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General introduction to the radial artery for coronary artery bypass grafting 

Introduced and then abandoned by Carpentier (1) and revived by Acar (2), the radial artery 

is a versatile, long, robust, facile coronary bypass graft with excellent long-term patency, provided 

spasm and competitive flow are avoided. Although, intuitively, the right internal thoracic artery 

(RITA) is the natural second arterial graft during coronary artery bypass grafting (CABG), it may not 

reach the desired target unless used as a free or composite graft. Concerns over sternal infection, 

adequacy of single inflow in T grafts, and unfamiliarity with bilateral internal thoracic artery (BITA) 

results in 95% of all CABG operations using only the left internal thoracic artery (LITA).   

The majority of conduits are saphenous vein grafts (SVG) which develop atheroma and 

occlude in the long term with resulting recurrent symptoms, re-interventions, and poorer 

prognosis.  Arterial grafts always have higher patencies than SVG. (3). Radial artery patency rates 

of 90% at 10 years and > 80% at 20 years are reported. (4, 5) Hence the radial artery can be used 

as the second graft of choice after the LITA and/or RITA. (6, 7) Of note, the radial artery carries a 

Class IB indication in the 2018 European Guidelines for myocardial revascularization (8). Radial 

arteries are especially useful in reoperations (prior SVG), in patients with severe pulmonary 

disease, in obese, and insulin dependent diabetics where BITA grafting has relative 

contraindications. (4) 

Histologically, the radial artery has a thin intima, a fenestrated internal elastic lamina, a 

thick muscular media and an adventitia rich in vasa vasorum. The radial artery wall is up to 450 

µm thick (2.5 times the internal thoracic artery [ITA]), and composed predominantly of the 

muscular media.  It has more intimal thickening, lipid deposits and calcification, particularly 
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distally, and is slightly larger than the ITA. In organ bath models, vasoconstriction can be intense, 

prolonged, and twice that for the ITA due to the substantive muscular media.  Spasm prophylaxis 

is then considered essential – by atraumatic harvest and smooth muscle relaxants, including 

topical or intraluminal papavarine, nitroglycerin, nitroprusside, diltiazem, milrinone or 

phenoxybenzamine.                                                                                   

The radial artery is an auto-regulatory “living graft “.  In competitive flow situations 

vasoconstriction and a “string sign” may occur (4, 5). Conversely in high flow scenarios it can dilate 

to diameters of 5 – 8mm.  The radial artery functions optimally when used to bypass tightly 

stenosed or occluded coronaries. 

Although the evidence is anecdotal, radial artery graft spasm has been reported days or 

weeks post-operatively.  Oral calcium channel antagonists are often given empirically for 6 

months.  However, after implantation in the coronary circulation, the radial artery undergoes a 

morpho-functional remodeling characterized by a progressive thinning of the muscular 

component of the media and switches from a muscular to an elastomuscular wall architecture (9). 

This change in histology is accompanied by a marked reduction of the initial hyper-reactive 

tendency. This adaptive phenomenon is probably the pathophysiologic background to the lack of 

clear benefits of chronic therapy with calcium channel blockers. (10). 

When harvesting the radial artery, adequacy of the hand circulation must be assessed by 

the Allen’s test and index finger wave plethysmography (reperfusion within 10 seconds). Pulse 

oximetry changes with radial artery occlusion can also be helpful.  Ultrasound can assess radial 

artery size, flow and calcification.  
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Open and endoscopic techniques are used with excellent outcomes.  The open technique 

allows securing of branches by diathermy, harmonic scalpel or small vascular clips.  Endoscopic 

harvesting can be performed with various technologies through a 2-3cm longitudinal incision at 

the wrist and, occasionally, an additional incision at the elbow to secure the radial artery 

proximally.  It appears that both endoscopic and open harvestings result in equivalent quality 

radial artery conduits with no differences in patency or survival. (11)  Both techniques have very 

low rates (less than 1%) of infection and neurological complications. A small longitudinal drain and 

a firm dressing and bandage are used routinely for the endoscopic technique. The radial artery is 

stored in arterial blood at 37°C, with the preferred vasodilator.  Some surgeons skeletonize the 

radial artery by removing the venae commitantes to maximize vasodilatation and length. 

Contraindications to radial artery use include prior major forearm trauma, severe 

calcification, collagen vascular diseases and Raynaud’s syndrome. In addition, patients with renal 

failure or end stage renal disease who may require vascular access for dialysis should not have 

routine radial artery grafting unless there are exceptional circumstances (e.g. no other suitable 

conduits).  Traditionally, the radial artery has been harvested from the non-dominant arm, but 

harvesting of the arm with the best ulnar compensation, independently from dominance is 

performed by many groups. Previously cannulated radial arteries often have intimal damage and 

the distal portions are best avoided. Low patency rates have been reported for radial artery grafts 

from arteries previously used for transradial procedures. (12)   

If used with the LITA, the radial artery should be used to bypass the next most important, 

tightly stenosed coronary artery.  Alternatively, the radial artery can be deployed to a posterior 
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descending coronary artery with a thight stenosis in the context of BITAs, as they are usually 

deployed to the left side.  The radial artery is best used as an aortocoronary graft and is suited to 

sequential grafting if required. A RITA- radial artery composite graft can also be used to bypass the 

posterior descending artery. The “Melbourne baby-Y graft” popularized by James Tatoulis is an 

excellent alternative to sequentials when grafting of more than one target is required, with the 

advantage of allowing more freedom in terms of location of the anastomosis. (13) 

The patency of the radial artery has been described by different angiographic series. In 

protocol-driven series, the radial artery patency rate has ranged from 89% at 1 year in the Veterans 

Affairs (VA) trial, to 88% at 7.7 years in the Radial Artery Patency Study (RAPS) trial, and to 84.8% 

at 19 years in our series. (5)  Results of the symptoms-driven angiographic studies are much more 

discordant. However, a major selection bias is obviously present in all symptoms-driven studies. 

The location of the target vessel does not affect radial artery angiographic outcome, 

whereas the severity of the target vessel stenosis is a key determinant of patency. Target vessel 

stenosis > 70% in the left circulation and > 90% in the right circulation lead to the best patency 

rates. The long-term risk of occlusion of the radial artery compared to LITA has not been described 

(5). 

There is some evidence that radial artery grafting results in improved long-term survival in 

patients undergoing CABG using the radial artery rather than the saphenous vein to bypass non-

LAD targets. (25)  Goldman et al (14) found no difference in survival at 1 year in the VA study while 

the RAPS trial (16) found a tendency to lower incidence of adverse follow-up events in the radial 

artery group.  Propensity matched observational studies consistently found better survival in radial 



 13 

artery patients.  A recent meta-analysis of 14 studies and 20,931 patients reported that the use of 

the radial artery to graft the second target vessel was associated with a 26% relative risk reduction 

in mortality at 6.6-year follow-up compared to the use of the saphenous vein. (26) Despite 

guideline recommendations and studies showing benefit of radial artery grafting, there has been 

resistance to the use of multiple arterial grafts. This can be explained, at least in part, by the fact 

that the clinical benefit of additional arterial grafts reported in observational studies has not been 

confirmed in randomized clinical trials. While several trials have demonstrated superior 

angiographic patency rates with radial-artery grafts over saphenous-vein grafts, these studies 

were individually underpowered to detect differences in clinical events. 

The most scientifically robust analysis to date, a patient-level meta-analysis of six 

randomized trials of radial artery vs SVG showed that the radial artery was associated with a  

significant reduction of the composite of death, myocardial infarction and repeat revascularization 

and better patency rate at 5 years follow-up (27)  There is also evidence showing that higher risk 

subgroups of patients —the elderly, diabetics and women—benefit from radial artery grafting. 

(12) 

A recent meta-analysis (28) of eight propensity matched studies concluded that the use of 

the RITA compared to the radial artery was associated with better long-term survival and freedom 

from repeat revascularization.  However, there was significant heterogeneity in this meta-analysis 

indicating a great deal of variability among the 8 studies.  Thus, on one hand, Tranbaugh et al (7) 

showed that the radial artery had a trend towards better survival (p=0.06) and similar patency to 

the RITA while older and chronic obstructive pulmonary disease patients had better survival with 
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radial artery grafting. Conversely, Ruttmann and colleagues (29) reported 2.6 times the in-hospital 

mortality and 10 times the number of strokes and myocardial infarctions in the radial artery group 

with no mortality in the RITA group to 8 years.  Thus, their reported long-term mortality benefit 

(hazard ratio 0.23) of RITA grafting need further confirmation. 

The 10-year results of the RAPCO trial were presented at the American Association for 

Thoracic Surgery 2016 Annual Meeting. (30)  This well designed randomized controlled trial 

evaluated outcomes of 394 patients less than 70 years of age randomized to receive either a radial 

artery or free RITA to the second most important coronary target after the LAD.  Most grafts went 

to the circumflex system.  Survival was significantly better in the radial artery compared to the 

RITA arm (p=0.032) and event free survival was higher in the radial artery group, but the difference 

did not reach statistical significance (p=0.085).  Patency was statistically similar although 

numerically better for radial artery (91.8%) versus RITA (88.5%, p=0.057).   

Aim and outline of the thesis 

The purpose of this thesis in to analyze the clinical outcomes of the radial artery as a 

coronary artery bypass conduit, compare it to other conduits, and describe the factors associated 

with graft patency. This was achieved through original research and several individual patient-data 

and aggregate meta-analyses. 

The effects of different radial artery harvesting techniques (open versus endoscopic) on 

the structural integrity and functions of the endothelium of radial artery are first analyzed by 

evaluating endothelial-dependent vasorelaxation to acetylcholine as well as quantitative 
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structural analysis of the endothelial integrity. This is followed by presentation of the 20‐year long-

term results of patients receiving radial artery graft for myocardial revascularization. A patient-

level meta-analysis of randomized trials comparing radial-artery grafts vs SVG for CABG to describe 

the clinical outcomes of radial artery grafting is described. The role of calcium-channel blockers 

after radial artery CABG and their effect on the midterm clinical and angiographic outcomes are 

also analyzed in an individual patient data meta-analysis by pooling data from multiple randomized 

controlled trials. 

Finally, the radial artery is compared to other CABG conduits through a large patient-level 

dataset including six angiographic randomized controlled trials of CABG conduits to explore the 

incidence and determinants of coronary graft failure for the LITA, RITA, radial artery and 

saphenous vein. The differences in late survival and other clinical outcomes according to the type 

of second graft used (radial artery versus RITA versus SVG) for CABG are also compared in a 

network meta-analysis. 
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CHAPTER 2 

Open radial artery harvesting better preserves endothelial function 
compared to the endoscopic approach 
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ABSTRACT 

Objective: Both the open and the endovascular techniques are commonly used for harvesting the 

radial artery (ORAH and ERAH respectively). Yet, very little is known on the effects of these two 

techniques on endothelial integrity and function of the radial artery (RA). This study was designed 

to assess the preservation of endothelial integrity and function of RA harvested using the two 

approaches. 

Methods: Two independent surgical teams working in the same institution routinely use the RA 

for coronary artery bypass grafting using exclusively either ORAH or ERAH. Thirty-nine consecutive 

patients were enrolled in this comparative study.  Endothelial function of ORAH and ERAH was 

assessed by using the wire myograph system. The integrity of the RA endothelium was evaluated 

by immuno-histochemical staining for erythroblast transformation specific-related gene (ERG). 

Results: The vasodilation in response to acetylcholine was significantly higher in RA harvested with 

ORAH (p0.001 vs. ERAH). Endothelial integrity was not different between the two groups. 

Conclusions: ORAH is associated with a significantly higher endothelium-dependent vasodilation. 

Further investigation on the potential implications of these findings in terms of graft spasm and 

patency as well as clinical outcomes are needed. 

 



 26 

 

 

 



 27 

INTRODUCTION 

Coronary artery bypass grafting (CABG) is the gold standard approach in the treatment of 

multi-vessel coronary artery diseases.  Traditionally, the internal mammary artery and saphenous 

veins have been used for CABG (3). In the 1970s, the radial artery (RA) was introduced and soon 

abandoned due to the high failure rate, likely due to a traumatic harvesting technique (4). In the 

early 1990s, the RA was reconsidered after Acar and colleagues introduced a more refined method 

of harvesting, which was associated with improved RA patency rate (5). Currently, the RA is often 

used as complementary arterial conduit for CABG. Data from the Society of Thoracic Surgery Adult 

Cardiac Surgery Database indicate that the RA is preferred to the right internal thoracic artery as 

the second arterial graft in the United States (6). Recently, we published the first randomized-

based study demonstrating the clinical benefits of the use of the RA versus the saphenous vein in 

CABG(7). In light of these findings, it seems likely that the interest toward this conduit will increase 

in the near future. 

