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Abstract: The vasa vasorum, a network of microvessels providing the vessel wall 
with oxygen and nutrients, is more dense and penetrates deeper in veins than in 
arteries. The saphenous vein is the most commonly used conduit for coronary artery 
bypass surgery but its patency is inferior to the ‘gold standard’ internal thoracic 
artery. Considerable vascular damage is caused during conventional preparation of 
the saphenous vein that effects all vessel layers, the endothelium and intima, the 
media and the adventitia. Graft patency is dramatically improved when the vein is 
harvested intact and with minimal trauma using the no touch technique. Among the 
structures preserved is the vasa vasorum that is suggested to play a role in the 
superior patency rate of no touch saphenous vein grafts. Histological studies have 
identified regions of the saphenous vein that are proposed to represent termination 
of vasa vasorum in the lumen. Since the vasa vasorum of the explanted saphenous 
vein graft is disconnected from its arterial blood supply in vivo an inside out/outside 
in communication has been hypothesised based on ex vivo perfusion studies. Such 
a novel transport system may play an important role in maintaining blood supply to 
the vessel wall, extending to the outermost capillary network of the perivascular fat. 
Also, bidirectional transport of vasoprotective factors such as nitric oxide may 
contribute to the underlying mechanisms involved in the improved performance of 
no touch saphenous vein grafts. 
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1. Saphenous Vein and Graft Patency: Surgical Implications 

1.1. Clinical Results of the No-Touch Technique 

Coronary artery disease accounts for >7 million deaths per year worldwide with >800,000 coronary artery 
bypass graft (CABG) procedures performed annually [1]. The three main conduits used for myocardial 
revascularization are the internal thoracic artery (ITA), radial artery (RA), and saphenous vein (SV) [2]. The choice 
of conduits has been the topic of many reviews and here follows a brief overview of the selection and rationale for 
their use. The SV is the most commonly used conduit for cardiac revascularization in patients undergoing CABG 
due a number of practical advantages: it is expendable, since lower limb venous drainage can rely solely on the 
deep venous system; its long length allows its use for multiple grafts and its superficial position renders it easily 
accessible, facilitating its exposure at harvest [3]. However, it is generally accepted that the performance of the 
SV is inferior to the ITA [4,5]. In the past, many groups favoured the use of total arterial grafting combining both 
the ITA (as a single or bilateral, left ITA and right ITA) and RA as bypass conduits [6]. However, the review by 
Schwann et al. [7] describes a reduction in the use of total arterial grafts, driven in particular by the decreased use 
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of the RA. Nevertheless, Audisio et al. [8] suggest that the RA is superior to the SV with its use becoming standard 
of care for the treatment of patients with multivessel coronary artery disease [8]. In contrast to conventional (CT) 
harvesting, where the perivascular fat (PVF) is removed and adventitia damaged, the no touch (NT) technique of 
SV harvesting, first described by Souza, preserves the cuff of surrounding tissue [9]. Here, the course of the SV is 
marked on the skin pre-operatively using duplex ultrasound enabling an incision to be made directly over the SV 
and minimising wound complications. The SV is then harvested using diathermy and scissors to include a 
surrounding fat pedicle of about 0.5 cm. The visible side-branches are ligated and divided at the same distance 
from the SV. After removal, the SV is stored in heparinised blood from the aortic cannula. During anastomoses, 
the SV is handled only via the surrounding PVF tissue, avoiding direct contact with the vein, a procedure that 
prevents spasm and obviates the need for high pressure intraluminal distension [10]. In follow up studies the 
patency of NT grafts is superior to CT grafts at up to 16 years and comparable to the ITA [11–14]. In general the 
comparison between the use of arterial and SV grafts has been based on data obtained from CT SV grafts used in 
CABG. In a study where the RA was compared with NT SV, NT SV grafts were shown to have an excellent 
patency similar to that of RA grafts after 8 years with the additional benefit that NT SV grafts can be used in 
situations that are not ideal for RA grafts [15]. When commenting on early RA vs. SV trials it has been suggested 
that these could be described as comparing apples with oranges since NT data was lacking [16]. Furthermore, in 
their Editorial commenting on the analysis of the RADIAL trial that compared RA and SV data [17], Kopjar et al. 
emphasize the fact that when comparing data on RA and SV grafts NT SV data was excluded [18]. When the 
angiographic patency data of the five trials with protocol driven angiography were supplemented with NT SV data 
the difference in risk of graft occlusion between the RA and SV grafts dissipates (p = 0.35). More recently, those 
proponents of RA grafts for CABG appear to accept the potential advantage of SV grafts where the NT technique 
has been used [19,20], a situation supported by a number of recent meta analyses [20–25]. 

