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Abstract 
 
Mats Dreifaldt (2013): Conduits in coronary artery bypass grafting surgery: 
Saphenous vein, radial and internal thoracic arteries.  Örebro Studies in 
Medicine 93. 
 
A novel technique for saphenous vein (SV) graft harvesting, the No-touch 
technique (NT), has been developed at the Dept. of Cardiovascular sur-
gery, Örebro University hospital. With NT the SV is harvested with a 
pedicle of surrounding tissue. This avoids graft spasm and eliminates the 
need for distension. The surrounding tissue acts as a structural support 
and is a rich source of vaso-dilating agents. A randomized controlled trial 
(RCT) has shown a significantly higher patency rate for NT SV grafts 
compared to SV grafts harvested with conventional technique (CT). This 
thesis evaluates some of the properties of the surrounding tissue and com-
pares patency rates between NT SV and radial artery (RA) grafts and 
patency rates for internal thoracic artery (ITA) grafts harvested with and 
without surrounding tissue. Paper I investigated vasa vasorum (VV) in SV 
grafts and showed that the NT preserves an intact VV whereas CT does 
not. This could be one of the mechanisms underlying the improved paten-
cy for NT SV grafts. Paper II evaluated VV and associated nitric oxide 
(NO) in SV and arterial grafts. SV grafts showed a higher number and 
larger VV, which correlated with NO production, compared to arterial 
grafts. NT SV grafts showed higher activity for e-NOS compared to CT 
SV grafts. Paper III is a RCT comparing patency rates between NT SV 
and RA grafts, three years after surgery, showing a significantly higher 
patency rate for NT SV grafts. Paper IV is a RCT comparing patency 
rates for ITA graft harvested with and without surrounding tissue and did 
not show any difference between graft preparations. In conclusion, the 
NT for SV graft harvesting preserves an intact vasa vasorum and associat-
ed NO production. NT SV grafts show a higher patency rate than RA 
grafts. Harvesting of ITA with or without surrounding tissue does not 
affect patency rate. 
 
Keywords: Cardiac surgery, Coronary artery bypass, Saphenous vein, Radial 
artery, Internal thoracic artery, Vasa vasorum, Nitric oxide, Graft patency. 
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Introduction 

Background 

Coronary artery disease 
Coronary artery disease (CAD) is the leading cause of morbidity in the west-
ern world and worldwide more than one million people die from CAD annu-
ally. CAD is caused by plaque building up along the inner walls of the arteries 
of the heart, which narrows the arteries and restricts blood flow. Restricted 
blood flow causes ischemic pain from the heart, angina pectoris, and an oc-
clusion of coronary arteries might lead to myocardial infarction 1.  

Treatment for CAD 

Medical treatment 
Today, optimal medical treatment consists of a combination of anti-ischemic 
drugs and disease modifying agents, including nitrates, beta-blockers, calcium 
channel blockers, anti-platelets, statins and angiotensin converting enzyme 
inhibitors 2. Lipid lowering therapy can stabilize 3, but not remove or decrease 
atherosclerotic plaque in coronary arteries, and reduces recurrent ischemic 
events 4. 

Percutaneous coronary intervention (PCI) 
Percutaneous coronary intervention (PCI) is a non-surgical procedure used to 
treat stenotic coronary arteries. During PCI, a cardiologist feeds a deflated 
balloon on a catheter from the inguinal femoral artery or radial artery up 
through blood vessels until they reach the site of blockage in the heart. X-ray 
imaging is used to guide the catheter threading. At the blockage, the balloon 
is inflated to open the artery, allowing blood to flow. A stent is often placed 
at the site of blockage to permanently open the artery. The use of stents has 
reduced the need for repeated revascularization 5. 
PCI is much less invasive than CABG but the highest class of recommendation 
for PCI in stable patients, according to European guidelines 6, is in patients 
with 1 or 2 vessel disease.  
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Coronary artery bypass grafting (CABG) 
With coronary artery bypass grafting (CABG) surgery veins or arteries from 
elsewhere in the patient's body are connected to the coronary arteries to by-
pass atherosclerotic narrowings and improve the blood supply to the coro-
nary circulation. CABG was introduced almost 50 years ago by Rene Faval-
oro at the Cleveland Clinic, USA. In 1967 he successfully reconstructed the 
right coronary artery by interposing a segment of saphenous vein (SV) 7 and 
today CABG is one of the most common operations performed 8. In patients 
with multiple-vessel CAD CABG is superior to medical treatment alone 9.  

Conduits in coronary artery bypass surgery 
The choice and quality of the conduits used for revascularization plays a ma-
jor role 10, 11 and the success of CABG relies on the long-term patency of these 
conduits 12. 

Saphenous vein 
The Saphenous vein (SV) was the first and is still the most used conduit in 
CABG surgery 13. There are several reasons for this. First, because of its rela-
tively large diameter and wall characteristics it is technically easy to use; sec-
ond, it is plentiful and therefore can be used to perform multiple grafts; third, it 
is long and can reach any coronary artery; and forth, it is easily harvested 14. 
The SV is harvested from the calf and thigh and is mainly used as an aorta-
coronary bypass graft. When the vein graft is harvested with conventional tech-
nique (CT) it is stripped from surrounding tissue which causes graft spasm 15. 
The graft therefore has to be distended with high pressure to overcome the 
spasm. This causes endothelial 16, medial 17 and adventitial 18 damage and in-
creases markers of inflammation 19. Careful surgical technique reduces to some 
extent the vascular endothelial damage occurring during surgery 20. The long 
term patency rate for vein grafts harvested with CT is poor due to acute throm-
bosis, neointimal hyperplasia, and accelerated atherosclerosis. Within 1 year of 
CABG surgery, 10% to 15% of venous grafts occlude, and almost half of ve-
nous graft conduits fail at 10 years 21.  However, there is an improved patency 
of the SV graft with the advent of aspirin, lipid-lowering and anti-hypertensive 
therapy 22. The poor long-term results using CT SV has led to a search for other 
conduits for CABG. It is estimated that every year, more than 800 000 CABG 
procedures are performed worldwide. Although most of these procedures utilize 
at least one arterial graft, the reversed saphenous vein remains the most widely 
used conduit for coronary revascularization 23, therefore every effort should be 
made to improve the patency rate of the SV graft. 
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Conventional vein graft being distended 

Internal thoracic artery 
The left internal thoracic artery (LITA) is currently the first choice of bypass 
conduits. This is based on convincing evidence of improved survival in pa-
tients with critical LAD disease in whom an LITA graft has been placed 24, 25. 
The long-term patency of the LITA is excellent with a patency rate of 90 % 
10 years after CABG 26, 27. The ITA is usually harvested as a pedicled graft 
from the inside of the chest, along the sternum. It is commonly left attached 
to its origin at the subclavian artery and is most frequently used to bypass the 
left anterior descending (LAD) artery. 

 The use of bilateral ITA, i.e. use of both LITA and right ITA (RITA), is 
performed in a low percentage of CABG operations despite excellent results 
in several studies 28. Patients who received bilateral ITA grafts for left coro-
nary system revascularization has improved early and late outcomes and de-
creased risk of death, reoperation, and PCI 29-32. 