Traditionally, the RA has been harvested using the open technique (ORAH) (8). In the early 

2000s, the endoscopic technique (ERAH), less invasive and cosmetically more acceptable, was 

developed (9). However, the endoscopic dissection of the RA occurs in a narrow space, raising 

concerns regarding potential mechanical injuries to the conduit, particularly on the endothelium. 

Preservation of the functional integrity of the endothelium is of critical importance for maintaining 

the endothelial cell functions, including vascular tone regulation, anti-inflammatory and anti-

thrombotic functions and inhibition of smooth muscle cell proliferation and migration (10). 

Endothelium-derived vasoactive substances, including nitric oxide (NO), prostaglandin I2 and the 
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endothelium-derived hyperpolarizing factor, control RA vasoactive tone and flow. Hence, even 

skilled surgical maneuvers during ERAH could potentially impact the ‘health’ of the endothelium 

and lead to graft spasm and thrombosis, ultimately compromising the clinical outcomes. 

Initial clinical studies assessing the short-term patency of RAs harvested using the two 

techniques reported similar outcomes (11, 12). However, due to the rarity of clinical events after 

CABG with the RA, it is likely that all the published series and meta-analyses are underpowered to 

detect even moderate differences. 

Our current understanding of the impact of ERAH versus ORAH on the integrity of the 

endothelial structure and function is based on older series with negative results (1, 2). The intrinsic 

limitations of the methods used in those series, and the difficulties to assess the vasoreactivity of 

RA due to the peculiar intense vasomotions prompted us to further investigate the effects of the 

ORAH versus ERAH on the structural integrity and functions of the endothelium of RA. In this study, 

endothelial-dependent vasorelaxation to acetylcholine as well as quantitative structural analysis 

of the endothelial integrity were performed in open and endoscopic harvested RAs using a more 

contemporary approach.  
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METHODS 

Study design 

Two independent and experienced teams working in the same institution routinely use the 

RA for CABG, with each individual team performing either ORAH or ERAH exclusively. From January 

to October 2017 all consecutive patients undergoing primary CABG with the RA were screened 

and included if the laboratory personnel was available for the evaluation. The study was approved 

by the institutional review board and patient consent was obtained prior to enrollment.  

Radial Artery Harvesting 

In the endoscopic group the RA was harvested according to a method described by 

Connolly and colleagues (13). Briefly, a small 2-3 cm incision was made on the distal volar aspect 

of the forearm just proximal to the radial styoid prominence. A 30-degree 5mm endoscope aided 

by subcutaneous retractors and harmonic shears were used to harvest the RA with its surrounding 

pedicle. A 2-3 cm counter incision was made at the proximal end of the dissection to aid in vessel 

transection and ligation.  

In the open group the RA was harvested according to the method described by Gaudino 

and Lau (14). Briefly, a linear incision was made from the lateral edge of the biceps tendon and 

carried distally following the round curvature of the brachio-radialis muscle and terminated just 

proximal to the radial styoid prominence. Dissection was aided with the use of a harmonic 

ultrasonic device and the RA was harvested as a pedicle according to the “no touch” technique 

(15). 
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All harvestings were performed by highly experienced operators who routinely perform 

their respective techniques (namely, ERAH and ORAH); none of the RAs included in our study was 

harvested by trainees or rotating residents. Before harvesting, no patient received vasodilators. 

No tourniquet was employed irrespective of the harvesting technique. Heparin was administered 

in both groups. 

After dissection, a 1 cm segment was cut from the proximal end of the RA and immediately 

placed in cold (4oC) Krebs buffered solution and transferred to the lab for functional studies. Prior 

to placing in Krebs solution, a RA ring of approximately 2 mm in length was cut from the RA and 

placed in 4% formalin for histological analysis. 

Assessment of RA vascular reactivity in organ bath 

Following the harvesting by open or endoscopic approach, the RA specimens were placed 

in a cold (4°C) Krebs solution at pH 7.20.2 comprised of (mmol/L) NaCl 118, KCl 4.7, MgCl2 1.2, 

KH2PO4 1.2, CaCl2H2O 2.5, NaHCO3 25, and glucose 11, and carbooxygenated with a gas mixture 

of 95% O2 and 5% CO2. By using a dissecting scope (Zeiss Discovery.V8 Stereo) at low magnification, 

the RA was carefully dissected and cleaned of all surrounding fat and loose connective tissue and 

then cut into approximately 2 mm rings. From each patient, one to four RA rings (about 2 mm 

length) were mounted in the wire myograph system (Danish MyoTechnology, Denmark). Each 

chamber was filled with 5 ml of Krebs solution maintained at 37°C and continuously 

carboxygenated.  Ring length (L) was measured before each experiment in order to aid in pressure 

calculations. The rings were then allowed to equilibrate upstretched for about 60 minutes before 

passive tension was increased stepwise until they reached a transmural pressure of 60 mmHg, 
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calculated as previously reported for large vessels (16). A known intrinsic characteristic of the RA 

is the vasospasm. In in vitro experiments, when the RA were stretched beyond 60 mmHg, the 

vasomotions overpowered the contraction and relaxation effects in response to pharmacological 

agents (both, vasoconstrictors and vasodilators), creating a confounding factor of the 

interpretation of the data. Thus, to overcome this confounding factor in the assessment of vascular 

reactivity, we assessed lower transmural pressures within physiological range (90, 80, 70 and 60 

mmHg), until frequency and magnitude of the vasomotions did not interfere with the 

pharmacological studies. Thus, we found that the optimal transmural pressure to avoid the 

interference of vasomotion was 60 mmHg.  

Vessel Stabilization and Force Calculations 

After equilibration, the brackets were slowly moved apart and the rings were then 

sequentially stretched to apply a tension equivalent to 60 mmHg. The internal diameter, the length 

of the RA ring and the passive tension were used to calculate the pressure applied as previously 

reported (17).   

The vasoreactivity to the pharmacological agents was assessed once the tension of RA rings 

was stable (the tension equivalent to the one the ring was exposed at 60 mmHg). RA rings were 

constricted with phenylephrine (PE, 1x10-6 mol/L) until the tension evoked was consistent 

between two consecutive PE stimulations. Next, the RA rings were pre-constricted with PE (1x10-

6 mol/L) followed by a cumulative concentration-response curve of acetylcholine (Ach 1x10-9 – 

3x10-5 mol/L) to evaluate the integrity and the function on the RA endothelium. Of note, Ach 
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induces an endothelium-dependent vasorelaxation. Vessels were washed between experiments 

and allowed to re-stabilize, before repeating the concentration-response curve of Ach. 

Histological Analysis  

Following harvesting, RA specimens were immediately fixed in a 10% formalin solution and 

embedded in paraffin. Immunohistochemistry was performed on 4 μm-thick sections. The 

unstained slides were deparaffinized and rinsed in deionized (DI) water, followed by antigen 

retrieval, by using the sodium citrate buffer (pH = 6). The endothelial cells were detected by 

performing immunohistochemical staining for erythroblast transformation specific-related gene 

(18) (ERG, Abcam, Cambridge, MA. Cat. N. ab92513).  Sections were incubated with anti-ERG 

antibody (1:100 dilution) for 25 min at room temperature. ERG was detected using an HRP 

conjugated compact polymer system and DAB as the chromogen. Each section was counterstained 

with hematoxylin and mounted with Leica Micromount. 

Images of stained RA were acquired by using 20x objective of Aperio AT2 whole slide 

scanner (Leica Biosystems, San Diego, CA, USA). The scanned images were evaluated for quality 

and loaded onto the HALOTM Digital Image Analysis (DIA) platform (Indica Labs, Corrales, New 

Mexico, USA) for the quantification of the endothelial cell ERG-positive and the circumference of 

the RA, as previously described (19). The endothelial integrity of each RA specimen was expressed 

as the number of cells per unit circumference (mm). To increase the robustness of the analysis, 

the same RA specimens were quantified manually and blindly for the number of endothelial cells 

per length of circumference of RA. The outcome was consistent between the two methods of 
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quantification. The data represented in Fig. 2 are the quantification performed with the manual 

approach. 

Statistical analysis. 

Data are expressed as mean ± SEM in Fig. 1A, and as mean± SD in Fig. 1B and 2B. Two-way 

ANOVA was employed for statistical analyses in Fig. 1A. Two-tailed unpaired Student’s t test was 

used for statistical analysis in Fig. 1B and Fig. 2B. Differences were considered statistically 

significant at P< 0.05. All tests were 2-sided. GraphPad Prism software (version 8.0, GraphPad 

Software) was used for all statistical analyses.  

Based on preliminary data from 7 patients we estimated that the mean of endothelial 

cells/micron in the open group was 0.03 with a standard deviation of 0.01. In order to detect a 

33% difference (from 0.03 to 0.02) with a power of 0.80 at alpha of 0.05, 32 patients (16 from 

each group) were required. The same simple size give >80% power to detect a difference ≥ 10% in 

the mean of the maximal relaxation response to Ach. 
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RESULTS 

Patient population 

From a total of 138 screened patients, 

39 were enrolled in the study (23 in the 

ORAH group and 16 in the ERAH). The 

baseline patient profile was similar 

between the two groups (see Table 1).  

Endothelial-dependent vasodilation was 

preserved by ORAH approach 

As shown in Fig. 1A, Ach-induced 

vasodilation was significantly reduced 

(P<0.001) in the ERAH rings compared to ORAH suggesting that the endothelium was better 

preserved in conduits harvested with the open compared to the endoscopic approach (Fig.1A). 

Maximal relaxation response was significantly higher in the ORAH vs. ERAH group (98.20.7% and 

89.83.7%, respectively, with P=0.03). The EC50 values for Ach were not statistically different 

between the two groups (P=0.51). The tension induced by PE was comparable between both 

groups (Fig. 1B, P=0.25), suggesting that different pre-contractions by PE were not accountable 

for the greater Ach-induced endothelial-dependent vasodilation in the ORAH group.  
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Endothelial integrity of RA assessed by 

immunohistochemistry  

The number of endothelial cells per 

section were quantified and expressed 

as ratio to the length of the internal 

circumference. The endothelial 

cells/internal circumference ratio was 

not statistically different between ERAH 

and ORAH groups (Fig. 2).  
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DISCUSSION 

This study shows, for the first time that ORAH harvesting is associated with better 

preservation of the endothelial function compared to the endoscopic harvesting.  

Notably, the proximal RA segments were investigated in light of the demonstrated higher 

vasospastic tendency, greater incidence of string sign, and lower midterm perfect patency rate of 

the distal RA segments; for these characteristics the proximal RA is indeed considered the segment 

of choice when performing CABG(20). 

In the past, several studies have compared the clinical, angiographic or biologic results of 

the open and endoscopic techniques for RA harvesting. In a small-randomized trial, Burns et al. 

reported similar mid-term patency rate for RA grafts harvested using the open and endoscopic 

techniques (21). Bisleri and colleagues in a propensity score analysis including 470 patients found 

significantly lower incidence of wound infection, significantly lower pain and better wound healing 

with the endoscopic technique, in absence of any difference in cardiac-related mortality (22). 

In a meta-analysis of 6 randomized controlled and propensity matched studies including 

743 patients, Rahouma et al. found that the use of the endoscopic technique was associated with 

a significantly reduced incidence of wound complications (OR 0.33, 95 CI 0.14-0.77) in absence of 

significant differences in graft patency and 5-year clinical outcomes (12). 