Minimally invasive endoscopic vein harvesting (EVH) was also introduced in 1996, the same year as the NT 
SV harvesting technique. This method reduces leg wound complications, infection rate, and pain and improves 
cosmetic results [26] and used in many centers worldwide and in the majority of CABG in the United States [27]. 
However, there have been concerns regarding the quality of EVH-harvested grafts following issues regarding 
decreased graft patency, increased reoperation rate, and myocardial infarct, problems that are associated with 
vascular trauma caused when using this technique [18,28,29]. EVH is usually performed with carbon dioxide 
insufflation where small incisions are made under physical retraction. In order to introduce the endoscope and  
to harvest the SV, a subcutaneous tunnel is formed where the carbon dioxide pressure of ~15 mm Hg allows an 
easier separation from the SV surrounding tissue. Once the dissection is complete side branches of the SV are 
ligated using bipolar scissors or ligaclips and the SV removed. While EVH reduces leg wound complications the 
effects of traction, adventitial stripping, and venous compression cause vascular damage including that to the 
endothelium [30] and to the vasa vasorum (VV) [31]. Although EVH is the method of choice in the USA and other 
countries the question arises, is endoscopic or NT SV Harvesting for CABG best for the patient [32]? Since 
recognising the superiority of the NT technique a number of recent studies have focused on minimally invasive 
methods of NT SV harvesting in an attempt to reduce wound healing issues [33–36]. 

Although a number of recent trials show an improved patency of NT SV grafts in CABG [37–40] there are 
those sceptical of NT SV graft superiority [41–45]. For example, the most recent SwedeGraft Trial, based on data 
from a total of 902 CABG patients and operated in 10 centers in Sweden and Denmark, showed that, at 3.5 years, 
19.8% NT versus 24.0% CT SVGs were occluded. On the basis of this data the authors concluded “No-touch vein 
graft harvesting for CABG was not superior to conventional open harvesting” [44]. This was a poorly-conducted 
trial for a number of reasons with Gaudino and Sandner raising a number of critical issues. In their Editorial is 
mentioned the use of outdated vein graft failure data which “represents a critical flaw in sample size calculation” 
and the low imaging follow-up rate in this trial [46]. 

1.2. Significance of Saphenous Vein Vasa Vasorum during and after CABG 

Vasospasm occurs during harvesting in a high proportion of grafts that may have both immediate and long 
term adverse effects [47–49]. The patency of the SV as a conduit in patients undergoing CABG is improved  
when harvested with minimal trauma using the NT technique [11,13,14]. This technique differs from the CT 
technique [9,50] that was first described by Favorolo over 50 years ago [51,52]. Here the PVF is removed, the vein 
distended and adventitia and endothelium damaged. By contrast NT SV are harvested atraumatically with no 
distension used, the PVF intact and endothelium and adventitia undamaged [53–55]. NT SV harvesting provides 
a graft with and improved patency compared with CT grafts at up to 16 years and comparable to the ‘gold standard’ 
ITA [12,13,56]. A variety of factors underlying the improved patency of NT SV grafts have been described 
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including a reduction of vascular damage thus maintaining normal SV architecture. Consequently, preservation of 
the cushion of PVF and an intact endothelium and VV is achieved [57]. While the potential role of the PVF and 
endothelium has been described previously [58–60] here is presented an overview of studies and a hypothesis on 
the possible role of the VV in the improved patency of NT SV grafts used in CABG. 

The pronounced cushion of PVF surrounding NT SV protects against the high pressure saline distension used 
during CT harvesting [3,57,61]. At CABG, when harvesting the SV, the ‘manual’ pressures used may reach 
extremely high levels [62] and in their elegant study measuring intraluminal pressure, Roubos et al. showed that 
the peak pressures required to prevent spasm of SV at CABG approaches 500 mmHg [63]. Early studies on NT 
SV examined the effect of 300 mm Hg saline distension pressure on CT SV, where the PVF is removed, revealed 
significant damage to the luminal endothelium as demonstrated by both immunohistochemistry [61,64,65] and 
ultrastuctural studies [66]. This endothelial damage is accompanied by reduced endothelial nitric oxide synthase 
(eNOS) protein expression and nitric oxide (NO) production [61,67]. The cushion of PVF therefore possesses a 
protective, buffering, role where it provides mechanical support that opposes the effect of high distension pressures 
used at harvesting. Since this protective effect is seen at 300 mm Hg intraluminal pressure, the preservation of 
PVF on NT SV grafts would be expected to protect the graft once implanted into the coronary arterial circulation 
where the graft endothelium is subjected to a pressure of ~100 mm Hg [61,68].  

At CT harvesting there is often damage to the adventitia when following the original preparation instructions, 
“Care must be taken to dissect only the vein, avoiding as much as possible the adventitia that surrounds it” [52]. 
When stripping the adventitia the VV is damaged. This microvascular network provides oxygen and nutrients to 
the media and is more prominent and penetrates deeper in veins than in arteries [11,69–71]. By harvesting the SV 
using the NT technique the adventitia is not damaged and the VV remains intact [11,72]. Apart from providing 
blood to the SV vessel wall it has been suggested that the VV may also act as a transport system from the PVAT 
through the SV wall terminating in the lumen [59,60,73] (Figure 1). In support of early ultrastructural studies [74], 
openings suggested to represent the termination of VV in NT SV lumen have been observed using scanning 
electron microscopy (SEM) [75]. An ultrastructural study using transmission electron microscopy (TEM) has 
revealed altered shape changes in CT vs. NT SVs where medial and adventitial CT VV collapse with erythrocyte 
clumping occurring in some regions [66] (Figure 2).  