Some surgeons propose that the ITA should be harvested in a skeletonized 
fashion giving advantages of reducing trauma and producing fewer postoper-
ative complications 33. The concept of skeletonization of the ITA is not new. 
The technique was described by Keeley in 1987 34. Harvesting of skeletonized 
ITA is more time consuming and requires a higher level of surgical precision 
in comparison to pedicled conduits 35, 36. It has been shown that harvesting the 
ITA as a pedicled graft reduces blood supply to the sternum 37, 38 and that 
postoperative pain and dysesthesia is reduced by skeletonization 39, 40. 
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Internal thoracic artery in situ 

Radial artery 
The radial artery (RA) is often considered as the second graft of choice after 
the ITA 41, 42. The RA can be harvested from the forearm, preferably from the 
non-dominant side, if there is a satisfactory collateral circulation from the 
ulnar artery. The RA was introduced as a graft for CABG by Alan Carpentier 
in 1973 43 but was rapidly abandoned due to a high failure rate 44, 45. In the 
late 1980s the RA graft was revived 46. It was then recognized that modifica-
tion of the surgical technique for obtaining the RA, from skeletonization to 
harvesting with a pedicle of surrounding tissue, was mandatory for the suc-
cess of this conduit. Although more time consuming and more technically 
difficult 47, there are still those who propose that extensive skeletonization of 
the RA will not affect the graft patency rate or early graft spasm 48. RA grafts 
harvested with a pedicle are known for high patency rates close to 90 % up to 
10 years after CABG 49. 
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Radial artery graft in situ 

Inferior epigastric artery 
The inferior epigastric artery (IEA) is harvested from the inside of the lower 
abdominal wall and used as a free graft. Twenty years ago there was some 
optimism that the IEA could be a useful conduit for CABG 50 but currently it 
is used in only a limited number of cases due to complex harvesting, technical 
problems associated with the establishment of the central anastomosis and an 
uncertain patency rate 51. 

Gastroepiploic artery 
The gastroepiploic artery (GEA) is a branch of the blood supply to the stomach. 
It is technically difficult to harvest and is used mostly as an alternative CABG 
graft, mainly for the revascularization of less important coronary vessels. The 
patency rate for GEA 10 years after surgery has been shown to be approximate-
ly 60%, which is in the same range as CT SV grafts 52. Skeletonization of GEA 
grafts has been suggested to improve the patency rate for GEA grafts 53. 
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Saphenous vein 

Anatomy 
The vessel wall consists of three anatomic layers: the intima, the media and 
the adventitia. The intima is the innermost part and comprises of a thin endo-
thelial layer on the luminal surface of the vessel. The middle part, the media, 
consists of smooth muscle cells arranged in an inner longitudinal and an outer 
circumferential direction and are interlaced with collagen and elastic fibrils. 
The adventitia is the outermost layer of the vessel and gradually merges with 
the loose connective tissue surrounding the vessel. 

Physiology 
There are several vasoactive substances within the vessel wall. Prostacyclin, 
PGI2, and nitric oxide (NO) are two potent vaso-dilating agents that inhibit 
platelet activation, platelet adhesion and aggregation 54 and conventional har-
vesting impairs the vein graft´s capacity to produce prostacyclin 55 and NO 16. 

Nitric oxide (NO) is a gas that transmits signals in the organism. The dis-
coverers of NO as a signalling molecule were awarded the Nobel Prize in 
1998. Nitric oxide synthase (NOS) is an enzyme catalyzing the production of 
NO from L-arginine [L-arginine + 3/2 NADPH + H+ + 2 O2 = citrulline + 
nitric oxide + 3/2 NADP+]. There are three isoforms of NOS; neuronal NOS 
(n-NOS), endothelial NOS (e-NOS) and inducible NOS (i-NOS). e- NOS is 
the key enzyme of the NO production in the vessel wall 56. NO is a potent 
vasodilator, inhibits platelet aggregation, thrombus formation and vascular 
smooth muscle cell proliferation 57 and is considered an important atheropro-
tective mediator 58.  

Endothelin-1 (ET-1) is a potent vasoconstrictor peptide produced by vascu-
lar endothelial cells. ET-1 is considered to be involved in every facet of vein 
graft pathobiology 59. Veins are more sensitive to ET-1 than arteries and re-
moval of the endothelium enhances the sensitivity of smooth muscle to endo-
thelin`s vasoconstriction influence in veins but does not affect smooth muscle 
of the arteries 60. In normal human arteries, NO inhibits ET-1-induced con-
tractions, whereas the peptide specifically attenuates the effects of NO and 
nitro-vasodilators in veins. The dominance of NO in the ITA has been pro-
posed to contribute to the better patency rate of arterial grafts as compared 
with SV grafts 61.  Conventional harvesting of the SV graft results in a signifi-
cant reduction in NO and is associated with marked denudation of the endo-
thelium 62. 
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Perivascular tissue surrounding many blood vessels, including those used as 
bypass conduits, is the source of adipocyte-derived relaxing factors, one of 
which is leptin 63. Leptin has a concentration-dependent vasorelaxant effect 
which is NO and endothelial-independent 64. 

Pathophysiology of vein graft failure 
In the 1980s it was shown that SV grafts developed severe atherosclerotic 
deterioration 5 to 7 years after CABG surgery which progressed with time 65. 
The pathophysiology of vein graft failure is complex, involving disparate 
factors that include adhesion of platelets and leukocytes, rheological forces, 
metalloproteinase expression, proliferation and migration of vascular smooth 
muscle cells, neo-intima formation, oxidative stress, hypoxia and neural re-
organization 59.  

 
Conventional vein graft with severe calcification 8 years after surgery 
 
The inevitable vascular trauma that occurs during vein harvest is thought to 
contribute to graft failure. Early graft failure occurs mainly due to thrombotic 
occlusions. Subsequently, the process of graft occlusion involves the migration 
of medial vascular smooth muscle cells of “contractile” phenotype to the 
lumen of the graft, where they transform to a “synthetic” phenotype, prolif-
erating and secreting extracellular matrix proteins to form a neointima. Ath-
eromatous and fibrotic changes then occur over the next decade in a process 
similar to wound-healing that may ultimately result in flow limiting stenosis 
or thrombotic occlusions of the graft 66. 
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Different stages of vascular remodelling of vein grafts. 1. In ungrafted vein there may 
appear a few nests of smooth muscle cells within the intima and some degree of medial 
fibrosis may be present. The lumenal endothelium, lining the internal elastic lamina, will 
be continuous and the lumen patent. 2. Up to 1 week following graft implantation the 
surgical preparation during vessel harvesting results in endothelial injury and denuda-
tion. Subsequent thrombus formation occurs at regions where the intima is exposed. 
Adhesion of neutrophils and monocytes leads to the release of a range of factors that can 
stimulate smooth muscle cell proliferation and migration. 3. Between 1 week and 1 
month there will be signs of endothelial regeneration with medial thickening occurring as 
a result of VSMC proliferation. VSMCs also migrate through the internal elastic lamina 
and this leads to neointima formation. Macrophages may appear within the neointima. 
4. Between 1month and 3 years typical atheromatous lesions may appear which are rich 
in foam cells and smooth muscle cells (characteristic of early atherosclerotic plaque 
formation). 5. Beyond 3 years progressive intimal thickening occurs with formation of 
superimposed atheromatous plaques, resulting in narrowing of the lumen. Plaque rup-
ture may occur, leading to thrombotic graft occlusion. 

The No-touch technique (NT) 
The No-touch technique (NT) for SV harvesting originates from a surgical 
observation by Domingos Souza in the late 1980s. When the SV is exposed at 
harvesting, still in situ surrounded by perivascular tissue, the vein remains 
relaxed. When the fat and connective perivascular tissue is removed a pro-
nounced and protracted spasm always occurs 67. The graft then has to be 
distended, using blood or saline with high pressure, to overcome the spasm 
which damages the vessel wall. When the SV is harvested with a pedicle of 
surrounding tissue intact the vein remains relaxed and distension is not need-
ed. The surrounding tissue also protects the vein from direct handling by 
surgical instruments even during performing of anastomoses. With a harvest-
ing technique that causes minimal trauma to the graft it was reasonable to 
assume that this would affect patency rate. 
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   A randomized controlled trial comparing patency rates for NT SV and CT 
SV grafts was published in 2006 showing a significantly higher patency rate 
for NT SV grafts, comparable to the patency for ITA grafts,  8.5 years after 
surgery 68. A number of factors may explain the improved performance of NT 
SV grafts 69, 70. The NT provides for an intact endothelium 16 and medial vas-
cular smooth muscle cells (VSMC) 71. The preservation of the adventitia and 
vasa vasorum could conceivably prevent medial ischaemia and the production 
of intimal hyperplastic lesions 72, may prevent medial and intimal myofibro-
blast infiltration 17, and the retention of the adventitial vasa vasorum and 
surrounding fat may have paracrine effects on vein graft smooth muscle 73. 
The surrounding tissue also acts as an external stent preventing excessively 
long grafts from kinking. External stenting of CT SV grafts has been shown 
to reduce early intimal and medial hyperplasia in animal models 23, 74, 75 but no 
positive results in humans have been reported 13. There is evidence of slower 
progression of atherosclerosis in SV harvested with NT compared with CT 76.  