However due to a very low event rate in patients with RA grafts, all these studies, including 

the meta-analysis, are probably underpowered to detect even moderate differences in outcomes. 
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A number of studies have previously compared endoscopic versus open harvesting, mostly 

with regard to saphenous vein graft (23). A post-hoc analysis from the PREVENT IV trial showed 

higher risk of graft failure following endoscopic versus open harvesting of the saphenous vein 

(odds ratio, 1.41; 95% confidence interval, 1.16-1.71), although the trial itself was not adequately 

powered to detect significant differences between the two techniques (24). In the recently 

published REGROUP trial, 1150 patients were randomized to undergo open versus endoscopic 

saphenous vein harvesting. Over a median follow-up of 2.78 years, no differences were shown 

between the 2 groups in terms of the primary composite endpoint of major adverse cardiac 

events, including death from any cause, nonfatal myocardial infarction, and repeat 

revascularization (hazard ratio, 1.12; 95% confidence interval, 0.83 to 1.51; P=0.47) (23). 

Different studies investigated the endothelial mechanical damage of the endoscopic versus 

open RA harvesting techniques, by using the histological analysis. In agreement with previous 

studies (2, 25), histological analysis showed no difference in the endothelial coverage of the RA 

between ORAH and ERAH. However, it needs to be considered that the histological analysis can 

only detect mechanical damage of significant degrees, such as the loss of the endothelial cells or 

disruption of the endothelial layer. The histological approach might not evidence “micro-

mechanical damages” that may not physically break the endothelial layer of the RA, but 

compromise the endothelial function, as shown by the endothelial-dependent vasodilation (Fig. 

1A). Our study has demonstrated for the first time not only that ORAH better preserves the 

functional integrity of the endothelium compared to ERAH, but also that assessing the endothelial-

dependent vasodilation of RA should be the gold standard approach to evaluate the preservation 

of the RA endothelium between the two surgical approaches. 
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Shapira and colleagues, in a small randomized cohort, found no differences between open 

versus conventional harvesting of RA in the maximal relaxation in response to acetylcholine and 

nitroglycerin, in RA pre-contracted with U46619, a thromboxane A2 mimetic (25). It is difficult to 

compare their findings with ours as the experimental conditions used were different. For instance, 

RA rings were stored in papaverine before pharmacological studies, which were conducted in 

presence of indomethacin, cyclooxygenase inhibitor. The resting tension applied was the one 

necessary to induce the maximal response to 80mmol/L KCL (25), and the RA rings were pre-

contracted with U46619 whereas we used PE.  

Shapira and colleagues also assessed the expression of adhesion molecules by 

immunohistochemistry between the two groups and found no differences. Adhesion molecules, 

such as intercellular adhesion molecule-1 (ICAM1), vascular cadherin adhesion molecule (VCAM) 

and P-selectin are considered a marker of endothelial activation following pro-inflammatory 

cytokine stimulation, such as tumor necrosis factor- (TNF-), or mechanical stimuli (disturbed 

shear stress, injury)(26). However, although no images of adhesion molecule staining were 

included in the manuscript, the expression of adhesion molecules as means to discriminate the 

mechanical damage or stress on the endothelium imposed by the open versus the endoscopic 

procedure, might not be a reliable method. Indeed, the narrow time frame between the harvesting 

and the fixation of the RA specimens, may not be sufficient to allow the expression of adhesion 

molecules. Most likely, what the authors reported reflected an underline vascular inflammatory 

condition of the patients undergoing CABG.  
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Nowicki and coauthors used immunohistochemistry specifically for CD31 and eNOS, to 

evaluate endothelial integrity of RA grafts after open and endoscopic harvesting. The authors 

reported significantly higher endothelium preservation using the endoscopic approach. This fairly 

unique finding is in sharp contrast with almost all the published literature on the comparison of 

endoscopic vs. open conduit harvesting (including the saphenous vein) and is mainly explained by 

the surprising 42% endothelial preservation in the open group (a finding that was never 

reproduced in the other published series) (27). One puzzling aspect of their data is the expression 

of CD31 and eNOS in all the cells of the intima, media and adventitia. This finding suggests a poor 

specificity of the immunohistochemical approach employed. It is also important to consider that 

RA are from patients affected by cardiovascular diseases who have risk factors and therefore there 

is a generalized disease level of the vasculature, including inflammation, neointima proliferation, 

and some lipid depositions. In our study, we stained the endothelium with ERG which is a 

transcriptional factor expressed in the endothelial cells in some pathological conditions and has 

been reported as a better marker than CD31(18). Indeed, the ERG staining is highly specific and 

restricted to the endothelium (Fig. 2A).  

Finally, Medalion and colleagues used organ bath studies to evaluate the differences 

between the two harvesting techniques and found similar results between the two groups (2). 

Unfortunately, in this study the concentration-response to ACh was not performed but it was 

assessed only the vasodilation induced by 1x10-6 M of ACh, which limits the interpretation of these 

data. It is noteworthy to notice, that although not statistically significant, the vasodilation induced 

by ACh 1x10-6M had a tendency towards higher values in the open compared to the endoscopic 

RA, suggesting that the concentration-response curve of ACh could have evidenced differences 



 40 

between the two groups while a single dose of Ach might have overlooked. In this study, 

hematoxylin and eosin, Masson Trichrome and von Gieson staining revealed that all three arterial 

layer were preserved, indicating that no major mechanical damages were imparted by the surgical 

procedure. However, there was no specific staining for the endothelial cells and  quantification of 

the endothelial integrity was not performed, and the histology-based conclusions were rather 

qualitative. 

Of note, it has been suggested that endoscopic saphenous vein graft harvesting is 

associated with lower patency rates (28), which closely correlates with higher endothelial damage 

during the endoscopic compared to open procedure. Considering that arteries have spastic 

characteristics compared to veins, and that RA tends to be more spastic than other arterial graft, 

it is intuitive that even a small endothelial damage may potentially have a greater impact on the 

patency of the RA compared to the saphenous vein. 

The RA is the most used complementary arterial graft for CABG (1) , and it is a class IB 

recommendation in the 2018 ESC/EACTS Guidelines in the cases of target vessels with >90% 

stenosis (29). Due to its muscular wall, the RA is more prone to spasm than any other conduit used 

for CABG. For this reason, preservation of the functional integrity of the endothelium during 

harvesting is of paramount importance. It must be reminded that the suboptimal results reported 

in the initial experiences with RA grafts were mainly attributed to the traumatic preparation 

technique, and therefore to the high degree of vessel wall damage during the harvesting (30). 

CONCLUSIONS 



 41 

Our data show that the functional integrity of the endothelium of RA is better preserved 

with ORAH compared to ERAH.  We cannot speculate on the effect of the observed differences in 

the endothelial layer on short and long-term clinical outcomes. It is possible that the compromised 

endothelial function imposed by the ERAH is a self-limiting effect without any detrimental 

consequence in terms of graft spasm or failure. 

However, confirmation on our results in a larger cohort, including mid and long-term 

comparison of the patency rate and clinical outcomes of RA grafts obtained using the two 

harvesting technique, are needed to clarify this important questions. 
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ABSTRACT 

Background: There is a lack of evidence for the choice of the second conduit in coronary surgery. 

The radial artery (RA) is a possible option, but few data on very long-term outcomes exist. 

Objective: We describe 20-year results of RA grafts used for coronary artery bypass grafting and the 

effects of RA removal on forearm circulation. 

Methods: We report the results of the prospective 20-year follow‐up of the first 100 consecutive 

patients who received the RA as a coronary bypass conduit at our institution. 

Results: Follow-up was 100% complete. There were 64 deaths, 23 (35.9%) from cardiovascular 

causes. Kaplan-Meier 20-year survival was 31%. Thirty-three of 36 survivors (91.6%) underwent RA 

graft control at a mean of 19.0 ± 2.5 years after surgery. The RA was found to be patent in 24 cases 

(84.8% patency). In the overall population, probability of graft failure at 20 years was 19.0% ± 0.2% 

for the left internal thoracic artery (ITA), 25.0% ± 0.2% for the RA, and 55.0% ± 0.2% for the 

saphenous vein (SV) (p = 0.002 for RA vs. SV, 0.11 for RA vs. ITA, and <0.001 for ITA vs. SV). Target 

vessel stenosis >90%, but not location of distal anastomosis significantly influenced long-term RA 

graft patency. No patients reported hand or forearm symptoms. The ulnar artery diameter was 

increased in the operated arm (2.44 ± 0.43 mm vs. 2.01 mm ± 0.47 mm; p < 0.05) and correlated 

with the peak systolic velocity of the second palmar digital artery (Pearson’s coefficient 0.621; p < 

0.05). 

 

Conclusion: The 20‐year patency rate of RA grafts is good, and not inferior to the ITA, especially 
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when the conduit is used to graft a vessel with >90% stenosis. RA harvesting does not lead to hand 

or forearm symptoms, even at a very long-term follow-up. 
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INTRODUCTION 

The radial artery (RA) is the conduit most recently introduced in coronary artery bypass 

graft (CABG) surgery, after the great saphenous vein (SV) and the internal thoracic artery (ITA) (1). 

To date, there is evidence that the conduit has a postoperative patency rate higher than the SV 

and equivalent to the right ITA, and its use can lead to substantial clinical advantages in selected 

groups of patients (2). However, the RA is relatively underused. In a recent report from the Society 

of Thoracic Surgery Adult Cardiac Surgery Database, the RA was used in <6% of all primary isolated 

CABGs in the United States in the 2000 to 2009 period (3). 

One of the reasons for its limited adoption is probably the fact that, up to now, only 

limited information exists on very long‐term results of using the RA, with the great majority of 

the studies reporting a mean follow‐up of <10 years. In addition, previous reports (including 

ours) have expressed concerns about possible harm to the forearm circulation after RA 

harvesting (4). This has possibly further limited adoption of this conduit by the surgical 

community. 

In order to contribute to the diffusion of use of the RA as a coronary artery bypass 

conduit, we herein describe the results of the 20‐year prospective follow‐up of our initial cohort 

of 100 patients who received a RA graft for myocardial revascularization. 
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METHODS 

The use of the RA as a coronary artery bypass conduit was started prospectively at the 

Catholic University of Rome in January 1993, upon approval by the local Ethics Committee (5). 

For the first 100 consecutive patients, we adopted a very strict follow‐up protocol that included: 

 Yearly clinical examination 

 Yearly stress test or stress myocardial scintigraphy 

 1‐, 5‐ and 10‐year angiographic control studies 

 1‐, 5‐ and 10‐year echo Doppler evaluation of forearm circulation. 

Results of the 1‐5‐ and 10‐year clinical and angiographic follow‐ups, as well as detailed 

descriptions of the modifications of the forearm circulation after RA removal, and of the effects 

of the calcium-channel blocker therapy and morphofunctional remodeling of the artery after 

implantation in the coronary circulation were previously published (4‐10). In this report, we 

describe the 20‐year clinical, angiographic, 

and echo Doppler results for this cohort of 

patients. Patient Population and Surgical 

Technique 

Preoperative clinical details are summarized 

in Table 1.  

Details of our surgical technique have been published (5). Briefly, the same surgical team 

performed all operations, using cardiopulmonary bypass and cardioplegic arrest. The left ITA was 

usually used to graft the left anterior descending artery (LAD), whereas the RA was grafted to the 
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second target vessel. The RA target vessel was a branch of the circumflex artery in 53 cases, a branch 

of the right coronary artery in 36, and a diagonal in 11. SV grafts usually completed the 

revascularization, whereas the right ITA and the gastroepiploic artery were used in a minority of 

cases. The RA was anastomosed to the ascending aorta in 85 patients, and to the left ITA in the 

remaining patients.  

 Since beginning our study, we adopted systematic Doppler or echo Doppler assessment of the 

adequacy of collateral ulnar circulation before RA removal, according to a published method (10). The 

RA was always harvested from the nondominant arm, and bilateral RA harvesting was never performed. 

Long‐term calcium-channel blocker therapy (diltiazem, 120 mg/day) was prescribed for all 

patients for the first postoperative year. After the results of 2 prospective randomized trials by 

our group (8,9), calcium-channel blocker therapy was abandoned, and is not currently part our 

routine. 

 Each patient was followed up regularly at our institution 6 months after surgery and every 

year thereafter. At each time interval, clinical examination and echo Doppler evaluation of the 

forearm were performed, and the results of surface electrocardiography, stress myocardial 

scintigraphy, 24‐h Holter monitoring, and transthoracic echocardiography were reviewed. In the case 

of death during the follow-up period, all medical and autopsy reports were reviewed for attribution 

of the cause. For out-of-hospital fatalities, the death certificate was requested and reviewed. Death 

was considered cardiac in origin when it was preceded by evidence of myocardial ischemia, heart 

failure, or arrhythmia. 