 

Figure 1. Retrograde flow of blood from lumen to adventitia of no touch saphenous vein. Top panels show a 
‘channel’ through the vessel wall that terminates in the lumen (L) of a no touch SV. The left panel shows vascular 
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smooth muscle cells (VSMC) identified by alpha smooth muscle staining (dark brown staining). The non-stained 
channel is shown by the arrow. The middle panel shows the endothelial cells on an adjacent section (ENDO) lining 
the channel using CD31 antibody—brown stain. The right panel shows nitric oxide synthase (NOS) staining (blue) 
using NADPH-diaphorase histochemistry that is endothelium dependent (modified from [76] with permission. 
Copyright 2004, Sage Publications). Lower panels show blood flow from the cardiopulmonary bypass machine in an 
isolated segment of no touch saphenous vein perfused from the lumen. Left: Prevention of blood flow through 
adventitial vasa vasorum caused by pressure applied by tip of forceps (OCCLUDE—between arrows). Right: 
Restoration of flow at release of forceps—between arrows (from [11] with permission. Copyright 2011, Elsevier). 

By contrast the VV in NT SV appear patent and contain normal shaped erythrocytes within the VV lumen. 
The potential of the VV connecting the lumen of the SV with the outermost SV layers is suggested to explain the 
retrograde blood flow to the adventitial VV that is observed at completion of proximal anastomosis and removal 
of vascular clamps at conclusion of CABG as described by Dreifaldt et al. [11]. Based on these observations at 
surgery an ‘inside out/outside in’ system of transport through the SV wall has been proposed [59,60,73]. This 
system has also been demonstrated experimentally where ex vivo India ink perfusion via the lumen of isolated NT 
SV explants stains the luminal endothelium and VV within the media and adventitia extending to the capillary 
network within the perivascular fat [59,60] (Figure 2). 

As a microvascular network providing the vessel wall with oxygen and nutrients, the VV is more prolific  
and penetrates deeper in veins than in arteries [11,69–71]. Interestingly, an observation over 50 years on SV used 
for arterial reconstruction states, “the vasa vasorum in the arteries only penetrate to the media, whereas the 
saphenous vein vasa vasorum are 5–8 times more numerous and penetrate through the entire wall thickness into 
the lumen” [70]. In a pig experimental model, occlusion of the VV in arteries by a close-fitting external cuff causes 
neointimal hyperplasia (NIH) and eventual appearance of atherosclerotic lesions due to transmural ischaemia [77]. 
Furthermore, removal of the adventitia of the rabbit carotid artery causes NIH which is reduced on the appearance 
of neovascularization and neoadventitia [78]. A cinematographic study performed over 40 years ago on post-
mortem atherosclerotic human coronary arteries identified microvessels growing from native VV that extended 
from the adventitia to the thickened intima of atherosclerotic vessels. These were suggested to represent a 
beneficial process in the restoration of blood flow to the vessel wall and improved oxygen and nutrient  
supply [79]. A study of the distribution of VV in failed SV grafts has been performed by Stingl et al. [80]. Here, 
the authors describe various changes that occur to vascular smooth muscle cells, the thickness of the different 
layers of the vessels and to the VV in post-implanted SV grafts at different time periods. Interestingly, in this 
study, it was shown that the density of VV increases and that the VV penetrates deeper towards the lumen over 
time and in relation to plaque formation. In the study by Dreifaldt et al. [11], endothelial cells of the VV were 
identified on histological sections by immunohistochemistry where the total area of VV was significantly greater 
in the media and adventitia of NT vs. CT SV. A later study compared the density and distribution of VV in the 
ITA, RA and CT SV vs. NT SV [72]. Here, it was confirmed that the density of VV was significantly greater in 
the SV than both the ITA and RA and that the SV VV penetrates deeper towards the lumen. In addition, the density 
and size of the VV was greater in the adventitia than in the media of the SV and there was a significant reduction 
in the density of VV in CT compared with NT SV due to removal of, or damage to, the adventitia at harvesting when 
using CT SV for CABG. It has been proposed that what appear as intimal folds in NT SV may in some instances 
represent VV endings or terminations in the lumen based on histological observations [76] (Figure 1). While this 
suggestion has been queried by Stingl et al. [80], it is supported by SEM studies on NT SV [74,75] and by the ex vivo 
demonstration of transmural blood and India ink flow perfused from the lumen to the adventitia of NT SV [59,60] 
(Figure 2).  
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Figure 2. NT SV VV; inner to outer connection? Left: India ink staining (blue) from lumen (L) via the media (M) 
and adventitia (ADV) to capillaries in the perivascular fat (PVF) in ex vivo perfused segment of NT SV (from [59] 
with permission. Copyright 2016, Bentham Science Publishers). Right: Endothelial cells stained with CD31 (dark 
staining) of the luminal (L) endothelium and VV within the M and ADV extending to the capillaries in the PVF [81]. 
Arrows indicate endothelial cells of the lumen and vasa vasorum. 