 

No-touch saphenous vein graft 

Vasa vasorum 
The vasa vasorum (VV), (“the vessels vessels”), is a network of nourishing 
micro-vessels in the wall and surrounding tissue in both arteries and veins. 
The function of VV is both to deliver nutrients and oxygen to arterial and 
venous walls and to remove “waste” products, either produced by cells in the 
wall or introduced by diffusional transport through the endothelium of the 
artery or vein 77. VV is more pronounced in muscular veins than in arteries 
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and extends deep into the tunica media. In the outer layer of the adventitia in 
the SV the VV runs parallel to the longitudinal axis of the vein but within the 
media the VV is mostly  circularly oriented meshes which encircled single or 
groups of vascular smooth muscle cells 78. The VV consists of both arterial 
and venous micro-vessels. In the stem regions vasa vasorum arteries and veins 
run together but, between neighbouring stems, isolated venae vasorum are 
regularly found which open individually into terminal segments of the largest 
tributaries of the SV 79. It has been concluded that vasa vasorum are function-
al end-arteries 80 but retrograde flow from the lumen of the lateral saphenous 
vein of the dog to its vasa vasorum has previously been shown 81. So far no 
venae vasorum opening into the lumen of a human SV has been found 79. In 
situ the arterial supply to the VV of the SV arises from the external pudendal, 
superficial femoral, superior genicular and posterior tibial arteries 82. It is well 
established that an alteration or obstruction of VV may induce or promote 
early atherosclerotic lesions, fibro-dysplasia or even media necrosis and 
thereby induce severe lesions in vessels 83. The preservation of an intact vasa 
vasorum system is one of the necessary conditions ensuring the long-term 
viability for a graft 79, 84. 
 

 

Vasa vasorum in the adventitia and the surrounding tissue of a No-touch vein graft 
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Aims of the thesis  

General 
The main aim of the thesis is to evaluate the impact of harvesting technique 
on the most frequently used grafts in CABG where the grafts were harvested 
with or without surrounding tissue. 

 

Specific aims for study I-IV 
I. To evaluate the impact of vein graft harvesting technique on structure and 
function of vasa vasorum in SV grafts, comparing NT and CT. 
 
II. To quantify vasa vasorum and e-NOS in NT SV, CT SV, ITA and RA 
grafts. 
 
III. To determine angiographic patency rate of NT SV and RA grafts as both 
grafts were treated with exactly the same surgical technique. 
 
IV. To compare angiographic patency for skeletonized and pedicled LITA. 
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Material and methods 

Methods (papers I-II) 

Immunohistochemistry 
Immunohistochemistry is a process of detecting antigens (e.g., proteins) in 
cells of a tissue section by exploiting the principle of antibodies binding spe-
cifically to antigens in biological tissues. Formaldehyde-fixed tissues were 
embedded and cut into 4 micro-meter transverse sections onto microscope 
slides. After deparaffinization and antigen retrieval by microwaving, the anti-
body CD34 was used to detect endothelial cells. In study II the antibody 
NCL-NOS-3 was also used to detect NOS. For quantitative measurements of 
vasa vasorum images of CD-34 staining of vessel sections were captured with 
a Zeiss Axiocam MRc5 color camera on automated Zeiss Axioplan Micro-
scope using Zeiss Axiovision software. Total number and area of vasa vaso-
rum was calculated within the media and the adventitia respectively with two 
sections being analyzed for each sample and the mean values recorded. Image 
processing and analysis was carried out using Zeiss KS400 software. Biopsies 
from 9 consecutive patients were used in paper I and biopsies from 11 con-
secutive patients were used in paper II. 

Transmission electron microscopy (TEM) 
Transmission electron microscopy is a microscopy technique whereby a beam 
of electrons is transmitted through an ultra-thin specimen, interacting with 
the specimen as it passes through. An image is formed from the interaction of 
the electrons transmitted through the specimen, detected by a camera sensing 
electrical charges. TEM produces a slice picture. After fixation the specimens 
were post-fixated, washed and embedded. Ultra-thin sections (80-85 nm) 
were stained with uranyl acetate and lead citrate and examined with TEM. 
Biopsies from 6 patients were used. 

Scanning electron microscopy (SEM) 
Scanning electron microscope is a type of electron microscope which produces 
images of a sample by scanning it with a focused beam of electrons. The elec-
trons interact with atoms in the sample, producing various signals that can be 
detected and that contain information about the sample's surface topography 
and composition. SEM produces a surface picture. After fixation the speci-
mens were washed and then sectioned either longitudinally or transversely. 
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The specimens were then washed, post-fixated, washed, dehydrated and 
dried. They were then surface coated with gold and examined with SEM. 
Biopsies from 6 patients were used. 

Video recording 
A regular digital video camera recorder was used during surgery for video up-
take of vasa vasorum. 

Western blot 
The western blot is an analytical technique used to detect specific proteins in 
a sample of tissue homogenate or extract. It uses gel electrophoresis to sepa-
rate native proteins by 3-D structure or denatured proteins by the length of 
the polypeptide. The proteins are then transferred to a membrane where they 
can be detected, using antibodies specific to the target protein. In study II 
eNOS antibodies and a chemo-luminescence substrate kit were used and an 
X-ray film was exposed. The amount of eNOS protein could then be meas-
ured from the film using scanning densitometry. Biopsies from 4 patients were 
used. 

Citrulline assay 
Citrulline assay is a method to measure NOS activity. It is based on the bio-
chemical conversion of L-arginine to L-citrulline and NO. With a standard 
length of 5 mm, frozen samples from 6 patients were homogenized and incu-
bated with radioactive [14C]-L-arginine for 1 hour. The incubation was then 
stopped and radioactivity was quantified in a liquid scintillation counter 
measuring [14C]-L-citrulline. Blanks were prepared by incubating with a com-
petitive NOS inhibitor (L-NG-Monomethylarginine, Acetate Salt, L-NMMA) 
and positive controls were prepared using extract of rat cerebellum. 

Methods (papers III-IV) 

Study design 
These studies are prospective randomized trials. Paper III compares the paten-
cy rate between NT SV and RA grafts and paper IV compares patency rate 
between skeletonized and non-skeletonized LITA, 36 months after surgery.  

Patients 
Patients who had at least three-vessel coronary artery disease were eligible for 
inclusion. Exclusion criteria included: age > 65 years, left ventricular ejection 
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fraction < 40%, serum creatinine > 120 μmol/L, use of anticoagulants, coag-
ulopathy, allergy to contrast medium, positive Allen's test or an abnormal 
Doppler study of the arms, a history of vasculitis or Raynaud's syndrome, 
bilateral varicose veins, or previous vein stripping. Each patient received one 
LITA, one RA, and one NT SV graft as conduit material. The LITA was used 
to bypass the left anterior descending (LAD) coronary artery, while the RA 
and NT SV grafts were randomized to bypass either the left or the right coro-
nary territory. 108 consecutive patients were included in study III and 109 
consecutive patients were included in study IV. 

Randomization and masking 
To compensate for differences according to territory in study III, such as 
number of coronary arteries to be grafted and peripheral runoff, the study 
grafts were randomly allocated to the left or right coronary territory accord-
ing to a computer-generated list. In study IV the LITA was randomized to be 
harvested as a pedicled or skeletonized graft. The surgeon enrolled and as-
signed participants to intervention. After making the decision as to which 
coronary arteries should be grafted, the randomization was revealed in the 
operating room by opening enumerated, sealed envelopes provided by the 
statistician. Angiography assessors were independent and blinded to the out-
come of randomization. 