 Angiographic control or (in recent years) computed tomography (CT)‐angiographic 
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assessment was proposed to all patients at the early (1 year), midterm (5‐year), long-term (10‐ 

year), and very long‐term (20‐year) follow‐up visits, and at any time when there was instrumental 

evidence of inducible ischemia. 

 Two experienced observers independently graded angiographies using a previously 

described 4-grade angiographic scale (perfectly patent, patent with irregularities, stringed, 

occluded) (6). 

Statistical Analysis 

 Data are expressed as mean ± standard deviation (SD). Statistical analysis was performed 

with an unpaired, 2‐tailed Student t test for means or the chi-square test for categorical variables. 

Competing risks analysis was used to estimate the cumulative incidence function for late graft 

occlusion for the 3 different conduits (10). In this analysis, patients who died from causes that could 

possibly be related to acute graft occlusion (myocardial infarction, arrhythmias) without perimortem 

angiographic verification of graft patency were considered as having all grafts occluded. Subgroup 

analysis was conducted according to the RA target (circumflex or right coronary artery) and the RA 

target stenosis degree (≥90% vs. <90%). 

 Adjustment for baseline characteristics was not required, as each of the 3 conduits analyzed 

was used in all patients, except for 9 subjects who did not receive SV grafts. All analyses were 

conducted with R (11). Spearman’s coefficient correlation was used to explore the association 

between morphological and hemodynamic measures at echo Doppler evaluation. 
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RESULTS 

Clinical results 

Follow‐up was 100% complete, and the mean follow‐up time was 20.8 ± 1.5 years. 

During this period, 64 of 100 patients died (64%). The cause of death was noncardiac in 41 cases and 

cardiac in 23 (35.9%). The causes of cardiac and 

noncardiac death are summarized in Table 

2. The Kaplan-Meier 20‐year survival curve is 

shown in Figure 1. During the follow-up, clinical or 

instrumental evidence of myocardial ischemia 

occurred in 79 patients; thus, the 20-year 

ischemia-free survival was 21%.  

20-year results 

Thirty-three of the 36 survivors (91.6%) underwent angiographic (30 patients) or angio- CT (3 cases)  

control studies at a mean of 19.0 ± 2.5 years after surgery.  

The main angiographic results are reported in Table 3. 

In these 33 patients, the very long‐term patency 

and perfect patency rates were, respectively, 

93.9% and 93.9% for the left ITA, 84.8% and 

72.7% for the RA, and 45.1% and 25.8% for the SV (p = 0.23 for the left ITA vs. RA comparison and 
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< 0.001 for both the ITA vs. SV 

and RA vs. SV comparisons).  

 The great majority (4 of 5 = 

80%) of the cases of RA 

occlusion or string sign occurred 

in patients in whom the artery 

was anastomosed to coronary 

arteries with stenosis ≤90%. No 

correlation was found between the location of the distal anastomosis (circumflex or right coronary 

artery) and the very long-term angiographic status (Table 4). 

Table 5 compares the 10‐ and 20‐year 

angiographic studies in the 30 patients who 

underwent both angiographies. Two RA grafts 

that were perfectly patent at 10 years were 

occluded at 20 years, and 2 others developed 

some irregularity between the 2 controls, leading to a drop in the patency and perfect patency rates, 

from 93.3% and 86.6% at 10 years to 86.6% and 76.6%, respectively, at 20 years.  
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Overall experience 

 During the 20 years of follow-up, 98 of the 100 

patients underwent at least 1 angiographic control 

study: 9 patients underwent 1, 49 underwent 2, and 

the remaining 40 underwent more than 2. The 

cumulative incidence of graft occlusion at 20 years 

was 19.0 ± 0.2% for the left ITA, 25.0 ± 0.2% for the RA and 55.0 ± 0.2% for the SV (p = 0.002 for RA 

vs. SV, 0.11 for RA vs. ITA and <0.001 for ITA vs. SV; Central Illustration). 

As detailed in the Methods section, in this analysis, patients who died from causes that may 

have been related to acute graft occlusion were considered as having all grafts occluded even in the 

absence of perimortem angiography. Graft occlusion was verified angiographically in 18 patients, 

and inferred from the clinical course in 8 cases. 

 The severity of target vessel stenosis had a major influence on graft patency. When the 

target vessel stenosis was ≥90%, the patency of the RA was similar to that of the left ITA, 25.8% for 

the SV (p = 0.23 for the left ITA vs. RA comparison and < 0.001 for both the ITA vs. SV and RA vs. SV 

comparisons). 

 The great majority (4 of 5 = 80%) of the cases of RA occlusion or string sign occurred in 

patients in whom the artery was anastomosed to coronary arteries with stenosis ≤90%. No 

correlation was found between the location of the distal anastomosis (circumflex or right coronary 

artery) and the very long-term angiographic status (Table 4). 

 Table 5 compares the 10‐ and 20‐year angiographic studies in the 30 patients who underwent 
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both angiographies. Two RA grafts that were perfectly patent at 10 years were occluded at 20 years, 

and 2 others developed some irregularity between the 2 controls, leading to a drop in the patency 

and perfect patency rates, from 93.3% and 86.6% at 10 years to 86.6% and 76.6%, respectively, at 

20 years. 

Overall experience 

 During the 20 years of follow-up, 98 of the 100 patients underwent at least 1 angiographic 

control study: 9 patients underwent 1, 49 underwent 2, and the remaining 40 underwent more than 

2. The cumulative 

incidence of graft 

occlusion at 20 

years was 19.0 ± 

0.2% for the left ITA, 

25.0 ± 0.2% for the 

RA and 55.0 ± 0.2% 

for the SV (p = 0.002 

for RA vs. SV, 0.11 for RA vs. ITA and <0.001 for ITA vs. SV; Central Illustration). 
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As detailed in the Methods section, in this analysis, patients who died from causes that may have 

been related to acute graft occlusion were considered as having all grafts occluded even in the 

absence of perimortem angiography. Graft occlusion was verified angiographically in 18 patients, 

and inferred from the clinical course in 8 cases. 

 The severity of target vessel stenosis had a major influence on graft patency. When the target 

vessel stenosis was ≥90%, the patency of the RA was similar to that of the left ITA, whereas for less 

severe stenosis, the angiographic outcome was more similar to that of the SV (Figure 2). The location 

of the distal anastomosis on the circumflex or right coronary system did not influence RA patency 

(Figure 3). 

Evaluation of forearm circulation 

 None of the patients had signs of 

symptoms of hand ischemia during 

the postoperative follow‐up. Twenty‐

five patients underwent echo 

Doppler evaluation of the forearm 

circulation at a mean interval of 17.6 

± 2.1 years from surgery. In the 

operated forearm, there was a 

significant increase in the diameter of 

the ulnar artery (2.44 ± 0.43 mm vs. 

2.01 ± 0.47 mm; p < 0.05). All others flow parameters were similar between the operated and 

control arms (Table 6). In the operated arm, there was a significant correlation between the 
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diameter of the ulnar artery and the PSV of the second proper palmar digital artery (Spearman’s 

coefficient 0.621; p = 0.41, Figure 4A). This correlation was absent in the control arm (Figure 4B). 
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DISCUSSION 

 Since the reintroduction of the RA as a conduit in coronary surgery in the early 1990s (1), its 

morphofunctional features, biological properties, and vasoreactive profile of RA grafts have been 

mostly elucidated (11). The early and intermediate angiographic patency rates have been published 

(2), and the Radial Artery Patency and Clinical Outcome trial should be reporting its 10‐year 

angiographic and clinical results this year. There is growing evidence that the patency rate of the RA 

is better than that of the SV (2). The RA contends with the right ITA for the role of the second artery 

for CABG, and is probably a better choice in patients at high risk of sternal complications (2,12). 

 Despite that, the RA is markedly underutilized. In a recent report from the Society of 

Thoracic Surgeons Adult Cardiac Surgery Database, this conduit was used in slightly more than 5% 

of all primary isolated CABG procedures performed in the United States from 2000 to 2009 (3). 

Possible reasons for this underuse are the lack of very long-term data and concerns of regarding 

accelerated atherosclerosis of the ulnar artery after RA removal (4). 

 To date, only 1 group has reported a RA follow‐up of >10 years. Acar et al. (who 

rediscovered the RA in the 1990s) reported their 20‐year experience in a cohort of 563 patients. At 

a 9.2-year mean follow‐up, freedom from overall and cardiovascular death was 80.3% and 92.7%, 

respectively. Angiographic follow‐up was obtained in 351 patients at a mean interval of 7.0 years 

from surgery, and the RA patency rate was 87.9%. In patients with the longest follow‐ up interval, 

the RA patency rate was 81.4% at 13.1 years (13). 

 In our series, the RA patency rate in the group of patients who reached the 20-year follow-

up was 84.8%, with a perfect patency rate of 72.7%. The status of the graft remained substantially 
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stable in the very long term, with only 2 occlusions occurring between the 10‐ and the 20‐year 

control studies in the group of patients who underwent both (Table 5). Overall, the long-term 

patency rate of the RA was not statistically different than that of the gold-standard ITA. 

Confirming previous observations (14), we found a strong correlation between the severity 

of the target vessel stenosis and the RA patency. When the RA was used to revascularize target 

vessels with ≥90% stenosis, the patency rate of the conduit was similar to that of the left ITA, whereas 

for a lower degree of coronary stenosis, the angiographic outcome was more similar to that of the 

SV (Figure 2). 

As in our previous reports (2,6), the location of the target vessel did not influence the graft 

outcome. In fact, the circumflex and right coronary artery distributions had similar RA graft patency 

rates (Figure 3). 

 The echo Doppler evaluation of the forearm circulation testified to the development of an 

adequate ulnar collateral circulation several years after surgery. The great majority of flow 

parameters were similar between the 2 forearms, and there was a clear correlation between the 

diameter of the ulnar artery and the PSV of the second proper palmar digital artery in the operated 

site. Most importantly, no patient had signs or symptoms of hand ischemia during the 20-year 

follow-up (and this is common to our overall experience in more than 1,600 RA cases). The small 

echo Doppler differences reported between the operated and control arms did not have a clinical 

correlate and, at this point of the follow‐up, are unlikely to ever have any. 

 On this basis, previous concerns about possible accelerated atherosclerosis in the ulnar 

artery of the operated forearm (4) seem unsubstantiated. This is an observational prospective 
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study, and has obvious limitations related to the sample size and lack of a control group. 

 However, the main strength of this study is the 100% complete prospective 20‐year clinical 

and serial angiographic follow‐up. 

In conclusion, the 20‐year angiographic outcome of RA conduits used for CABG is not 

inferior to that of the gold standard left ITA. The status of the artery remains stable during the 

very long-term follow‐up. The location of the target vessel does not influence graft status, whereas 

the severity of the coronary stenosis is a major determinant of patency. Finally, after harvesting 

of the RA, the ulnar collateral circulation provides sufficient flow to the arm and clinically evident 

forearm or hand ischemia never occurs, even at extended follow-up. 
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CHAPTER 4 

Radial-artery or saphenous-vein grafts  
in coronary-artery bypass surgery 
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ABSTRACT 

Background: Use of radial-artery grafts for coronary-artery bypass grafting (CABG) may improve 

postoperative outcomes as compared with use of saphenous-vein grafts. However, randomized 

controlled trials comparing radial-artery grafts and saphenous-vein grafts have been individually 

underpowered to detect differences in clinical outcome. We performed a patient-level meta-

analysis of randomized controlled trials comparing radial-artery grafts and saphenous-vein grafts 

for CABG. 

Methods: Six trials were identified. The primary outcome was a composite of death, myocardial 

infarction and repeat revascularization. The secondary outcome was graft patency at follow-up 

angiography. Mixed-effect Cox regression models were used to estimate the treatment effect on 

outcomes. 