Here we might consider certain aspects of the study by Stingl et al. [80] where time-related changes in SV 
grafts were assessed from both post mortem samples and grafts obtained from patients undergoing reoperation 
after CABG due to graft failure. Clearly, these are ‘abnormal’ SVs when compared with normal SVs used as 
conduits for CABG. In the methods section the vague short statement, “[the SV was]… dissected as carefully as 
possible…” is made. Presumably the SV was harvested by the CT technique and therefore distended and perhaps 
treated with anti-spastic agents. From the histology examples provided it seems that the PVF was removed, a 
procedure that in many cases damages the outer adventitia. For standard histology the SV grafts were fixed; was 
immersion or perfusion fixation used? If perfusion fixation was used, what pressure was applied? Also, this study 
was performed on SV grafts following CABG in SVs that had presumably been surgically manipulated and 
distended at harvesting as well as being subjected to coronary arterial pressure of ~100 mmHg over different time 
periods. Such conditions not only alter the density and distribution of the VV but also effects other features of CT 
SV grafts [57].  

The following section focuses on NT SV before CABG and harvested with minimal trauma and where normal 
architecture is preserved compared with those harvested by ‘damaged’ CT grafts. Blood flow is conserved in NT SV 
VV in vivo and ex vivo with recent evidence of maintained patency of adventitial NT SV VV at 2 weeks after CABG.  

1.3. SV Vasa Vasorum: SEM and TEM Data 

Based on SEM studies of corrosion casts of human SV, a complex architecture of the vein VV was observed 
and where no direct openings of the VV to the lumen were detected [82,83]. Instead, the venae vasorum emptying 
into the terminal segments of largest tributaries of SVs were identified [84]. An earlier SEM study on NT SV grafts 
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used in CABG showed that the luminal endothelium of these grafts was preserved whereas the endothelium of CT 
SV grafts was damaged [10], as supported in the later study by Vasiliakis et al. [75]. A novel finding was the 
detection of openings close to the SV lumen, possibly terminations of VV [11,74,75] (Figure 3).  

 

Figure 3. Saphenous vein vasa vasorum: scanning and transmission electron microscopy. (A) SEM of a 
longitudinal section of no touch saphenous vein showing an intact luminal endothelium with direction of blood 
flow (large arrow). Possible retrograde flow through the vasa vasorum (VV) shown by the small arrow (from [74] 
with permission, Copyright 1999, Taylor & Francis). (B) SEM showing an opening (of about 5 µm diameter), a 
possible termination of vasa vasorum within the intact luminal endothelium of a no touch saphenous vein (from [11] 
with permission, Copyright 2011, Elsevier). (C) TEM of vasa vasorum in the media of a no touch saphenous vein. 
Erythrocytes (Er) within an open vasa (of about 10 µm diameter) with surrounding normal endothelial cell  
(from [66] with permission, Copyright 2004, Sercrisma International S.L.). (D)TEM of vasa vasorum in the media 
of a conventional saphenous vein. There is a clump of Er occluding the lumen of a vasa (of about 20 µm diameter) 
with an abnormally shaped endothelial cell (En) (from [66] with permission, Copyright 2004, Sercrisma 
International S.L.). (E) SEM of the media (M) and adventitia (A) border of a conventional saphenous vein where 
the vasa (bv; of about 20–25 µm diameter) have been disconnected at harvesting (from [75] with permission, 
Copyright 2004, Vascular Disease Prevention, Bentham Science Publishers). 

Anatomically, the VV originate from feeding vessels in the adventitia and penetrate the media to form  
an elaborate network of different sized arterial and venous vessels and capillaries that reach deep into the inner 
media [84,85]. In addition to supplying oxygen and nutrients to the vessel wall the VV plays a role in preserving 
vein wall elasticity in response to intraluminal pressure changes [84]. The structural changes of the CT SV VV 
observed at the ultrastructural level are likely in response to high pressure saline distension and surgical trauma 
used in these grafts at harvesting [66,75] and that may influence the performance of SV grafts used in CABG. 
Also, such changes may affect the formation of the corrosion casts produced when mapping the human VV, 
particularly in those SV obtained either post-mortem or in SV grafts used in CABG reoperation [84]. 

The VV of veins follow a more tortuous path than those of arteries [86], and the VV identified by positive 
CD31 immunostaining in SVs may represent the “meandering” course taken by a single microvessel running along 
the vein or passing through the media and terminating in the vessel lumen [11,76] (Figure 2). It is also notable that 
such points of entry to the vessel lumen are infrequent. It has been shown that, in canine SV, the VV is made up 
of a network of structurally separate units, each with an annular or collar distribution in the vein [87,88]. Also, in 
the dog, the luminal termination of VV have been demonstrated after 14 days in the neointima of experimental SV 
grafts using silicone rubber casts. These VV were frequently observed along the region of anastomosis running 
throughout the media and adventitia and connecting to the original VV. After six months those VV terminating in 
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regions of neointimal hyperplasia (NIH) of the lumen formed a network of microvessels once NIH was more than 
250 µm thick [89]. If there is a similar distribution in human SV their identification at the light microscope level 
may be more challenging and even more so using electron microscopy [76]. 