Surgical aspects 
The RA grafts were prepared with similar technique as the NT SV grafts. In 
summary, the grafts were harvested with a pedicle of surrounding fat tissue 
intact and left in situ until after heparinisation. After removal, the grafts were 
stored in heparinized blood and were neither flushed nor distended. 
Classical principles to achieve complete revascularization were followed by 
using single and sequential grafts to bypass coronary arteries with stenosis 
greater than 50%. The distal anastomoses for both RA and NT SV grafts 
were performed first, using 7-0 Prolene continuous sutures. Calibrated probes 
were used to measure the diameter of grafted coronary arteries. Pedicled 
LITA grafts were harvested using electric cautery and titanium clips. Skeleton-
ized LITA grafts were harvested in situ using sharp dissection and titanium 
clips. When dissection was completed the ITA was left in situ until after hepa-
rinisation, embedded in a papaverine soaked sponge. Prior to extracorporeal 
circulation (ECC) they were distally divided and free flow was measured. If 
the free flow was less than 50ml/min, papaverine was injected intraluminaly. 
The distal end was then sealed with a clip and the graft was left embedded in 
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the papaverine soaked sponge until use. Graft flow data were collected after 
weaning from ECC once stable haemodynamic conditions were achieved. 

 

Radial artery (upper) and No-touch SV (lower) grafts, both harvested with surrounding 
tissue 

Angiographic assessment 
Angiographies were performed with manual injections of Iodixanol. All angio-
grams were evaluated by visual assessment by two interventional cardiologists. 
Grafts and grafted coronary arteries were categorized as either patent or failed. 
Failed grafts were defined as having a stenosis more than 70% of the diameter 
of any part of the graft or presence of string sign (diffuse narrowing of the graft 
to less than 1 mm in diameter with persistent flow). Grafted coronary arteries 
not visualized during angiographic assessment were defined as failed. 

Ethical considerations 
The Regional Ethical Review Board (before 2004 the Local Ethical Commit-
tee) approved all studies. Patients in all studies gave written informed consent. 
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Statistical methods 

Paper I 
The distributions of vasa micro-vessel density and area were described by mean 
and standard deviation (SD). Differences of density and area between the seg-
ments (samples) collected with the NT and the CT were analyzed in a mixed 
model analysis 85. This was done inasmuch as 2 segments were taken from each 
patient and the correlation between samples from the same patient had to be 
taken into account. The technical specification of the mixed model included 
density and area as continuous outcome variables, the harvesting technique as a 
binary factor (CT or NT) and a correlation structure with compound sym-
metry, and the degrees of freedom given by the Satterthwaite method. The raw 
data did not reject the normality assumptions, tested with the Shapiro–Wilk 
test, but as an extra precaution we also performed the analysis on logarithmi-
cally transformed values. Because this analysis gave similar results, we report 
results only for the untransformed data. Statistical analysis was performed us-
ing SAS software, version 9.1.3 (SAS Institute, Inc., Cary, NC). 

Paper II 
Data were expressed as mean and standard deviation (SD) of micro-vessel 
counts and size. In the statistical testing for vasa vasorum, where media and 
adventitia were added to a total, we formed differences in counts and size be-
tween NT and the two arterial grafts. For eNOS expression and NOS activity, 
the same difference was formed and we also contrasted NT SV with SSV. The 
statistical significance of these contrasts was analyzed in mixed model analyses 
where the correlation between samples taken from the same patient could be 
taken into account. The technical specification of the analysis was a correlation 
structure with compound symmetry and the degrees of freedom were given by 
the Satterthwaite method. The raw data complied approximately with the nor-
mality assumptions, but as an extra precaution we also performed the analysis 
on logarithmically transformed values. A 2-tailed P level <.05 was considered 
statistically significant. Statistical analysis was performed using SAS software, 
version 9.2 (SAS Institute Inc., Cary, NC). 

Paper III 
The study was designed as a test of non-inferiority. A sample size of 108 sub-
jects achieves 83% power at a 5% significance level by use of a one-sided 
equivalence test of correlated proportions when the base proportion (RA) is 
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0.80 and the maximum allowable difference between proportions (RA – NT 
SV) is 0.08. We initially calculated a one-sided 95% confidence interval (CI) 
and the corresponding one-sided p value for non-inferiority for our primary 
endpoint, patency. This was done by the method proposed by Sidik 86. To 
allow conventional interpretation of results, we calculated regular two-sided 
95% CI and two-sided p values for superiority. Before the analyses, the data-
base was restructured into three datasets allowing for analysis on the patient 
level (99 patients), graft level (198 grafts for 99 patients), and grafted coro-
nary artery level (303 target vessels for 198 grafts for 99 patients). Each anal-
ysis was performed with consideration of the intra-patient and intra-graft 
correlations. Patency outcome was analyzed with a logistic regression model, 
and outcome flow with a mixed linear model. The main explanatory factor 
was type of graft, NT SV or RA, and the primary analysis was therefore re-
stricted to this factor. Secondary subgroup analyses were performed to inves-
tigate whether the effect of graft type was homogenous over different im-
portant clinical variables; however, these analyses should be considered as 
indicative and exploratory because of the smaller sample sizes. The results are 
reported with the outcome parameter as odds ratio (OR) with 95% CI, or in 
the case of flow as means and differences in means. Bootstrap analyses sup-
plemented the analytic methods. Computations were performed mainly with 
the STATA package (version 12). 

Paper IV 
Difference between patency in the two randomized groups was analyzed with 
a chi-square test adapted for small samples (Fisher’s exact test), followed by 
logistic regressions where confounding factors were examined. Difference in 
flow was tested with Student’s t-test for independent samples, and confound-
ing factors were examined through additional linear regression models. Due 
to the relatively small sample sizes the number of tested factors in the sup-
plementary models was kept low. For estimated parameters such as the Odds 
Ratio (OR), and the differences in proportions and in means confidence inter-
vals (CI) supplemented the calculation of p-values for statistical significance. 
The criterion for statistical significance was p-value less than 0.05. Statistical 
procedures in SPSS (version 20) and STATA version 12 were used.   
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Results 

Paper I 

Immunohistochemistry 
Quantitative measurements showed that the area of the media in CT prepara-
tions was reduced by 29 (SD 16) % compared with NT harvested veins (CT = 
2.97 [SD 0.99] mm2 vs NT = 4.42 [SD 2.18] mm2). The area of the adventitia 
in CT preparations was reduced by 38 (SD 24) % compared with the adventi-
tial area of NT grafts (CT = 1.7 [SD 0.7] mm2 vs NT = 2.4 [SD 1.0] mm2). 
The differences did not reach statistical significance (Fig. 1). The mean ratio 
of the density between vasa vasorum in the media and the adventitia did not 
differ significantly either between NT and CT preparations (p = 0.65, p = 
0.61). In both preparations the mean density of the adventitial vasa vasorum 
was twice that of the media. The size of each detected micro vessel of vasa 
vasorum showed a tendency to be smaller in CT vein grafts compared with 
NT vein grafts both in the media (p = 0.18) and in the adventitia (p = 0.11). 
Considering the density and size of vasa vasorum and the area of media and 
adventitia in CT and NT vein grafts the total area of vasa vasorum in the 
media was significantly reduced in CT compared with NT vein grafts (p = 
0.007) as was the total area of vasa vasorum in the adventitia (p = 0.014). 

TEM 
TEM confirmed that in NT preparations a rich network of vasa vasorum was 
present, located in the adventitia, the adventitial/medial border and the outer 
media. The lumen of these vessels was characteristically open. Within the 
remnant of the adventitia of CT preparations, both structurally changed and 
unchanged vessels were observed but a network of vasa vasorum was difficult 
to find with TEM. Vessels of smaller diameter were particularly affected, 
collapsed or occluded with red cells. Some of the vessels were severely dam-
aged. Other vessels were relatively unaffected with a normal structure, with 
an open lumen. These vessels were usually arterioles or venules of larger di-
ameter, which were still present in the remaining portion of the adventitia. 
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TEM features of vasa vasorum in NT (a - c) and CT (d-e) SV graft preparations. Note 
the open lumen in all vasa vessels in NT preparations (a-c); also note the presence of 
red blood cells (RBC) within the lumenal space. In CT preparations vasa are frequent-
ly collapsed or constricted so the lumenal space is closed and not readily visible (d). In 
(e) note the damage to a vasa vessel by CT harvesting; also note red blood cells outside 
the vascular pool. In contrast, image (f) shows a rather well preserved vessel. Original 
magnification: (a, d) x 5600, (b, e, f) x 2650, (c) x4400   

SEM 
SEM showed structures indicating luminal openings in the endothelium of the 
SV only in those grafts that were harvested with NT. 