Results: A total of 1036 patients were included in the analysis (534 patients with radial-artery 

grafts and 502 patients with saphenous-vein grafts). After a mean follow-up time of 60±30 

months, use of radial-artery grafts was associated with a significantly lower incidence of adverse 

cardiac events (HR 0.67; 95%CI 0.49-0.90; P=0.01). At follow-up angiography (mean follow-up 

50±30 months), use of radial-artery grafts was associated with a significantly lower risk of 

occlusion (HR 0.44; 95%CI 0.28-0.70; P<0.001). Use of radial-artery grafts was associated with a 

nominally lower incidence of myocardial infarction (HR 0.72; 95%CI 0.53-0.99; P=0.04) and a lower 

incidence of repeat revascularization (HR 0.50; 95%CI 0.40-0.63; P<0.001) but not a lower 

incidence of all-cause death (HR 0.90; 95%CI 0.59-1.41; P=0.68). 
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Conclusions: In comparison to use of saphenous-vein grafts, use of radial-artery grafts for CABG 

resulted in a lower rate of adverse cardiac events and a higher patency rate at 5-year follow-up.
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INTRODUCTION 

Despite the recommendations of the current guidelines, the use of multiple arterial grafts 

for coronary-artery bypass grafting (CABG) has not been widely adopted by the surgical 

community, and the great majority of patients in North America and Europe currently receive 

saphenous-vein grafts in addition to an internal-thoracic-artery graft to the left anterior 

descending coronary artery.(1) Surgical resistance to the use of multiple arterial grafts can be 

explained, at least in part, by the fact that the clinical benefit of additional arterial grafts reported 

in observational studies has not been confirmed in randomized clinical trials.(2) While several trials 

have demonstrated superior angiographic patency rates with radial-artery grafts over saphenous-

vein grafts,(2) these studies were individually underpowered to detect differences in clinical 

events. Therefore, whether use of radial-artery grafts can improve clinical outcomes remains 

unknown. To overcome the limitations of individual studies in detecting differences in clinical 

outcomes, a patient-level meta-analysis of randomized trials comparing radial-artery grafts vs 

saphenous-vein grafts for CABG was performed.  
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METHODS 

The RADIAL (Radial Artery Database International Alliance) project was initiated in March 

2015 by a group of clinical investigators conducting trials and research related to radial-artery 

grafting. One key aim of RADIAL was to combine individual patient-level data from individual trials 

comparing use of the radial artery and other conduits for CABG to provide the basis for meta-

analytic studies. The full list of the RADIAL investigators and the list of the detailed individual 

contributions to this study can be found in the Supplementary Appendix. The project was funded 

by the Department of Cardiothoracic Surgery of Weill Cornell Medicine. The funder had no role in 

the design or conduct of the study; in the collection, analysis, or interpretation of the data; or in 

the writing of the manuscript or the decision to submit it for publication. 

Search strategy and study selection 

The present analysis includes only randomized trials comparing the long-term (≥2 years) 

outcomes for patients randomized to receive either radial-artery grafting or saphenous-vein 

grafting to supplement left internal-thoracic-artery grafting during isolated CABG surgery. The full 

search strategy is listed in the Supplementary Appendix. 

After identification of trials for inclusion, the RADIAL investigators compared trial protocols 

and publications from each trial and then provided a detailed specification of core minimum data 

requirements to each trial team to prepare the data for pooling. After receipt, data were checked 

for missing values and for consistency. Data queries were resolved through direct consultation 

with each trial team before analysis. The most up-to-date follow-up information was also 
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requested from the trial investigators. Renal insufficiency was defined as preoperative serum 

creatinine >1.5 mg/dl.(3) 

The design of this analysis was published a priori on the International Prospective Register 

of Systematic Reviews (CRD42017077562) and the present report was conducted in accordance 

with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

recommendations. 

Outcomes 

The primary outcome was a composite of major adverse cardiac events during follow-up, 

including death, myocardial infarction or repeat revascularization. Each item of the composite 

outcome was also analyzed individually. Pre-specified subgroup analyses for the primary outcome 

were performed by age, gender, presence of diabetes, prior myocardial infarction, left ventricular 

ejection fraction <35%, preoperative renal insufficiency, and radial-artery graft target vessel. The 

secondary outcome was graft patency at protocol-defined follow-up angiography. Patency rate 

was graded according to the Fitzgibbon classification, (4) which grades graft patency as A (widely 

patent), B (flow limited), or O (occluded). For the purposes of our analysis, Grades A and B were 

considered patent and grade O occluded.   

Statistical analysis 

Baseline categorical variables were reported as counts and percentages and compared 

with a conditional regression analysis stratified by trial. Baseline continuous variables were 

reported as mean and standard deviation and compared with a 2-way analysis of variance 
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stratified by trial. Outcomes were reported as raw numbers and linearized event rates per 1,000 

patient-years to account for different follow-up durations across trials. Cumulative incidences 

were determined and graphically presented.  

The primary analysis for clinical and angiographic end points was performed based on the 

intention-to-treat principle using a 1-stage approach. Patient data were combined in a single 

dataset and fitted in a Cox regression model stratified by trial, using trial identifiers as random 

effects. A competing-risk framework was used to compute pseudo hazard ratios (HR) for 

myocardial infarction and repeat revascularization.(5) Treatment effect was presented as HR and 

95% confidence interval (CI). The proportional-hazard assumptions were verified using Schoenfeld 

residuals. Multivariable Cox models were implemented to investigate independent risk factors for 

graft occlusion including baseline characteristics and the chronic use of agents to prevent arterial-

graft spasm.   

For the primary end point, subgroup and interaction term analyses were used to 

investigate the pre-specified possible effect modifiers. A non-linear relationship between age and 

treatment effect was investigated by comparing model fitting using age as a linear term vs. as a 

spline function with an increasing number of knots. A potential age cut-off for the loss of benefit 

with the radial artery was evaluated with nonparametric bootstrap pointwise confidence limits 

computation across a range of ages.  

As a sensitivity analysis, the treatment effect for the primary end point was re-estimated 

using an as-treated analysis and a 2-step approach. The as-treated analysis was implemented using 

the conduit received as the treatment indicator, thus accounting for crossovers. For the 2-stage 
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approach, individual participant data were first analyzed in each separate study independently 

with Cox regression. This step produced aggregate data for each study with a mean treatment 

effect estimate and its standard error. Aggregate data were then synthesized in the second step 

using the generic inverse variance method and a fixed or random effects model in the case where 

I2 was lower or higher than 50%, respectively. An influence analysis was used to assess the 

influence of individual studies on the final estimate. Publication bias was evaluated by means of 

funnel plot and linear regression test for asymmetry.  

In a supplementary analysis, a generalized mixed-effect logistic regression using the 

original trials as a random effect was performed to assess the effect of conduit selection on the 

risk of perioperative stroke. A mixed-effect Cox regression was used to investigate potential risk 

factors for radial-artery graft occlusion and saphenous-vein graft occlusion (Supplementary 

Appendix). The saphenous-vein graft group was used as the reference in all analyses. All P values 

are two-sided. P values <0.05 were considered significant, without correction for multiple testing. 

Statistical analyses were performed using R 3.2.3 (R Foundation for Statistical Computing, Vienna, 

Austria).  
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RESULTS 

Study selection 

From 612 titles, 38 pertinent studies were included for full-text review. After review, 32 

studies were excluded because they did not meet the inclusion criteria. A total of six randomized 

trials were selected for the present analysis (6-11) including a total of 1305 patients with 5266 

patient-years of follow-up. Further details and the PRISMA flowchart and checklist are shown in 

Supplementary Appendix Figure S1 and Table S1. An overview of the included studies is reported 

in Table 1. The principal investigators of the six individual studies were contacted and all agreed 

to provide individual patient data. The principal investigators of the Stand-in-Y trial also provided 

updated follow-up data.  

Some of the individual trials had important study design issues that were addressed before 

pooling the data. The Stand-in-Y trial compared saphenous-vein grafts with either radial-artery 

grafts or right internal-thoracic-artery grafts in different arms of the trial. (7) The Radial Artery 

Patency and Clinical Outcomes (RAPCO) trial consisted of two separate trials, one of radial-artery 

grafts versus right internal-thoracic-artery grafts and one of radial-artery grafts versus saphenous-
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vein grafts. (9) For the present analysis, only patients included in the radial-artery graft vs. 

saphenous-vein graft comparison from Stand-in-Y and RAPCO were included. The trial of Petrovic 

et al. had no per-protocol angiography and patients underwent repeat angiography only for clinical 

indications.(10) The angiographic results of this trial were therefore not used for the analyses of 

graft occlusion. In the Radial Artery Patency Study (RAPS), each patient received both a radial-

artery graft and a saphenous-vein graft, and randomization was performed for the target coronary 

territory (within-patient randomization).(11) Due to the difficulty of attributing clinical events to 

the radial-artery graft or the saphenous-vein graft for any given patient, this study was used only 

for the sensitivity analysis of graft occlusion (Supplementary Appendix). 

Meta-analysis  

Overall, 534 and 502 patients receiving radial-artery grafts and saphenous-vein grafts, 

respectively, were compared for clinical outcomes. Baseline characteristics for these patients are 

summarized in Table 2. Age, sex, diabetes prevalence, severe left ventricular dysfunction (left 

ventricular ejection fraction <35%) and renal insufficiency were comparable between the two 

groups. Endoscopic harvesting of either the saphenous vein or the radial artery was not used in 

any study. The total number of grafts performed was similar in the radial-artery graft and the 

saphenous-vein graft groups. The target vessel was the left circumflex coronary artery and the 

right coronary artery in about 75% and 25% of cases respectively. 
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The main study outcomes are reported in Table 3. The mean follow-up time was 60±30 

months (median 60; 1st-3rd quartile 39-83; range 0-146). There was a significant reduction in the 

incidence of the composite primary end point of death, myocardial infarction or repeat 

revascularization in the radial-artery graft group compared with the saphenous-vein graft group 

(25 vs 39 events per 1000 patient-years; HR=0.67 [95% CI 0.49-0.90], P=0.01; Figure 1 Panel A). 

Radial-artery grafts were associated with a nominally lower incidence of myocardial infarction (6 

vs 9 per 1000 patient-years; HR=0.72 [95% CI 0.53-0.99], P=0.04) and a lower incidence of repeat 

revascularization (9 vs 17 per 1000 patient-years; HR=0.50 [95% CI 0.40-0.63], P<0.001) but not of 
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all-cause death (15 vs 17 per 1000 patient-years; HR=0.90 [95% CI 0.59-1.41], P=0.68; 

Supplementary Appendix Figure S2).  

Protocol-defined follow-up angiography was performed in 345 of 434 (79%) patients in the 

radial-artery graft group and in 307 of 402 (76%) patients in the saphenous-vein graft group. A 

comparison of baseline characteristics for patients with and without follow-up angiographic data 

is presented in Supplementary Appendix Table S2. The mean follow-up time to protocol 

angiography was 50±30 months (median 51; 1st-3rd quartile 29-68; range 1-143 months). The 

incidence rates for graft occlusion were 19 vs 46 events per 1000 patient-year in the radial-artery 

graft and the saphenous-vein graft groups, respectively; radial-artery grafts were associated with 

a significantly lower risk of occlusion (HR=0.44 [95% CI 0.28-0.70], P<0.001; Figure 1 Panel B).  
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The results of the sensitivity analyses were consistent with the main analysis (Supplementary 

Appendix, Figures S3, S4 and S5, and Table 

S3). A funnel plot of the included trials, 

shown in Supplementary Appendix Figure 

S6, did not suggest evidence of publication 

bias (P=0.32). No significant difference in 

perioperative stroke was found between 

the two groups (radial-artery grafts 0.7% vs 

saphenous-vein grafts 1.4%, odds 

ratio=0.71 [95% CI 0.23-2.11], P=0.53). 

Subgroup analysis  

A nominally significant interaction 

between age and treatment effect on 

major adverse cardiac events was found 

(P=0.04), and an age of 75 was identified as 

the cut-off for the loss of benefit from the 

radial artery. Interaction term analysis 

(Figure 2) showed a larger reduction in 

major adverse cardiac events with radial-artery grafts compared to saphenous-vein grafts in 

patients younger than 75 (P=0.008), in females (P=0.01) and, nominally, in those without renal 

insufficiency (P=0.02). Diabetes (P=0.35), left ventricular ejection fraction <35% (P=0.37) and prior 
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myocardial infarction (P=0.45) did not modify the treatment effect. The radial-artery graft target 

vessel did not significantly influence the treatment effect (P=0.42).  

