot 

kunst verheven. Jullie ervaring en vakmanschap waren onmisbaar.   

Saskia Redegeld en Glenn Bronkers, jullie hebben ontzettend veel en goed werk verzet voor 

dit proefschrift. Het wereldrecord ‘Excimer laseren’ (1.5 miljoen pulsen in 9 maanden…) is 

mede jullie verdienste. Jullie zijn sinds jullie stage onmisbaar geworden in het ELANA team.  

Jurren Sluijs, bedankt voor je goede werk, dat we niet voor niets hebben beloond met een 

onderzoeksplek. Heel veel succes in deze uitdagende positie. Ik verheug me op een mooie 

samenwerking. 

Beste studenten (sommigen van jullie intussen afgestudeerd), beste Tim Mulder, Desiree 

Bos, Stefan Maarschalkerweerd , Anna-Jasmijn Hoff, Lars Vorthoren, Matthieu Regli en 

Matthijs Biesbroek, bedankt voor al jullie inzet en enthousiasme.  

Alle medewerkers van het GDL wil ik bedanken voor de ondersteuning voor, tijdens en na de 

dierproeven. Bijzonder wil ik noemen Hans Vosmeer, Nico Attevelt, Anja van der Sar, Hester 

de Bruin, Jannie Visser, Elly van Zwol en Kees Verlaan. Bedankt voor jullie inzet, die verder 

ging dan wat het GDL, en zelfs ik, van jullie vroegen. Ik heb ontzettend veel van jullie geleerd 

(en wat was het lachen). 

Dr. J.W. Berkelbach van der Sprenckel, beste Jan Willem, ik wil je bedanken voor je suggestie 

naar Little Rock, USA te gaan. Het is een ontzettend leerzame periode geweest, met een artikel 

en een mooi cadaver lab in Utrecht als resultaat. Tevens bedankt dat je me wil opleiden tot 

neurochirurg. 

Dr. D.J. Langer, dear David, thanks for being an inspiration and a friend. 

Prof. dr. L.J. Kappelle en dr. C.J.M. Klijn, beste Jaap en Karin, bedankt voor jullie goede en 

leerzame begeleiding in de controversiële wereld van high flow bypasses voor hemodynamische 

ischemie van het brein.  

Prof. dr. B. Hillen, beste Berend, ik wil je bedanken voor je vertrouwen om mij te introduceren 

in Utrecht bij professor Tulleken en Bart. Je model geeft een basis voor fantastisch verder 

onderzoek in de komende jaren. 

Raymond Toelanie, bedankt voor je mooie illustraties. 
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