Subsequent SEM studies have described intimal features suggesting the existence of such direct openings 
into the human SV lumen [11,73,90]. It is unclear, however, if these openings contribute to retrograde blood flow 
to the SV graft wall. Various aspects of this issue have been discussed previously [73,91]. Regarding the corrosion 
cast studies [84], the VV may not fill ex vivo as the viscosity of the resin used is around 5–10 times higher than 
that of blood. Also, in this study, the SV samples used were 12–24 h post mortem: such dead tissue will be affected 
by necrotic changes and the release of constricting hypoxic factors. Those SV samples obtained at harvesting 
during CABG were stored in ice-cooled heparinized saline and cast within 6–10 h and then examined under SEM. 
These conditions may affect the flow of resin through VV due to time delay after SV excision as well as cold- and 
hypoxic factor-induced constriction. Perhaps oxygenated physiological Krebs solution, such as such as that used 
in (functional) organ bath studies, should have been used for storage and transport [73]. The recent review by 
Loesch [92] discusses in detail the “intimal openings” of the SV. Here the author’s previously published and 
unpublished data is presented describing observations in SVs from CABG patients obtained using traditional 
histology as well as SEM and TEM. The openings discussed and illustrated range from 5 µm to 20 µm and are 
suggested “to be a part of blood vessels, such as branches of tributaries, rather than terminals of the vasa vasorum”. 
While the proposal that certain intimal folds observed at the light microscope level represent the luminal 
termination of VV [76] is questioned there is functional evidence, both ex vivo and in vivo, demonstrating the 
communication from the lumen via the media and adventitial VV to the capillary network of the PVF [59,60].  

A recent study compared the morphological features of the specimens of healthy and varicose SVs in order 
to determine any significant differences between the groups. Variations were identified where there was a highly 
significant difference in maximum venous diameter between the control group (mean 0.52 cm) and varicose vein 
group (mean 0.68 cm) (p-value of 0.0002). Also, wall thickness in the varicose veins group (mean 0.206 cm) was 
significantly higher than in the control group (mean 0.138 cm) (p-value of 0.014). Of particular relevance to this 
review was the observation that there was a significant difference in VV in the adventitia of varicose SVs compared 
to the control group (p = 0.050) leading to the authors’ ‘plea to avoid the use of varicose veins as a graft’ [for 
CABG] [93]. 

Another study compared SV conduits in 60 CABG patients where in 30 patients the SV was harvested using 
the classical method described by Favaloro (1969) [52] and in the other 30 patients the SV was “procured in the 
composition of perivascular adipose tissue without hydraulic dilatation” (i.e. NT SVG). On microscopic 
examination of SV sections at different magnifications, endothelial damage was assessed as well as the 
preservation of the VV. The SV harvested with PVF intact (NT SV) exhibited a higher density of VV and a 
reduction in endothelial damage compared with the ‘Favaloro-harvested’ (CT) SV [94], confirming the previously 
published results of Dreifaldt et al. [72]. A similar study investigated the preoperative incidence and severity of 
NIH and level of blood supply of arterial and venous conduits used in CABG [95]. Here, paired ITA and SV 
segments were harvested and visualised by SEM in back-scattered electrons to measure thickness of NIH and 
number/area of VV using imaging software. Although NIH was observed more frequently in SV versus the ITA 
this did not reach significance. However, the maximal-to-minimal NIH ratio correlated with the percentage of 
stenosis (p < 0.0001) as well as the area (p = 0.023) and the number (p = 0.015) of the VV in both the conduits. 
Based on these results it was concluded that NIH correlates with the area and number of the VV in the conduits 
studied. Furthermore, this study shows that the SV possesses a larger number and higher density of VV when 
compared with the ITA, and that the number of VV is correlated with stenosis of the VV more closely than with 
stenosis of the ITA.  