The risk factors for occlusion of radial-artery grafts and saphenous-vein grafts are reported 

in Supplementary Appendix Table S4. Age was found to be an independent predictor of radial-

artery- but not saphenous-vein-graft occlusion. Female sex was found to be associated with a 

lower risk of radial-artery-graft occlusion and higher risk of saphenous-vein-graft occlusion. The 

use of chronic calcium channel antagonist therapy was found to be associated with a nominally 

significant lower risk of radial-artery-graft occlusion (details of the agents used to prevent arterial-

graft spasm are given in Supplementary Appendix Table S5). 
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DISCUSSION 

In this patient-level meta-analysis of randomized controlled trials comparing the radial 

artery and the saphenous vein as a second conduit for CABG, the use of radial-artery grafts was 

associated with a significantly lower risk of the composite of death, myocardial infarction or repeat 

revascularization and of the individual risk of myocardial infarction and repeat revascularization at 

a mean follow-up of 5 years. The use of radial-artery grafts was also associated with superior 

angiographic patency rates at protocol-defined angiography, which offers a biologically 

mechanistic explanation of the observed improvement in clinical outcomes.  

The clinical benefit associated with the use of radial-artery grafts seemed more evident in 

patients younger than 75 years, in females and in those without renal insufficiency. The radial-

artery graft target vessel was not found to be a significant effect modifier. As the attrition rate of 

saphenous-vein grafts but not of radial-artery grafts increases almost exponentially with time,(12) 

it is as yet unknown if the clinical difference in outcome apparent between the groups at 5 years 

could increase with a longer follow-up period. 

The use of multiple arterial grafts is recommended by current guidelines and professional 

societies’ position papers predominantly on the basis of large observational studies that have 

reported improved patient outcomes after CABG.(13-15) Despite these recommendations, arterial 

grafts have not been widely adopted; in the United States currently fewer than 10% of elective 

CABG patients receive more than one arterial graft and in less than 7% a radial-artery graft is 

used.(1) One of the reasons for their low use is that the superior clinical outcomes with multiple 

arterial grafts reported in registries have not been replicated in the randomized controlled trials. 
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Concerns exist that observational studies can be biased in favor of arterial conduits by unmatched 

confounders based on the unmeasurable (and unmatchable) judgment of the operating 

surgeons.16 None of the randomized controlled trials which compared radial-artery grafts with 

saphenous-vein grafts have individually found a difference in clinical outcome.(6-11) The present 

patient-level meta-analysis aimed to overcome limitations from individual studies by pooling those 

trials.  

Our analysis also revealed that superior patency of radial-artery grafts did not translate 

into a significant difference in survival at 5 years. The traditional concept of a direct relationship 

between coronary graft patency and survival is both intuitive and biologically plausible and is 

indirectly supported by studies demonstrating better survival for patients receiving a conduit with 

higher long-term patency when placed to the left anterior descending coronary artery.(17,18) 

However, while there is clear evidence that failure of grafts to the left anterior descending artery 

adversely affects survival, failure of grafts to other target vessels is more likely to result in non-

fatal cardiac events.(19,20) The present analysis has several limitations. Even using a meta-analytic 

approach, the overall number of patients is relatively small for a procedure as common as CABG. 

Also, patients enrolled in the six trials were highly selected. These aspects clearly limit the external 

validity of our work. The different trials used various surgical techniques, harvesting protocols and 

postoperative secondary prevention regimens. Also, different trials used various methods to 

evaluate the morbidity related to radial-artery harvesting and a pooled analysis of data for this 

outcome was not possible. However, in all the individual studies radial-artery harvesting was 

associated with only minor clinical symptoms and no overt hand complications.  
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There are also several limitations of the patency analysis in our study. In the main analysis, 

protocol-directed angiography was performed in only about three-quarters of trial participants, 

and the patients with and without follow-up angiography differed in clinical characteristics and 

risk. Also, two trials accounted for more than two thirds of all the angiographic data. However, we 

found no heterogeneity across included trials. The use of protocol-directed angiography renders 

the estimation of graft occlusion according to clinically directed angiography difficult. Finally, the 

estimates of repeat revascularization rates in angiographic trials may be inflated compared to 

results in clinical outcome studies, as repeat revascularization may be driven based on the 

angiographic rather than clinical findings.  

In summary, in a pooled analysis of randomized controlled trials comparing radial-artery 

grafts versus saphenous-vein grafts as second conduit for CABG, the use of radial-artery grafts 

resulted in a significantly lower rate of major adverse cardiac events and a better patency rate at 

a postoperative follow-up of 5 years.  
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CHAPTER 5 

Effect of Calcium-Channel Blocker Therapy on Radial Artery Grafts  
After Coronary Bypass Surgery 
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ABSTRACT 

Background: Few studies have evaluated the effect of chronic calcium-channel blocker therapy 

(CCB) on the angiographic and clinical outcome of radial artery (RA) grafts used for coronary 

bypass surgery (CABG). 

Objectives: To evaluate if CCB influences mid-term clinical and angiographic outcomes of RA grafts. 

Methods: Patient-level data of six angiographic randomized trials evaluating RA graft status at mid-

term follow-up were joined in this observational analysis. Cox regression and propensity score 

methods were used to evaluate the effect of CCB on the incidence of a composite of major adverse 

cardiac events (death, myocardial infarction and repeat revascularization-MACE) and graft 

occlusion.  

Results: The study population included 732 patients (502 on CCB). The median clinical follow-up 

was 60 months. The cumulative incidence of MACE at 36, 72 and 108 months was 3.7% vs. 9.3%, 

13.4% vs 17.6% and 16.8% vs 20.5% in the CCB and no CCB groups respectively (log-rank P=0.003). 

Protocol-driven angiographic follow-up was available in 243 patients in the CCB group and 200 in 

the no CCB. The median angiographic follow-up was 55 months. The cumulative incidence of RA 

occlusion at 36, 72 and 108 months was 0.9% vs. 8.6%, 9.6% vs 21.4% and 14.3% vs 38.9% in the 

CCB and no CCB group respectively (log-rank P<0.001).  After controlling for known confounding, 

CCB therapy was found to be consistently associated with a significantly lower risk of MACE 

(multivariate Cox HR 0.52[95%CI .31-0.89]; P=0.02) and RA graft occlusion (multivariate Cox HR 

0.20[95%CI 0.08-0.49]; P<0.001).   
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Conclusions: In patients with RA grafts CCB is associated with significantly better mid-term clinical 

and angiographic RA outcomes.  
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INTRODUCTION 

The RADIAL (Radial Artery Database International ALliance) project is a combined patient-

level dataset including six randomized trials (RCTs) that have compared the radial artery (RA) with 

other conduits at mid-term follow-up. In a recent publication from the RADIAL database we have 

shown for the first time using randomized data that the use of the RA as the second conduit for 

coronary artery bypass (CABG) is associated with a significant reduction in the risk of mid-term 

cardiac events compared to the use of the saphenous vein (1).  

Although in recent years the use of the RA has been very limited among the surgical 

community, the publication of the results of the primary analysis of RADIAL and the consequent 

Class I indication in the 2018 ESC/EACTS Guidelines,(2) are likely to elicit renewed interest for the 

artery and the issues related to its use for CABG. One of the most important unsolved questions is 

the role of chronic calcium-channel blocker therapy (CCB) for CABG patients who received one or 

more RA grafts. 

In fact, due to the thick muscular wall of the RA and of the concerns of graft spasm, CCB is 

traditionally prescribed postoperatively for CABG RA patients (3). This practice, however, is weakly 

supported by the published literature. 

Only few studies to date have evaluated the effect of CCB on the angiographic and clinical 

outcome of RA grafts and, in most cases, the results have been neutral.(4) One major problem is 

that, due to the high patency rate and excellent clinical outcome of the RA, a very large sample 
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size is required to detect even moderate differences in angiographic and clinical outcomes. All the 

published series were very likely largely underpowered for this purpose. 

CCB is associated with non-negligible side-effects and costs.(5) Also, due to its hypotensive 

effect, the use of CCB may preclude the use of other evidence-based therapy such as beta blockers 

or angiotensin converting enzyme inhibitors. For these reasons the evaluation of CCB efficacy in 

patients with RA grafts is of major relevance for the patients and the cardiovascular community. 

Our primary study objective was to assess whether CCB use after RA CABG affects the 

midterm clinical and angiographic outcomes and address the described power limitations by 

pooling individual patient data from multiple RCTs in this post-hoc analysis. 
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METHODS 

Dataset 

The RADIAL initiative was created in March 2015 with the aim to combine dataset from 

trials on the RA to facilitate meta-analytic studies. Details of the projects have previously been 

published (1). The list of the RADIAL investigators is enclosed in Online Table 1. 

In the present study, we analyzed individual patient level data from all patients who 

received the RA in the published RCTs comparing the long-term (≥2 years) outcomes of the RA and 

other conduits. The 6 RCTs included are: the Radial Artery Patency and Clinical Outcomes (groups 

1 and 2), the Radial Artery Patency Study (RAPS), Radial Artery Versus Saphenous Vein Patency 

Study, Petrovic, Stand-in-Y and Yoo trials.(6–11) Postoperative CCB was recommended per 

protocol in each of the individual trials, with differences in the type of drug used and the duration 

of the treatment (Online Table 2). 

The RA was used on the second most important coronary target vessel in all trials except 

for RAPS. In RAPS, within-patient randomization was used and patients with three vessel disease 

were randomized to receive both a saphenous vein and a RA graft randomly allocated to the right 

or the circumflex coronary artery. For this reason, in RAPS the RA was used on either the second 

or third most important target coronary vessel. To minimize confounders, data from RAPS were 

not used for the main analysis but were included in a sensitivity analysis on RA graft occlusion.  

Outcomes 
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The primary outcome was a composite of major adverse cardiac events (death, myocardial 

infarction and repeat revascularization - MACE) at maximum follow-up. The secondary outcome 

was RA graft occlusion at maximum follow-up. Patency rate was graded according to Fitzgibbon 

classification (12). Grade A and B were considered patent and grade O occluded. Individual 

components of the primary composite outcome were also analyzed individually. 

Statistical analysis  

Continuous variables were tested for normality and were reported as means and standard 

deviations or median and interquartile range (IQR) and the two groups (CCB and no CCB) were 

compared using with t-test or Wilcoxon–Mann–Whitney. Baseline categorical variables were 

reported as counts and percentages and compared with chi-squared test. Time-to-event 

outcomes were reported as a cumulative incidence using Kaplan Meier estimates and the two 

groups were compared using log-rank test. For the primary composite endpoint of death, 

myocardial infarction and repeat revascularization and for RA graft occlusion, cumulative 

incidences were graphically presented using Kaplan Meier estimates (survival and survminer R 

package). To account for differences in baseline characteristics between patients who received 

CCB and those who did not, several adjustment methods were used for the computation of 

treatment effect estimates on primary endpoints. Treatment effect was initially calculated using 

univariate and multivariable Cox models forcing all baseline characteristics with further 

stratification by individual trials. Covariates included in the Cox models were: CCB, age, gender, 

diabetes, previous myocardial infarction, surgical priority, renal insufficiency, target vessel, 

location of RA proximal anastomosis and off-pump surgery. Treatment effect was reported as 
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hazard ratios (HR) with 95% confidence intervals (CI). The proportional hazard assumptions were 

verified using the Schoenfeld residuals. Furthermore, propensity score methods including inverse 

propensity score weighting (IPSW) and propensity score stratification were used to adjust for 

confounding (details provided in the Supplementary Material, Online Figures 1 and 2, and Online 

Tables 3-5) (13). The effect of individual CCB classes (amlodipine and diltiazem) was also tested 

using univariate and multivariate Cox regression. Finally, we investigated whether CCB therapy 

duration influenced the incidence of primary outcomes (MACE and graft occlusion) by forcing CCB 

therapy duration (as linear or spline terms) in a Cox regression model (patients who did not receive 

CCB therapy included as CCB duration =0). Non-linearity between CCB therapy duration and 

incidence of endpoint of interest was tested by means of ANOVA test and the model with highest 

X2 and lowest degree of freedom was selected (restricted cubic spline 2 knots). R version 3.1.2 

(2014-10-31) was used for all statistical.  
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RESULTS 

The study population included 732 patients (502 treated with CCB). Protocol-driven 

angiographic follow-up was available in 243 patients in the CCB group and 200 in the no CCB. 