TEM showing possible opening into the lumen from vasa vasorum in a NT SV graft 
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Video recording 
A functional vasa vasorum was confirmed and recorded during one typi-
cal/representative CABG operation where a SV graft harvested with NT 
showed a rapid retrograde filling of superficial vasa vasorum in the surround-
ing perivascular tissue. The NT vein graft was perfused with blood from the 
arterial line from the heart-lung machine before completion of the proximal 
anastomoses according to our routine procedure. Compression, using forceps, 
of vasa vasorum interrupted flow through these micro vessels that refilled as 
the forceps were released. Furthermore, bleeding occurred when the vasa 
vasorum was cut with a scalpel, confirming the existence of a communication 
between vasa vasorum and the lumen of the vein. 

 

Incision of vasa vasorum in a perfused NT SV graft 

Paper II 

Vasa vasorum 
The distribution and density of vasa vasorum, as assessed by identification of 
their endothelial cells by CD34 immunostaining, were more pronounced and 
penetrated deeper into the media in NT SV than in ITA and RA grafts. The 
highest proportion of vasa vasorum in both the ITA and RA was confined 
mainly to the adventitial layer with a few vasa vasorum located in the outer-
most part of the media in close proximity to the external elastic lamina. In 
contrast, the vasa vasorum in the NT SV was almost equally distributed in the 
adventitial and medial layers, penetrating approximately 300 µm into the 
media. Morphometric analysis showed a higher number of vasa vasorum in 
NT SV grafts compared with ITA and RA grafts both in the media and in the 
adventitia that were of larger size. The difference between NT SV and the 
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arterial grafts analyzed for the sum of medial and adventitial vasa vasorum 
area was highly significant, P < .0001. 

Localization of eNOS and protein expression 
Immunohistochemistry showed positive eNOS immunostaining that was lo-
calized to the luminal endothelium and the endothelial cells of the vasa vaso-
rum in all grafts. Western blots showed a significantly higher eNOS protein 
expression for NT SV grafts compared with ITA and RA grafts (P = .003) 
with a highly significant reduction in the SSV where the adventitia was re-
moved (P= .0009). 

 

NOS activity 
The citrulline assay, as an indicator of NOS activity, revealed similar values 
when comparing NT SV (2.08 [SD 0.12]), RA (1.84 [SD 0.10]), and ITA 
(2.38 [0.61]; P = .96) with all grafts exhibiting significantly higher NOS activ-
ity than the CT SV (1.63 [0.16]) samples (P = .04; Units = fmol [14C]-L-
citrulline produced per minute). 

Histograms showing densitometric analysis (arbitrary densitometric units) of western 
blots of eNOS protein from tissue extracts of 5mm graft material from n=4 patients  
(mean+/-SD)and NOS activity of graft material from n=6 patients (mean+/-SD). Activ-
ity = fmol Citrulline per minute per 5mm. 
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Paper III 
Follow-up was performed between March 2009 and November 2010 at mean 
time 36 (ranged 12 – 69) months after surgery in 99 (92 %) patients. No peri- 
or post-operative myocardial infarction or deaths occurred. Neither was there 
any need for additional revascularization. The majority of patients (92, 93 %) 
used 75 mg Acetylsalicylic acid daily and 23 (23 %) were on calcium channel 
blockers 

Surgical aspects 
All patients were operated on-pump by the same surgical team. The NT SV 
grafts were harvested from the calf, and the RA grafts from the non-dominant 
arm. According to the study protocol, NT SV and RA grafts were to be used 
as aorto-coronary bypass conduits. Two RA grafts were too short to reach 
the ascending aorta; thus, one was proximally connected to the LITA and the 
other to the NT SV graft. Both of these composite grafts were included in the 
study. The mean graft flow was significantly higher for NT SV (63.6 ml/min) 
compared to RA grafts (42.6 ml/min) (Difference 21.1, 95% CI 11.4–30.7, 
p<0.0001). There was also a highly significant increase of mean flow associ-
ated with the number of grafted coronary arteries (p<0.0001) and this in-
crease was significantly higher for NT SV than for RA (p=0.006). 

Angiographic assessment 
The primary results showed that the patent graft rates were 93/99 (94%) for 
NT SV versus 81/99 (82%) for RA. The odds ratio for patency comparing 
NT SV with RA is in favor of NT SV, (OR 3.4, 95% CI 1.3–9.1, p=0.013). 
The patency rates for both NT SV and RA grafts did not differ whether they 
were used to the left or right coronary territory. The patency rates for grafted 
coronary arteries were 149/157 (95%) versus 123/146 (84%) (OR 3.5, 95% 
CI 1.5-8.4, p=0.005) for NT SV and RA grafts, respectively. Concerning the 
LITA grafts, 89/96 (93%) were patent. For NT SV grafts, there were 49/52 
(94%) patent single, 33/36 (92%) patent double-sequential and 11/11 
(100%) patent triple-sequential grafts. Even triple-sequential grafts to small 
coronary arteries were all patent (figure 4). Six NT SV grafts were considered 
failed; two were completely occluded (both single grafts) and one single graft 
had a localized stenosis more than 70%. All three failed single NT SV grafts 
were used to by-pass the right coronary territory. Three double-sequential 
grafts were distally occluded. For RA grafts, there were 51/58 (88%) patent 
single, 27/35 (77%) patent double-sequential and 3/6 (50%) patent triple-
sequential grafts. Eighteen were considered failed; eight were completely oc-
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cluded (five single, two double-sequential and one triple-sequential). Four 
double-sequential and two triple-sequential grafts were occluded distally. Six 
of seven failed single grafts were connected to the right coronary territory. All 
11 failed sequential RA grafts were anastomosed to at least one coronary 
artery with a stenosis less than 90%. Both RA composite grafts were open. 
Two single and two double-sequential RA grafts showed string sign. The 
single grafts were used to bypass coronary arteries that had stenosis between 
70 and 89%. The double sequential grafts had at least one of their grafted 
coronary arteries with a stenosis less than 90%. Among the patent grafts, two 
NT SV grafts showed a stenosis less than 30%, two RA grafts had a stenosis 
of 30 – 49%, and one RA had a stenosis of 50 – 70%. All other grafts in both 
groups were completely open and smooth. The patency rates for grafted cor-
onary arteries according to their territories, degree of stenosis, sizes, as well as 
their quality are given in the table below. Coronary arteries of the left territo-
ry had a significantly higher patency rate (OR 5.7, 95% CI 1.5–21.2, p=0.01) 
when grafted with NT SV. Regardless of size and degree of stenosis the pa-
tency rate for NT SV grafted coronary arteries was above 90%. All 46 RA 
grafted coronary arteries with a stenosis more than 90% were patent, but 
patency rates were lower with stenosis <90%.  For patients with diabetes 
mellitus, 19/20 (95%) NT SV versus 14/20 (70%) RA grafts were patent. The 
number of patent RA grafts in patients treated versus not treated with calci-
um channel blockers was 19/23 (83%) and 61/76 (80%), respectively. 
Agreement between the two angiography assessors was high. Regarding pa-
tent grafts the kappa value was 0.84 and for native coronary artery stenosis 
pre-operatively the weighted kappa value was 0.64. 

 
 
 
 
 
 
 
 
 
 
 

  



36  MATS DREIFALDT   Conduits in coronary artery bypass grafting surgery  
 

Surgical characteristics for 198 grafts and 303 grafted coronary arteries, two grafts for 
each patient and up to 3 coronary arteries per graft. Odds ratios for patency with RA 
as reference category, NT SV as index category. 