2. Prevention of Vasospasm Encountered at SV Graft Harvesting 

As previously discussed, vasospasm is encountered in a high proportion of SV grafts when harvested by the 
CT. This spasm is due to vascular damage and is avoided using NT SV as the PVF remains intact and vascular 
damage is minimized. An enhanced formation of VV has been demonstrated after the implantation of drug-eluting 
stents that is associated with coronary hypoconstriction in vivo in pigs, a response that is elicited through the 
activation of Rho-kinase [96]. In a study by the same group VV formation was assessed in vasospastic angina 
patients using optical frequency domain imaging and if there was a correlation between the extent of VV and that 
of coronary vasoconstriction. Intracoronary optical frequency domain imaging was performed along the coronary 
artery, after administration of intracoronary isosorbide dinitrate after the spasm provocation test with 
morphometric analysis of images performed at regular intervals along the artery. It was shown that VV formation 
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was markedly enhanced at the spastic artery in a patient with vasospastic angina compared with a control subject. 
VV area density was significantly greater in the angina group compared with the control group (p < 0.001). Also, 
in the angina group, there was a significant positive correlation between VV area density and the extent of coronary 
vasoconstricting responses to ACh (<0.001) as well as a significant positive correlation between VV area density 
and Rho-kinase activity in circulating leukocytes (p < 0.001). On the basis of these results the authors conclude 
that adventitial VV formation is enhanced at the spastic coronary segment in angina patients suggesting the 
involvement of adventitial VV formation in the pathogenesis of the spasm [97]. In a study using 18F-
fluorodeoxyglucose positron emission tomography/computed tomography, ACh-induced diffuse spasm in the left 
anterior descending artery in patients with angina was compared with subjects with suspected angina but without 
organic coronary lesions or coronary spasm [98]. It was shown that coronary PVF volume and coronary 
perivascular 18F-fluorodeoxyglucose uptake significantly increased in the angina group compared with the non-
angina group. Also, OCT showed that formation of VV was increased significantly in the angina compared with 
the non-angina group as did Rho-kinase activity. These results were concluded to provide evidence that coronary 
spasm is associated with inflammation of coronary adventitia and PVF and that 18F-fluorodeoxyglucose positron 
emission tomography/computed tomography may be useful for disease activity assessment. 

2.1. Effect of Perivascular Fat 

Vasospasm is often encountered at harvesting, a condition that has both immediate and long term effects on 
graft performance. Spasm may be abolished or reduced when PVF is left intact at harvesting and this is particularly 
the case for the NT SV. According to a retrospective review of CABG patients, vasospasm and graft occlusion is 
less common in arterial grafts with PVF intact than in patients receiving SV grafts with PVF removed [99,100]. 
Preservation of PVF is linked to better graft patency and reduced number of adverse cardiovascular events when 
comparing the results of pedicled versus skeletonized arterial grafts [56,101]. PVF releases a range of 
adipocytokines and chemokines that modulate vascular tone and reactivity through the release of several 
biologically active substances, including perivascular relaxing factors and perivascular contractile factors [102]. 
Primary perivascular relaxing factors include adiponectin, angiotensin (Ang) 1–7, leptin, omentin, NO, and 
hydrogen sulfide, while perivascular contractile factors include superoxide and angiotensin II (Ang II) [103,104]. 
NO has a variety of recognized effects on blood vessels where NO released from endothelial cells dilates the vessel 
by acting on adjacent vascular smooth muscle cells. Furthermore, NO reduces inflammation and inhibits oxidative 
stress in the vessel wall [105]. PVF also reduces vascular tone in response to noradrenaline through the 
involvement of L-type Ca²⁺ channels and by releasing both PGE2 and prostacyclin (PGI2) [106,107]. Moreover, 
PVF of the SV functions as a source of PGE2 and PGI2, which facilitate vasorelaxation of SV via EP4 and IP 
receptors, respectively [107,108]. 

2.2. Pharmacological Agents  

A variety of antispastic strategies and/or drugs have been developed including submersion in heparinised 
blood, saline containing papaverine, nitroglycerine, NO donors and mixed anticontractile cocktails [47,109]. 
Nitrovasodilators such as glyceryl trinitrate, sodium nitroprusside and isosorbide dinitrate, are commonly used in 
patients undergoing CABG that act by releasing NO [48]. Recently, Hou et al. [110] assessed the antispastic effect 
of a combination of the RhoA/Rho-kinase inhibitor, fasudil, with and without nitroglycerin in the ITA. Here, fasudil 
fully relaxed certain vasoconstrictor-induced contractions and diminished protein levels of ROCK2 in the ITA. Also, 
when a combination of fasudil and nitroglycerin were used together, a more pronounced impact was observed than 
when using either vasodilator alone. Calcium antagonists such as nifedipine, diltiazem and verapamil used alone or 
in combination with GTN have been used as antispastic drugs in arterial grafting [111–113]. The calcium antagonists 
that are particularly effective in preventing or curing potassium-induced contraction in the ITA [114] or RA [115] 
that cause vasorelaxation of vessels by reducing calcium influx by blocking voltage-gated (L-type) calcium channels. 
Other calcium channel blockers used are Diltiazem, which is less effective than nifedipine in the ITA [114] with little 
effect on the RA [115]. This observation revitalized the use of RA grafts after a period of about 20 years due to 
significant spasm issues [116]. Injectable verapamil exhibits a greater potency than diltiazem in human vasculature 
and is therefore commonly used in antispastic protocols [48,117]. A cocktail of nicardipine and nitroglycerin provides 
a useful antispastic procedure on human ITA and RA having a quick onset, complete vasorelaxation and superior 
prophylactic impact [118]. The opioid derivative, papaverine, causes vasodilation by inhibiting phosphodiesterase 
resulting in a reduction of calcium influx and the inhibition of intracellular Calcium release [119] but is not 
recommended for systemic or topical application due to its acidity which may impair endothelial function [49]. The 
onset in vasodilation by papaverine is more gradual compared to other vasodilators [112,113]. Phosphodiesterase 
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inhibitors are clinically important with their positive inotropic and vasodilator effects [115]. Milrinone, a PDE-III 
inhibitor, increases intracellular cAMP, inhibits myosin light chain kinase and causes vasodilatation in the vascular 
system [119] and has been shown effective on the ITA [114] or RA [115].  