Details of the baseline and intraoperative characteristics of patients of the two group are given in 

Table 1. Median clinical follow-up was 60[IQR 39-66] months 

and median angiographic follow-up was 55[IQR 31-65] 

months. The main clinical outcomes are summarized in 

Table 2. The cumulative incidence of MACE at 36, 72 and 108 

months was 3.7% vs. 9.3%, 13.4% vs 17.6% and 16.8% vs 

20.5% in the CCB and no CCB groups respectively (log-rank 

P=0.003; Figure 1 left). The cumulative incidence of RA 

occlusion at 36, 72 and 108 years was 0.9% vs. 8.6%, 9.6% 

vs 21.4% and 14.3% vs 38.9% in the CCB and no CCB group 

respectively (log-rank P<0.001; Figure 1 right).  After controlling for confounding with several 

methods (Table 3 and Figure 2), CCB therapy was found to be consistently associated with a 
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significantly lower risk of MACE 

(multivariate Cox HR 0.52[95%CI .31-

0.89]; P=0.02) and RA graft occlusion 

(multivariate Cox HR 0.20[95%CI 

0.08-0.49]; P<0.001). When classes of 

CCB were analyzed separately, we 

found that both diltiazem 

(multivariate Cox HR 0.29[0.11-0.73]; 

P=0.008) and amlodipine 

(multivariate Cox HR 0.42[95%CI 

0.23-0.76]; P=0.005) were associated with a lower risk of MACE when compared to no-CCB 

(Central illustration). Among patients undergoing angiographic follow-up, we found that both 

diltiazem (multivariate Cox HR 0.20[95%CI 0.07-0.51]; P<0.001) and amlodipine (multivariate Cox 

HR 30[95%CI 0.12-0.74]; P=0.009) 

were associated with a lower risk of 

RA graft occlusion when compared 

to no CCB (Central Illustration). 

Finally, we found that CCB therapy 

duration was associated with the risk 

of MACE (P<0.001, Figure 3 left) and 

graft failure (P= 0.03, Figure 3right). Specifically, we found that CCB therapy for 1 year was 

associated with a greater reduction in MACE than a shorter duration of CCB treatment (P<0.001). 
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A benefit of a longer duration of CCB therapy was not demonstrated (P=0.08), although the 

numbers of patients on prolonged CCB therapy was small. A similar relationship was found 

between CCB therapy duration and the risk of graft occlusion, with a significant reduction in graft 

occlusion for CCB therapy lasting 1 year compared to shorter period (P=0.006) but a further trend 

could not be demonstrated with longer treatment (P=1). The sensitivity angiographic analysis 

including RAPS confirmed the robustness of the primary analysis (Online Tables 6-9).  
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DISCUSSION 

In this patient-level pooled 

analysis of six RCTs on the mid-term 

clinical and angiographic outcomes of 

RA graft we found that the use of CCB 

was associated with a significantly 

lower risk of MACE and higher RA 

patency rate. We also found that 

duration of CCB for at least one year 

was associated with a reduction of 

clinical events and graft occlusion 

compared to shorter treatment and that diltiazem and amlodipine were associated with a similar 

protective effect. 

Among all the conduits used for CABG, the RA is the only muscular artery. Histologic studies 

have shown that the thickness of the muscular component of the RA is almost twice that of the 

internal thoracic artery.(14) This thick muscular media is the anatomic explanation of the well-

known hyper-reactivity of RA rings reported in pharmacological studies. Chardigny and coauthors 

in a classic organ bath experiment have shown that the spastic response of the RA to 

norepinephrine, serotonin, and thromboxane A2 is significantly higher than that of any other 

conduit used for CABG (15). 
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Those peculiar morpho-functional features of the RA and the consequent concerns of 

postoperative RA spasm are the reasons behind the empiric use of CCB in patients with RA grafts. 

It must be noted that in the years after implantation in the coronary circulation, RA grafts 

lose most of the muscular component of the media and of their spastic tendency, becoming very 

similar to internal thoracic artery grafts (16). On this basis, it is possible that the benefits of CCB 

are limited to the initial postoperative period. 

The previous literature on the effect of CCB in patients with RA graft is controversial. In a 

small previous RCT Gaudino et al assigned 120 patients who received the RA for CABG to continue 

or suspend the CCB using Diltiazem after the first postoperative year and found no difference in 

graft patency, graft reactivity, scintigraphically-evident myocardial ischemia or clinical outcomes 

at 5-year follow-up. (17). Subsequently the same authors in another small trial randomized 100 

patients to receive or not the same CCB regimen from the early postoperative period and reported 

again lack of differences in clinical, scintigraphic and angiographic outcomes (18). In a angiographic 
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series of 50 patients, Moran and colleagues found similar clinical outcomes and angiographic 

patency among RA patients who received CCB with Diltiazem or not.(19) Similarly, a post-hoc 

analysis of the Radial Artery Patency Study found that among 440 RA patients the incidence of 

string sign (the highest degree of RA graft spasm) was not affected by the compliance with the 

prescribed postoperative CCB, although compliance with CCB use was high (419/440).(20). Due to 

the very high patency rate and excellent clinical outcomes of RA grafts however it is very likely that 

all the individual published studies were largely underpowered to detect even moderate 

differences in outcome. 

Despite this lack of solid evidence, CCB is routinely prescribed in most centers after RA 

grafting. A 2003 survey of all Canadian cardiac surgery centers reported that some form of anti-

spastic therapy was adopted in almost all institutions (25/27) after RA grafting (3) and to our 

knowledge, similar postoperative protocols are used in other parts of the world. 

The chronic use of calcium channel blockers or other anti-spastic agent is associated with 

non-negligible side-effects and considerable costs. In a large community-based study, Kloner and 

associates reported that edema occurred in 24% of the patients on chronic therapy with 

amlodipine, headache in 8.8% and fatigue and dizziness in more than 4%.(21) Also, the 

hypotensive effect of CCB may preclude the use of other preventive therapies such as beta 

blockers and angiotensin converting enzyme inhibitors. For these reasons, an objective evaluation 

of the effect of CCB in patients with RA grafts is of relevance for the patients and cardiovascular 

community. 
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Our data suggest that in patients with RA grafts, the use of CCB for at least the first 12 

months is associated with better clinical and angiographic outcomes. 

Some limitations of this analysis must be acknowledged. Most importantly, although the 

original studies were randomized and had similar inclusion criteria, this post-hoc analysis shares 

the limitations of observational studies especially in term of indication biases. Despite the 

extensive use of statistical adjustments, it is likely that hidden and unmeasured confounders and 

biases may persist. Matching and adjustment techniques can only adjust for measurable and 

measured variables while they are ineffective with regards to unknown or unmeasured 

confounders. Subtle but important differences in surgical expertise, pre- and postoperative care 

and complementary secondary prevention strategies may have influenced the observed results. 

Also, despite being the largest study on this topic published to date, the sample size of the analysis 

is limited and its estimates may be relatively imprecise. However, the reproducibility of the main 

finding in all the analyses using different statistical techniques is a strong argument in favor of the 

solidity of our main findings. 

In conclusion, our results show that the use of CCB is associated with higher patency rate 

and better clinical outcomes at 5 years in patients with RA grafts. Those data support the routine 

use of CCB, at least for the first 12 months after CABG using the RA. 
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ABSTRACT 

Background: We used a large patient-level dataset including six angiographic randomized trials 

(RCTs) on coronary artery bypass conduits to explore incidence and determinants of coronary graft 

failure. 

Methods: Patient-level angiographic data of six RCTs comparing long-term outcomes of the radial 

artery and other conduits were joined. Primary outcome was graft occlusion at maximum follow-

up. The analysis was divided as follows: 1) left anterior descending coronary (LAD) distribution, 2) 

non-LAD distribution (circumflex and right coronary artery). To identify predictors of graft 

occlusion, mixed model multivariable Cox regression including all baseline characteristics with 

stratification by individual trials was used.  

Results: 1091 patients and 2281 grafts were included (921 left internal mammary arteries, 74 right 

internal mammary arteries, 710 radial artery and 576 saphenous veins; all left internal mammary 

arteries were used on the LAD, the other conduits were used on the non-LAD distribution; mean 

angiographic follow up: 65±29 months). Occlusion rate was 2.3%, 13.5%, 9.4%, 17.5% for the left 

internal mammary arteries, right internal mammary arteries, radial artery and saphenous veins, 

respectively. At multivariable analysis type of conduit used, age, female gender, left ventricular 

ejection fraction<50% and use of the Y graft were significantly associated with graft occlusion in 

the non-LAD distribution.  

Conclusions: Our analyses showed that failure of the left internal mammary arteries to LAD bypass 

is a very uncommon event. For the non-LAD distribution, the non-use of radial artery, age, female 
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gender, left ventricular ejection fraction<50% and use of the Y graft configuration were 

significantly associated with mid-term graft failure. 
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INTRODUCTION 

Although the relationship between graft status and clinical outcome is less clear than usually 

accepted,(1) it seems reasonable to say that the primary goal of coronary bypass grafting (CABG) 

operations is long-term patency of the bypass grafts. 

Despite the five decades history of CABG surgery and the fact that it is the most common cardiac 

surgery procedure performed in adults, the current evidence on the frequency of and risk factors 

determining graft occlusion is surprisingly limited.  

The great majority of observational series have major biases and limitations in particular with 

regards to the completeness of the angiographic follow-up. On the other hand angiographic 

randomized trials (RCTs) have minimal risk of bias and much higher completeness of follow-up, 

but taken individually have  usually a  sample size inadequate to allow a meaningful exploration of 

the determinants of graft patency. 

In this manuscript we use a large patient-level dataset including six angiographic RCTs of CABG 

conduits to explore the incidence and determinants of coronary graft failure. 
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METHODS 

Dataset 

Details of the Radial Artery Database International Alliance (RADIAL) project have 

previously been published (2). The list of the RADIAL investigators is enclosed in Supplementary 

Table 1. Briefly, RADIAL is a patient-level database pooling six RCTs comparing the long-term 

outcomes of the radial artery (RAD) and other conduits at a mean follow-up ≥2 years. The 6 RCTs 

included are: the Radial Artery Patency and Clinical Outcomes (RAPCO, groups 1 and 2), the Radial 

Artery Patency Study (RAPS), the Radial Artery Versus Saphenous Vein Patency Study (RSVP), 

Petrovic, Stand-in-Y and Yoo trials.(3–8) 

In the present analysis, we included all available individual angiographic patient level data 

from all the angiographic trials. As Petrovic’s trial had no angiographic follow-up, it was excluded 

from the present analysis. 

Outcomes 

The primary outcome was graft occlusion at maximum follow-up. Graft angiographic status 

was graded according to the Fitzgibbon classification (9). Grade A and B were considered patent 

and grade O occluded.  

Statistical analysis  

Continuous variables were tested for normality and were reported as means and standard 

deviations or median and interquartile range (IQR). The t-test or Wilcoxon–Mann–Whitney test 



 

 123 

were used to compare continuous variables. Categorical variables were reported as counts and 

percentages and compared with Chi-squared test. Time-to-event outcomes were reported as a 

cumulative incidence using Kaplan Meier estimates and curves were compared using log-rank test. 

Due to the differences in target vessel characteristics and conduits used, the analysis for 

graft occlusion was divided as follows: 1) left anterior descending coronary (LAD) distribution, 2) 

non- LAD distribution (including the circumflex and the right coronary artery [LCX and RCA]). 

To identify predictors of graft occlusion, mixed model multivariable Cox regression 

including all baseline characteristics with stratification by individual trials was used. Covariates 

included in the Cox models were: age, gender, diabetes, previous myocardial infarction (MI), 

surgical priority, renal insufficiency, left ventricular ejection fraction (LVEF), target vessel, location 

of proximal anastomosis, number of grafts per patient and off-pump surgery (OPCABG). Treatment 

effect was reported as hazard ratios (HR) with 95% confidence intervals (CI). The proportional 

hazard assumptions were verified using Schoenfeld residuals. R version 3.1.2 (2014-10-31) was 

used for all statistical analyses and p value significance was set at 0.05. 
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RESULTS 

Overall, 1091 patients and 2281 grafts were included in the angiographic analysis, 

representing 71.8% of the total number of the patients enrolled in the five RCTs (1091/1519). 