NT SV 

 

RA 

 

Assesseda Patentb Assesseda Patentb Odds Ratio, (95% CI), 

p-value for main hypotheses 

      
Grafts, n (%) 99 (100) 93 (94) 99 (100) 81 (82) 3.4 (1.3–9.1), p=0.013 
      
Graft type, n (%)      
     Single grafts 52 (53) 49 (94) 58 (59) 51 (88) 2.2 (0.5–9.2) 
     Double sequential grafts 36 (36) 33 (92) 35 (35) 27  (77) 5.4 (1.4–20.9) 
     Triple sequential graftsc 11 (11) 11 (100) 6 (6) 3 (50)  
      
Graft flow on average, n (%)d      
<20 ml/min 7 (7) 4 (57) 17 (18) 11 (65) 0.7 (0.1–4.2) 
     20 – 39 ml/min 24 (24) 23 (96) 36 (37) 29 (81) 5.6 (0.6–49.1) 
     40 – 59 ml/min 26 (26) 24 (92) 22 (23) 18 (82) 4.2 (0.8–22.5) 
     60 – ml/mine 41 (42) 41 (100) 22 (23) 21 (95)  
      
Coronary arteries, n (%) 157 (100) 149 (95) 146 (100) 123 (84) 3.5 (1.5–8.4), p=0.005 
      
Coronary arteries side, n (%)      
     Left coronary territory 93 (59) 90 (97) 96 (66) 81 (84) 5.6 (1.5–20.8) 
     Right coronary territory 64 (41) 59 (92) 50 (34) 42 (84) 2.2 (0.7–7.7) 
      
Coronary arteries stenosis, n (%)      
< 70 % 61 (39) 58 (95) 45 (31) 32 (71) 7.9 (2.2–27.9) 
     70 – 89 % 40 (25) 39 (97) 55 (38) 45 (82) 2.0 (0.6–6.4) 
     90 – 100 %f 56 (36) 52 (93) 46 (32) 46 (100)  
      
Coronary arteries diameter size, n (%)      
     1·0 – 1·5 mm 64 (41) 58 (91) 48 (33) 39 (81) 2.2 (0.7–7.3) 
     1·5 – 2·0 mm 83 (53) 81 (98) 71 (49) 61 (86) 7.6 (1.6–36.4) 
> 2·0 mmg 10 (6) 10 (100) 27 (18) 23 (85)  
      
Coronary arteries quality, 
n (%) 

     

     Good 112 (71) 106 (95) 116 (79) 96 (83) 3.7 (1.4–9.6) 
     Mild calcification 45 (29) 43 (96) 30 (21) 27 (90) 2.4 (0.4–16.0) 
      

a Percents for Assessed calculated in relation to number of grafts. b Percents for Pa-
tent calculated in relation to number of assessed. c Triple grafts were pooled with 
double grafts in analyses of Odds Ratios. d Flow missing for 3 grafts, one NT SV and 
two RA e 60 –ml/min grafts were pooled with 40-59 ml/min grafts in analyses of 
Odds Ratios. f 90 – 100% grafts were pooled with 70–89% grafts in analyses of Odds 
Ratios. g Diameters > 2.0 mm were pooled with 1.5–2.0 mm in analyses of Odds 
Ratios. NT SV = No-touch technique saphenous vein graft. RA = Radial artery graft. 

 



  MATS DREIFALDT   Conduits in coronary artery bypass grafting surgery  37 
 

Patent triple-sequential No-touch vein graft anastomosed to small target vessels  

Paper IV 
Follow-up was performed in 100 (93 %) patients between March 2009 and 
November 2010 at mean time 36 (ranged 12 – 69) months after surgery. 

Surgical aspects 
All patients were operated on-pump by the same surgical team. In three pa-
tients, the LITAs were deemed to be unsuitable. In two patients (2 S-LITA), a 
single NT SV graft was used as a substitute for the LITA, and in one patient 
(1 P-LITA) the LAD was bypassed with a triple sequential NT SV graft. 19/47 
P-LITA and 27/50 S-LITA (p = 0.22) had a free flow less than 50 ml/min and 
was treated with intraluminal instillation of papaverine. 6/7 failed grafts had 
a free flow less than 50 ml/min The graft flow after weaning from ECC did 
not differ (p=0.969) between P-LITA (41.7 ml/min) and S-LITA (41.9 
ml/min). 
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Skeletonized ITA in situ 

Angiographic assessment 
The satisfactory patency rate for P-LITA (46/48, 96 %) did not differ 
(p=0.44) compared to S-LITA (47/52, 90 %). 2/2 failed P-LITA grafts and 3/5 
failed S-LITA grafts were occluded. One failed S-LITA showed string sign. All 
failed grafts, except one with a localized stenosis, (S-LITA) were connected to 
LAD coronary arteries with a stenosis less than 70%. 23/25 (92 %) P-LITA 
and 17/20 (85 %) S-LITA that were treated with papaverine were open. 

 
 

Patent LITA to LAD  
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P-LITA 

 

S-LITA P-LITA – S-LITA  

 

Assessed 

n 

Patent 

n (%) 

Assessed 

n 

Patent 

n (%) 

Difference in patency expressed 
with percentage units 

(95% CI)1 

 
 
Main analysis 

     

Grafts, n (%) 48 46 (96) 52  47 (90) 5.4 (-4.4; 15.3) 
      
 
Subgroups 

     

Free ITA flow,       
   <50 ml/min 19  17 (89) 27  23 (85) 4.3 (-14.9; 23.5) 
   >50 ml/min 28  28 (100) 23  22 (95) 4.3 (-4.0; 12.7) 
      
ITA quality      
   Good 47 45 (96)  49  44 (90) 5.9 (-4.3; 16.2) 
   Mild calcification 0 0 1 1 (100) - 
      
ITA flow      
  < 20 ml/min 12  12 (100) 2  2 (100) - 
 20 – 39 ml/min 13  12 (92) 26  22 (85) 7.6 (-12.3; 27.7) 

 40 – 60 ml/min 12  12 (100) 15  15 (100) - 
  > 60 ml/min 9  9 (100) 7  6 (86) - 
      

LAD stenosis      
   < 70 % 23  21 (91) 18  14 (78) 13.5 (-8.9; 35.9) 
  70 – 89 % 16  16 (100) 17  16 (95) 5.9 (-5.3; 17.1) 
  90 – 100 %6 9  9 (100) 17  17 (100) - 
      
LAD size      
  TEA 1 1 (100) 1 1 (100) - 
  1.0 – 1.5 mm 14  14 (100) 14  14 (100) - 
  1.5 – 2.0 mm 22  21 (96) 27  24 (89) 6.6 (-8.1; 21.3) 
   > 2.0 mm7 11  10 (91) 10  8 (80) - 
      
LAD quality      
 Good 39  37 (95) 39  35 (90) 5.1 (-6.6; 16.9) 
 Mild calcification 6  6 (100) 7  6 (86) - 
 Severe calcification 
 

3  3 (100) 6  6 (100) - 

1 95% CI = 95 % Confidence Interval, for subgroups shown only in case of 
more than 30 observations 

  



40  MATS DREIFALDT   Conduits in coronary artery bypass grafting surgery  
 

Discussion 
The success of coronary artery bypass grafting (CABG) surgery relies on the 
patency of the conduits used for revascularization. The NT SV graft shows a 
significantly higher patency rate than CT SV grafts and there are a several 
explanations for that. A pedicle of surrounding tissue seems to be more im-
portant for vein grafts than for arterial grafts. 