Given the abovementioned effects of PVF (via perivascular adipocyte-derived factors) and the various 
pharmacological agents used it may be proposed that, apart from their beneficial anti-contractile properties on the 
conduit in question (SV, ITA or RA), they protect the vessels’ VV at harvesting during CABG. In doing so 
transmural flow would be maintained, medial ischaemia prevented and NIH reduced and/or abolished.  

3. Hypothesis: The Vasa Vasorum and SV Graft Patency 

Two decades ago it was hypothesised that preservation of an intact VV may play a role in improving SV graft 
patency [76]. This hypothesis is based mainly on the fact that the major cause of the high failure rate of CT SV 
grafts is the degree of vascular trauma inflicted during SV harvesting and at graft insertion. Manipulation of the 
outer layer of the SV (stripping) during CT surgery induces vasospasm and is prevented using ‘manual’, 
uncontrolled, high-pressure intraluminal saline distention causing severe damage to the endothelium and VV. 
There are clear indications strongly suggesting the importance of the VV for the maintenance of a healthy graft, 
as can be observed both experimentally and in surgery. Examples include in vivo observations using NT SV in 
CABG where blood flow to the adventitial VV occurs at completion of graft insertion and removal of vascular 
clamps [11] (Figure 1). This is taken as evidence of retrograde blood flow from the lumen to the adventitia and 
supported by subsequent ex vivo studies on excess segments of NT SV using the luminal perfusion of blood [11] 
or India ink [59] that appeared in the adventitial VV even extending to the capillary network within the preserved 
cushion of PVF of NT SV (Figure 2). Taken together, these observations may reveal a novel ‘inside out/outside 
in’ system that not only maintains transmural blood supply in NT SV grafts but that may potentially transport a 
variety of tissue-derived factors throughout the vessel wall [59,73]. 

As mentioned previously, proliferations of the VV/neovascularization has been described in atherosclerotic 
coronary arteries post mortem [79] and that there is an increased density of ‘neo vasa vasorum’ associated with 
increased NIH thickening and atherosclerotic plaque formation. These features are proposed to be a mechanism 
by which transmural blood flow is maintained [120]. A more recent study by Stingl et al. [80] suggests that a 
similar scenario occurs in vivo where the density of VV in the adventitia and media of SV grafts increases and the 
VV penetrates deeper through the vessel wall towards the lumen over time in patients after CABG. Again, this 
proliferation of VV may represent a means by which transmural blood supply is maintained in (failing) grafts. The 
appearance of the histological sections provided in this study, indicates that CT (damaged) SV grafts were used 
since the PVF has been removed, a procedure potentially causing damage to the outer adventitia and VV. In NT 
SV normal architecture is preserved, including the VV. Since retrograde filling of adventitial VV has been 
demonstrated in vivo and ex vivo [59,60,72] it is possible that transmural oxygen supply is provided both by 
diffusion via luminal coronary arterial blood and through an intact VV system (Figure 4). 

The SEM and light microscope studies provide evidence of a potential connection from the SV lumen to the 
adventitia, possibly even to the PVF, via the VV. These findings are likely to explain the retrograde blood flow 
observed at the time of NT SV graft implantation at CABG as well as the experimental observations in isolated NT 
SV segments using perfused blood and India ink. Another potentially important finding using SEM was the 
‘disconnection’ of VV at the media/adventitia border of CT SV grafts (Figure 3) [75]. This is as a result of the vascular 
trauma at CT SV harvesting where the PVF is removed and the adventitia partially damaged, as occurs in many cases. 
Furthermore, ultrastructural observations reveal VV in the wall of CT SV that appear occluded by clumps of 
erythrocytes and with abnormal surrounding endothelium and vascular smooth muscle cells whereas NT SV VV 
show an open lumen with normal endothelium containing individual erythrocytes [66] (Figure 3).  

Taken together, what might these observations suggest regarding the role of the VV in the improved patency of 
NT SV grafts? After CABG is the VV of NT SV grafts preserved and is transmural flow maintained [72]. If so, this 
would be expected to reduce intimal hyperplasia/plaque formation as demonstrated by intravascular ultrasound [121] as 
well as by angiography [13], computed tomography angiography [44,122] and electrocardiogram-gated enhanced 
computed tomography [40,123,124].  
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Figure 4. Potential blood flow in NT SV vasa vasorum after CABG. Left panel: Diagram of density and 
distribution of vasa vasorum in failing SV grafts after CABG. There is a time-dependent increase in wall thickness 
and reduction in lumen diameter. There is also a time-dependent increase in density and depth of penetration of the 
vasa vasorum through the vessel wall towards the lumen. Right panel: Proposed distribution of vasa vasorum in 
no touch SV after CABG. Vasa vasorum/capillaries are present within the perivascular fat (PVF) which is preserved 
in NT SV but removed in CT SV. There is also a greater density of (preserved) VV in the M and A of NT SV. A 
proportion of oxygen requirement of the vessel wall is by diffusion from arterial blood from the lumen with an 
additional supply provided via VV terminating in the lumen (irregular lines) some of which reach the M, A and 
PVF. The endothelium (continuous yellow line at the L/M border) in NT SV is undamaged before implantation. 
Circles = vasa vasorum, black broken lines = borders (between A, M and I). Black continuous irregular lines = 
course of VV (‘outside in’ for post CABG CT SVG and ‘inside out’ for NT SVG). A = adventitia, M = media, I = 
intima, L = lumen. 