Paper I 
There is experimental evidence that interruption of blood flow through the 
vasa vasorum (VV) in arteries by a close-fitting external cuffs results in 
transmural ischaemia that leads to neointimal hyperplasia and the eventual 
appearance of atherosclerotic lesions 72, 87. As the requirement for a functional 
VV in veins is greater than in arteries, where oxygen and nutrients are ob-
tained by diffusion from luminal blood, damage to this micro vessel network 
is likely to have more serious consequences. Removal and disconnection of 
the VV during CT SV graft harvesting may therefore be expected to initiate 
similar events and could contribute to graft failure. In large veins, such as the 
SV, there is an interaction between the VV and the mechanical properties of 
the vessel wall. 
   The CT for vein graft harvesting renders the vein graft spastic and therefore 
it has to be distended. Increased luminal pressure induces a shape change in 
the VV, from their original circular appearance to an elliptical shape, and this 
results in a reduction of blood flow in the media of the vessel causing loss of 
the wall elasticity 83. In CT preparations the total VV area was 37 % lower 
compared to NT reflecting a shape change and diminished area of the VV in 
CT vein grafts. The VV of the SV is densely innervated mainly by unmyelinat-
ed sympathetic nerves and the presence of several layers of surrounding 
smooth muscle cells implies that the vessels of the vasa vasorum actively regu-
late their own tone 88. It is likely that surgical and distension-induced trauma 
causes constriction of VV and consequent reduction in blood supply to the 
vessel wall.  
    In this study, as previously shown 15, 71, 89, there is TEM ultrastructural 
evidence that the VV in vein grafts prepared by CT are disrupted and col-
lapsed and exhibit erythrocyte ‘plugging’. These events would potentially 
occlude the VV system, and in the present study we found such occlusions 
present even in the two CT samples that had an intact adventitia as demon-
strated by TEM. SEM showed a possible communication between VV and the 
lumen of the saphenous vein, which confirms our previous results 15. 
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The suggestion made by Crotty that lumenal blood flow to the vein graft wall 
may occur via the VV 90  is supported by our video footage which clearly 
shows blood flow through these vessels in NT vein grafts after their implanta-
tion during CABG surgery. We suggest that by leaving the adventitial layer 
intact the VV is preserved and maintains a ‘sealed system’ that restores blood 
flow to the graft wall from the SV lumen. Furthermore this study does not 
support the theory that the VV are functional end-arteries not connected via a 
plexus 80 but is an agreement with a previous study by Crotty 81 where he 
showed communication of VV into the lumen of a vein. The preservation of 
vasa vasorum in the vein graft has the potential to prevent ischemia and mal-
nutrition providing an additional mechanism explaining the improved long-
term patency for SV grafts harvested with NT 73, 79, 84.   

Paper II 
As far as we are aware, this is the first study to formally quantify the number 
and size of VV in the most used graft materials (SV, ITA and RA) for CABG. 
The most important aspect of this study was that all grafts were prepared 
with the same technique, harvested with a pedicle of surrounding tissue and 
not distended. In the majority of the previous studies comparing arterial and 
SV grafts, the grafts were prepared using different techniques, arteries har-
vested with an intact pedicle and not distended while the SVs, on the contra-
ry, were both skeletonised and distended during their preparation 12, 91, 92. 

In this study we demonstrated that NT SV grafts have a significantly higher 
number and larger size of VV both in the media and in the adventitia as com-
pared to ITA and RA grafts. As a micro-vascular blood supply to the media, 
the vasa vasorum play a more important role in providing oxygen in veins 
than in arteries that are supplied mainly by diffusion from the luminal blood. 
Consistent with this statement, and supported by our findings, is the report 
that the VV are abundant in veins and larger arteries with a wall thickness of 
at least 0.5 mm 93. 
Rapid development of atherosclerotic lesions in the rabbit carotid artery is 
induced by perivascular manipulation where the placement of a close-fitting 
collar results in the formation of neointimal hyperplasia (NIH) caused by the 
obstruction of the adventitial VV and creation of mural ischemia 87. Further-
more, removal of the adventitia of the carotid artery induced NIH formation 
but intimal hyperplasia regression was observed on appearance of a neoad-
ventitia associated with the restoration of medial oxygenation 94. 

Interestingly, in tissue-engineered blood vessels, develop as potential substi-
tutes for autologous bypass grafts, the appearance of ‘‘adventitial’’ VV has 
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been described after implantation of the engineered graft 95. Similarly, tissue-
engineered blood vessels created from human fibroblasts exhibit complete 
tissue integration and the formation of VV underlying the importance of this 
micro-vessel network in the maintenance of viable graft material 96. The lu-
minal termination of VV in canine vein was demonstrated over 30 years ago 
97. The potential existence of intraluminal termination of VV in humans was 
earlier described by Souza who observed retrograde filling of the adventitial 
vasa vasorum during the removal of vascular clamps at the completion of NT 
SV graft insertion during CABG 15.  

A number of endogenous factors have been shown to affect the tone of the 
vasa vasorum that may impact on the performance of vessels used as bypass 
conduits. For example, in VV dissected from porcine and bovine thoracic 
aorta, endothelin-1, noradrenaline, and angiotensin II all cause vasocon-
striction and substance P, calcitonin gene-related peptide and bradykinin 
cause relaxation, an effect partly mediated via NO 98. The potential im-
portance of adventitial sources of NO is reinforced by results of a porcine 
vein graft model, where NOS was localized to regions of neovascularization 
formed in patent grafts fitted with a porous external stent. This finding was 
associated with increased cyclic guanosine monophosphate formation, sup-
porting a role for NO in improved graft performance 99. Further evidence of a 
beneficial role for adventitial eNOS comes from the study of Kalra et al 100 
who demonstrated that ex vivo gene transfection of SV grafts is most efficient 
when targeting the adventitia as compared with intraluminal delivery. 
The NT SV grafts showed a high basal NOS activity, comparable to the arte-
rial grafts and this may increase if stimulated. In this context it has been 
shown that both basal and stimulated release of NO in skeletonised ITA is 
higher than in CT SV grafts and that NO contribution to induced hyperpolar-
ization (vasodilatation) in the SV is greater than that in the ITA 101. This ob-
servation, together with the results of the present study, suggests that the 
preservation of the surrounding tissue of the grafts might be more important 
for the fate of SV grafts than for arterial grafts. 

Paper III 
This is the first randomized trial comparing the patency rate of RA and SV 
grafts prepared with optimal NT. Contrary to our anticipations of non-
inferiority, our results show a significantly better midterm patency rate for 
NT SV than for RA grafts (OR 3.4, 95% CI 1.3–9.1, p=0.013 ).  
The patency rate for NT SV was maintained above 90%, irrespective of its use 
as a single or sequential graft, independent of the size, degree of stenosis, and 
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territory of the grafted coronary arteries. The significant difference in patency 
between NT SV and RA grafts shown here appears to be related to an im-
provement in the SV grafts and not an unexpected drop in RA graft patency. 
Two recent studies 8, 102 have noted a similar mid-term RA graft patency. 

RA conduits are noted for their ease of use and high patency rates 49, 103-106, 
consequently often considered as the second conduit for CABG. However, 
there are numerous situations where it may be best to avoid using RA grafts. 
The territory of target vessels grafted 107, 108 the absence of a severe stenosis 91, 

109, the presence of diabetes8 have all been raised as conditions that might 
lower RA graft patency. Our findings are in agreement with some, but not all, 
of these relative contraindications. But the point remains that in routine coro-
nary surgery there are a significant number of patients or coronary arteries 
where RA conduits are either not favoured or contraindicated. This point 
underlines a larger potential drawback of extensive arterial grafting; even 
with an aggressive approach, conditions are often not ideal for arterial con-
duit use. Thus, an improved SV, with a greater patency and relative resistance 
to atherosclerosis, may be an alternative to the restricted applicability of ex-
tensive arterial grafting.  

There are even recent observational publications 49 and reviews 110 suggest-
ing that the SV graft be set aside in the arsenal of conduits for CABG. How-
ever, the only other surgical alternative - extensive arterial grafting - is still 
performed in only a small percentage of patients. The NT addresses the prob-
lem of harvest trauma with its long-term consequences while retaining a con-
duit with the versatility of the SV graft and a promising patency rate. 
   Advocates of the sequential graft point out the hemodynamic advantages of 
increased total graft flow through improved distal runoff and, by extension, 
increased graft patency rates 111. Encouraging results of sequential RA grafts 
have been shown 112 but our results are in disagreement with those findings. 
   In this study, the patency rate for RA grafts depended mostly on the degree 
of stenosis of the target vessels, independent of their use as single or sequen-
tial grafts. All eleven failed sequential RA grafts were anastomosed to at least 
one coronary artery with a stenosis less than 90%. In contrast, NT SV grafts 
showed a higher linear increase in flow than RA grafts as the number of anas-
tomoses per graft increased, which may explain the better patency rate for 
sequential NT SV grafts. This increase occurred despite small coronary tar-
gets, making the NT particularly advantageous to those surgeons who per-
form sequential grafting. We believe that the higher flow rates achieved in the 
NT SV sequential grafts help to keep small arteries with poor runoff open, in 
comparison with the RA grafts, and is a key feature of our program.   
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   There are a few randomized trials comparing the patency rate between SV 
and RA grafts. Three of these studies are particularly noteworthy 8, 91, 102. 
Interestingly, despite harvesting the SV with the CT, these studies showed a 
similar patency rate of RA and SV grafts. There are several other studies 
showing similar outcome for RA and SV grafts 113. In this study, by applying 
the NT for SV graft preparation, we have demonstrated an improved graft 
patency, which further strengthens the role of the SV as conduit in CABG. 
   Of course, the mid-term results in our study do not preclude the possibility 
that the patency rates will reverse and separate over time with less atheroscle-
rosis in the RA grafts. However, we have previously noted an encouraging 
resistance to lipid deposition in long-term NT SV grafts 76. We believe that the 
improvements made in the conduit quality with the NT have the potential to 
make the SV a serious long-term competitor to arterial conduits and we look 
forward to a longer-term follow-up to this study. 
   The mid-term superior patency rate of NT SV over the RA grafts shown in 
this trial suggests that the NT SV, rather than the RA graft, is the second 
conduit for CABG. 
   However, as reported by others, we found that the RA is an excellent con-
duit when used for selected target coronary arteries 12 but has to be used judi-
ciously, considering a number of circumstances for each patient 114. 
   Calcium channel blockers were not used in this study other than for treat-
ment of hypertension as they do not seem to have any effect the RA patency 
rate 8, 106, 109, 115, 116. 

Paper IV 
There are just a few randomized trials 39, 117 comparing different outcomes 
between pedicled LITA (P-LITA) and skeletonised LITA (S-LITA) and to our 
knowledge there is no randomized trial comparing long-term patency rates 118 
between these two conduits, and this is the first randomized trial comparing 
angiographic mid-term patency rates between P-LITA and S-LITA. The angi-
ographic patency rate at mean 36 months after surgery between P-LITA and 
S-LITA did not differ significantly (p=0.68), which is consistent with equiva-
lency 119. 
The question is whether skeletonization causes damage to the ITA. In a ca-
nine model Sasajima et al 120 showed that skeletonization of the ITA does not 
damage the ITA vessel wall. Noera et al 121 used light microscopy to examine 
P-LITAs and S-LITAs in humans and could not show any significant differ-
ence in anatomical properties of the ITAs between the harvesting techniques 
and Gaudino et al showed that skeletonization does not impair vasoactive 
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profile of LITA grafts 122. Although skeletonization induced neovasculariza-
tion in the adventitia it does not induce proliferation of smooth muscle cells 
in the media, which is supposed to be a feature of vascular remodelling 123.  
   In terms of patency, our study, in agreement with other studies 118, showed 
that both S-LITA and P-LITA provide excellent patency rates. In contrast to 
Mannacio et al 124 we could not show higher flow capacity for S-LTA com-
pared with P-LITA.   
   It seems, that although skeletonization may be technically demanding with 
an appreciable learning curve, it is a safe and effective technique for myocar-
dial revascularization 125 and useful for surgeons using the concept of total 
arterial revascularization 117. The data presented here, in agreement with our 
previous study 126, suggest that the perivascular fat tissue might be more im-
portant for venous than for arterial grafts. 
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Conclusions 
1. The No-touch technique for SV graft harvesting in CABG preserves 

an intact vasa vasorum. 
2. The vasa vasorum and associated e-NOS is more important for SV 

than for arterial grafts. 
3. The NT SV graft showed a significant higher patency rate, compared 

to RA grafts, 36 months after surgery. 
4. Skeletonization of the ITA does not affect patency rate 36 months af-

ter surgery. 
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Future aspects 
The No-touch technique for SV graft harvesting has a great potential to im-
prove the outcome after CABG surgery. A graft that has the same patency 
rate as the ITA, 8.5 years after surgery, gives cardiac surgeons a conduit that 
will significantly reduce long-term morbidity and mortality for patients un-
dergoing CABG. Larger long-term prospective randomized trials are needed 
to further convince surgeons to adopt, and cardiologists and patients to de-
mand, the NT. Currently the NT harvesting is performed using open surgical 
technique and a more “mini invasive” or endoscopic technique is required in 
order to gain a wider acceptance. Our focus now is on development of such a 
mini invasive No-touch (MINT) technique. In the future it might be conclud-
ed that the SV graft harvesting technique developed by Dr. Domingos Souza 
was the most important advance in CABG surgery since the introduction of 
the ITA more than 30 years earlier. 
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Summary in Swedish 

Sammanfattning på svenska 
Kranskärlskirurgi är en av de vanligast förekommande operationerna i värl-
den och ungefär en million människor genomgår årligen detta ingrepp. Mål-
sättningen är att återställa blodförsörjningen till sjuka kranskärl på hjärtat 
genom att koppla till nya blodkärl (graft) som står öppna under lång tid. En 
ny teknik (No-touch-tekniken) för uttagande av vengraft (Vena saphena 
magna) från benen har utvecklats vid Kärl-Thorax-kliniken, Universitetssjuk-
huset i Örebro. Med No-touch-tekniken tas vener från benet ut med beva-
rande av ett hölje av vävnad kring graftet. Vengraftet drar då inte ihop sig 
och behöver därför inte heller vidgas upp. Den omkringliggande vävnaden 
utgör ett mekaniskt stöd och innehåller flera kärlvidgande substanser. En 
tidigare randomiserad studie har visat en signifikant högre öppetståendegrad 
för vengraft uttagna med No-touch teknik jämfört med vengraft uttagna med 
konventionell teknik, 8.5 år efter operation. Denna avhandling utvärderar 
vissa egenskaper i vävnaden kring blodkärl och jämför öppetståendegrad hos 
No-touch vengraft jämför med graft av arteria radialis samt jämför öppetstå-
endegrad hos arteria thoracica interna avseende huruvida kärlet använts som 
skalat eller icke skalat graft. 

I det första arbetet undersöktes mikro-kärl (vasa vasorum) som finns i kärl-
väggarna och i omkringliggande vävnad och det visades att No-touch-tekniken 
bevarar ett intakt vasa vasorum medan konventionell vengrafttagning inte gör 
det. Detta kan vara en av de underliggande orsakerna till att vengraft uttagna 
med No-touch-teknik har en bättre öppetståendegrad. 
   I det andra arbetet studerades vasa vasorum och kväveoxid i vengraft och 
graft av artärer. Vengraft uppvisade fler och större vas vasorum jämfört med 
arteriella graft och detta korrelerade med större mängd av kväveoxid-
producerande enzym och produktion av kväveoxid. Produktionen av kväve-
oxid var signifikant högre i vengraft uttagna med No-touch-teknik jämfört 
med vengraft uttagna med konventionell teknik.  

Det tredje arbetet är en prospektiv randomiserad studie som jämför öppet-
ståendegrad mellan No-touch-vengraft och arteria radialis-graft, tre år efter 
operation, och visade en signifikant högre öppetståendegrad för No-touch-
vengraft. 

Det fjärde arbetet är en prospektiv randomiserad studie som jämför öppet-
ståendegrad mellan graft av arteria thoracica interna då de använts som ska-
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lade eller icke skalade graft och uppvisade ingen skillnad mellan de båda tek-
nikerna. 

Sammanfattningsvis uppvisade No-touch-vengraft ett intakt vasa vasorum 
och en hög produktion av kväveoxid. No-touch vengraft har en högre öppet-
ståendegrad jämfört med graft av arteria radialis. Huruvida arteria thoracica 
interna används som skalat eller icke skalat graft påverkar inte öppetstående-
graden för detta graft. 

Det förefaller som att omkringliggande fettvävnad är viktigare för vengraft 
än för arteriella graft. 
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