How are these questions to be addressed? The preservation of an intact/‘healthy’ endothelium have been 
shown on NT SV grafts at up to 16 years post-mortem [13]. Is the same true for the VV and are appropriate post 
mortem samples available to confirm this? If so, histological and ultrastructural studies are recommended. Are the 
necessary, sensitive, methods available to study the distribution and blood flow in the VV in patients’ SV grafts 
to determine their potential role in graft patency? The recent study by Sugaya et al. [124] identified VV in the 
adventitia/PVF area of NT SV grafts in vivo in patients 1 to 2 weeks after CABG using frequency-domain optical 
coherence tomography (Figure 5) [124]. The volume of VV per mm was significantly greater in NT than in CT 
SV grafts. Interestingly, the in vivo distribution of VV in NT vs. CT SV grafts is very similar to that described in 
histological sections of comparable grafts from CABG patients taken at harvesting and before implantation [11,72] 
as well as in early failed SV grafts [80]. Although the recent in vivo data was obtained over a short follow up 
period [124] it shows that the VV remain viable and supports the suggestion that transmural blood supply is 
maintained in NT SV grafts after CABG, based on previous in vivo and ex vivo perfusion studies [59,60,72]. 
Clearly, once harvested, the VV are disconnected from their ‘normal’ arterial blood supply in vivo via the external 
iliac arteries. The images obtained in vivo using frequency-domain optical coherence tomography show the 
presence of adventitial VV at 2 weeks after CABG that exhibit a circular morphology indicating that they are under 
[arterial] pressure. In terms of the potential importance of VV in SV graft performance is the striking similarity in 
their density and distribution in NT versus CT SV (Figure 5). Whereas the VV of NT SV remain intact and ‘open’, 
VV of CT SV exhibit signs of damage at the adventitial border as well as constriction and occlusion by erythrocytes 
in the media (Figure 3). Taken together these conditions support the suggestion that the VV play an important role 
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in the superior patency of NT SV grafts where transmural flow is maintained via an inside-out blood flow from 
the lumen via the media to the adventitia and PVF [60,73]. 

 

Figure 5. OCT images and histology of vasa vasorum of no touch and conventional saphenous vein. Left: The in 
vivo frequency-domain optical coherence tomography images in the left panels show adventitial NT and CT 
saphenous vein vasa vasorum at 1–2 weeks after CABG (yellow arrowheads (from [124] with permission, 
Copyright 2024, Oxford University Press). Despite being ‘disconnected’ from their feeding arteries at harvesting 
they appear circular, in vivo, once inserted as grafts. This indicates that they remain ‘open’ and that blood flow is 
maintained at coronary arterial pressure from the graft lumen. Right: Histology showing the vasa vasorum (black 
arrows) in the adventitia (ADV) (dark CD31 immunostaining identifying endothelial cells) where the distribution 
is similar to the frequency-domain optical coherence tomography images. The vasa vasorum is preserved after 
CABG since it exhibits the same distribution shown in the histology of SV before implantation as grafts. The 
density of VV in NT SV is greater than in CT SV [11], Copyright 2011, Elsevier. 

4. Conclusions 

Over recent years there has been increased interest in the VV, particularly in relation to the SV grafts used in 
CABG. Most data has been obtained using histology, immunohisto-chemistry, SEM and TEM and generally on 
SV samples obtained at harvesting and before preimplantation. However, little is known regarding any changes 
that occur and/or the role of the VV in the performance of grafts in patients after CABG. While there may be 
conflicting opinions concerning the luminal termination of VV, transmural blood flow from the innermost to the 
outermost layers of the SV has been demonstrated experimentally and in patients at completion of CABG. When 
using the NT technique, preservation of the PVF provides mechanical support that protects the endothelium and 
is a source of vasculoprotective adipocyte-derived factors. Also, by reducing surgical trauma and vascular damage, 
the VV is preserved and blood supply to the vessel wall restored. There is recent evidence that the VV remains 
intact in patients receiving NT SV grafts after CABG. In addition to the protection of the endothelium and 
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preservation of PVF, maintained transmural blood supply via the VV may further contribute to the improved 
performance of NT SV grafts. Future in vivo follow up studies are required on CABG patients in order to identify 
the VV, to examine VV distribution and to detect/measure VV blood flow over time.  
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PVF Perivascular Fat 
RA Radial Artery 
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