The mean age was 64.9±9.5 years, there were 

825 males (75.6%), 329 cases were diabetics 

(30.2%), 349 (32.0%) had previous MI, and 170 

(15.6%) had LVEF <50%. The mean number of 

grafts per patient was 3.4±0.7. Demographics of 

the study population are reported in Table 1.  

There were 921 left internal mammary arteries 

(LIMA), 74 right internal mammary arteries 

(RIMA), 710 RAD and 576 saphenous veins 

(SVG). All LIMA were used on the LAD, while the other conduits were used on the non-LAD 

distribution. 

The mean angiographic follow up was 65±29 months, with small variations for the different 

conduits. The occlusion rate was 2.3% (21/921) for the LIMA, 13.5% (10/74) for the RIMA, 9.4% 

(67/710) for the RAD and 17.5% (101/576) for the SVG (see Table 2). Baseline features and 
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angiographic follow-up data stratified for the second conduit received are provided in 

Supplementary Table 2; Occlusion rates stratified according to the type of second conduit and 

target vessel are shown in Supplementary Table 3. 

LAD analysis 

Age, previous MI, surgical priority and LVEF <50% were significantly different between 

patients with open and occluded graft (Supplementary Table 4). However, at multivariable 

regression none of these variables was significantly associated with graft occlusion (Table 3). 

Non-LAD analysis 
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At multivariable analysis the type of conduit used, age ≥ 75 years, female gender, LVEF <50% and 

use of the Y graft technique were significantly associated with graft occlusion (Table 4).  

The RAD has significantly better patency rate than all the other conduits (Figure 1). This was 

confirmed for both the LCX and RCA distribution (Figure 2).  

The better patency rate of the RAD was 

confirmed for both genders, although 

for women the level of statistical 

significance was higher (Figure 3).  

The use of the Y graft technique was 

associated with a significantly higher 

occlusion rate (Figure 4). This was 

mainly driven by the lower patency 

rate of RAD Y grafts; for the SVG the 

difference between aorta-

anastomosed and Y grafts did not reach statistical significance (Supplementary Figure 1). Occlusion 

rates stratified for the type of proximal anastomosis are provided in Supplementary Table 5. 
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DISCUSSION 

With 1091 patients and 2281 grafts at a mean follow-up of 65±29 months and a re-

angiography rate of almost 72% RADIAL is one of the largest and the most complete coronary graft 

angiographic databases. The results of our analysis show that the failure of the LIMA to LAD bypass 

is a very uncommon event, so that even with a large patient sample, it was not possible to define 

independent risk factors for it. 

For the non-LAD distribution, the non-use of the RAD, age ≥ 75 years, female gender, LVEF 

<50% and use of the Y graft configuration were significantly associated with mid-term graft failure. 

Published observational angiographic databases on coronary graft failure are usually 

limited by the low rate of angiographic follow-up and the selection bias due to the fact that 

symptomatic patients are more likely to be submitted to re-angiography. Most of the available 

angiographic series on graft patency have a re-angiography rate between 20 and 40% (10,11) and 

are of often limited to cases of angina recurrence. The Project of Ex-vivo Vein Graft Engineering 

via Transfection (PREVENT) IV trial, the second largest prospective angiographic database after 

RADIAL, had an angiographic follow-up rate of 51%.(12) The low re-angiography rate and the fact 

that patients who missed follow up are likely to be different from patients who underwent re-

angiography make extrapolation of the published results to the overall CABG population 

unreliable.  
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On the other hand, most of the included angiographic RCTs had a good re-angiography 

rate, and by pooling the five angiographic RCTs, this post-hoc analysis of RADIAL was aimed to 

overcome the power limitations of the individual studies. 

The better patency rate of the RAD compared to the SVG has been firmly established.(2) 

We were able to confirm that the RAD outperforms the SVG for both the circumflex and right 

coronary distribution and in both genders (although the difference was larger in women). This is 

concordant with observational series with a high re-angiography rate.(13) 

The RADIAL Database was not designed to compare the RIMA with any conduit. Although 

in this series the patency rate of the RITA is lower than reported, this analysis is clearly 

underpowered and should be viewed with skepticism.  

Our finding of an increased failure rate for Y grafts is in contrast with those of other 

authors.(14) However, it is known that Y grafts (in particular using the RAD) are more sensitive to 

the detrimental effect of competitive flow (15) and this may be a potential mechanism behind 

their higher failure rate. 

This study has important limitations. While the original studies were RCTs, this analysis 

shares the problems of observational series. Hidden and unmeasured confounders may persist 

despite statistical adjustment. Differences in surgical expertise, and follow-up angiographic 

protocols among trials may have influenced our findings.  

Despite these limitations, RADIAL is one of the largest and most complete angiographic 

databases on CABG conduits. We confirm that failure of the LIMA to LAD bypass is a very 
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uncommon event. For the non-LAD distribution, the non-use of RAD, age ≥75 years, female 

gender, LVEF <50% and use of the Y graft configuration were significantly associated with mid-

term graft failure. These patency data should inform future surgical planning and clinical decision 

making.  
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ABSTRACT 

Background: There remains uncertainty regarding the second best conduit after the internal 

thoracic artery (ITA) in coronary artery bypass grafting (CABG). Few studies directly compared the 

clinical results of the radial artery (RA), right ITA (RITA) and saphenous vein (SV). No network meta-

analysis (NMA) has compared these three strategies.  

Methods and Results: MEDLINE and EMBASE were searched for adjusted observational studies and 

randomized controlled trials comparing the RA, SV and/or RITA as the second conduit for CABG. 

The primary endpoint was all-cause long-term mortality. Secondary endpoints were operative 

mortality, perioperative stroke, perioperative myocardial infarction (MI) and deep sternal wound 

infection (DSWI). Pairwise and NMAs were performed. 149,902 patients (4 randomized, 31 

observational studies) were included (RA=16,201, SV=112,018, RITA=21,683). At NMA, the use of 

SV was associated with higher long-term mortality compared to the RA (incidence rate ratio 

(IRR)=1.23, 95%CI=1.12-1.34) and RITA (IRR=1.26, 95%CI=1.17-1.35). The risk of DSWI for SV was 

similar to RA but lower than RITA (OR=0.71, 95%CI=0.55-0.91). There were no differences for any 

outcome between RITA and RA, although DSWI trended higher with RITA (OR=1.39, 95%CI=0.92-

2.1). The risk of DSWI in BITA studies was higher when the skeletonization technique was not used. 

Conclusions: The use of the RA or the RITA is associated with a similar and statistically significant 

long-term clinical benefit compared to the SV. There are no differences in operative risk or 

complications between the two arterial conduits, but DSWI remains a concern with bilateral ITA 

when skeletonization is not used. 
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INTRODUCTION 

One of the most important unresolved question in contemporary coronary artery bypass 

(CABG) surgery is the choice of the conduit to complement the internal thoracic to left anterior 

descending artery anastomosis. 

The radial artery (RA), the right internal thoracic artery (RITA) and the saphenous vein (SV) 

are all being currently used routinely, although the majority of the surgeons favor the SV. 

Abundant observational evidence suggests a survival benefit for the use of arterial grafts 

and the current guidelines encourage a wider use of the RA or the RITA especially in patients with 

long life expectancy.(1–4) However, the reported benefit of arterial grafts has not been confirmed 

in a large RCT and it has been hypothesized that the survival benefit seen in observational studies 

may be due to unmatched confounders and treatment allocation bias.(5,6) An important 

additional unresolved question is the relative role of the RITA and RA. Although the RITA is 

biologically identical to the left internal thoracic artery, data comparing the patency rate and 

clinical outcome of the two arterial grafts has been contradictory and inconclusive.(7,8) 

Network meta-analysis (NMA) with adjusted indirect comparison among treatments is a 

useful technique to reduce potential for heterogeneity or allocation biases, in particular when 

analyzing both RCT and observational studies.(9) 

To date, the only published NMA comparing the SV, RITA and RA as the second conduit in 

CABG focused only on angiographic patency and not on clinical outcomes.(10) Due to the well-

known discrepancy between occlusion of grafts to non-left anterior descending arteries and 
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clinical outcomes,(11) a similar analysis focusing on clinical endpoints is of particular relevance to 

the surgical community. 

Here, we performed a NMA with the aim to specifically investigate the differences in late 

survival (primary outcome) and other clinical outcomes according to the type of second graft used 

for CABG.  



 

 142 

METHODS 

The authors declare that all supporting data are available within the article and its online 

supplementary files. This systematic review and network meta-analysis, follows the Preferred 

Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement.(12) 

Data sources and Systematic Literature Review 

Ovid’s version of MEDLINE and EMBASE were searched from add year here to February 

2018 (full search strategy attached in Supplementary Table 1). Inclusion criteria were: English 

language publications, adjusted or matched observational studies or RCTs comparing RA and/or 

SV and/or RITA as the second conduit for CABG. In addition, we searched recent meta-analyses 

and reviews on this topic for potential additional studies. All citations were reviewed by three 

investigators independently (A.A., A.D.F. and M.R.) and any disagreements were resolved by 

consensus. In case of overlapping studies, the largest series were included.  

Data extraction and quality assessment 

Data extraction was performed independently by two investigators (A.A. and A.D.F.). The 

following variables were included: study demographics (sample size, number of centers, 

institutions involved, publication year, study period, design and country, length of follow-up), 

patient demographics (age, sex, diabetes and ejection fraction) and procedural (use of 

skeletonization) and postoperative data. The quality of the included studies was assessed by the 

Newcastle-Ottawa Scale (NOS - Supplementary Table 2).(13) Only RCTs and observational studies 

of high quality (NOS score >6) were included in the final analysis.  
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Outcomes 

The primary outcome was all-cause long-term mortality. The secondary outcomes were 

operative mortality, perioperative stroke, perioperative myocardial infarction (MI), and deep 

sternal wound infection (DSWI), as defined in the original articles.  

Two levels of analyses were conducted for all outcomes: A) Pairwise meta-analysis 

between arterial grafts (with either RITA or RA) and SV and between RITA and RA. B) Network 

meta-analyses between RITA, RA and SV.  

Data synthesis and analysis 

Pairwise Meta-analysis 

Late outcomes were pooled as the natural logarithm of the incident rate ratio (IRR) to 

account for potentially different follow-up durations between the groups. We estimated the IRR 

through several means depending on the available study data. When hazard ratios (HRs) for 

matched (preferentially) /adjusted cohorts were provided, we took the natural logarithm of the 

HR; the standard error (SE) was derived from the 95% CI or log rank p-value.(14) When Kaplan 

Meier (K-M) curves were present, we estimated the event rates from the curves using GetData 

Graph Digitizer software 2.26 (http://getdata-graph-digitizer.com/). In case of missing K-M curves, 

we used the reported event rates in order to calculate the IRR, as previously described.(15,16)  

Short-term binary outcomes were pooled using log odds ratio (OR) with 95% confidence interval 

(95%CI) using the generic inverse variance method.9   Random effect meta-analysis was performed 

using meta and metafor packages in R (version 3.3.3 R Project for Statistical Computing).(17,18) 
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Heterogeneity was reported as: low (I2=0-25%), moderate (I2 =26-50%), high (I2>50%).(19) In 

random-effects meta-analysis, the extent of variation among the effects observed in different 

studies (between-study variance) is referred to as Tau2 (i.e. the variance of the true effect size 

parameters across the population of studies). Tau2 reflects the amount of true variance 

(heterogeneity) while Tau is the estimated standard deviation of underlying true effects across 

studies and they are used to describe the distribution of true effects; if there is no variance 

between studies, Tau2 is low (or zero).(20–22) We reported Tau2 values throughout Tables and 

Figures, as appropriate. 

Sensitivity analysis using leave-one-out analysis and publication bias assessment by funnel 

plot and Egger’s test were conducted for the primary outcome. Subgroup analysis was used to 

compare the relative results of RITA and RA vs SV. Meta-regression was used to explore the effect 

of age, gender diabetes and preoperative ejection fraction on the IRR for the primary outcome.  

Network meta-analysis 

Network (Multiple-treatment) meta-analysis was conducted in R (version 3.3.3 R Project 

for Statistical Computing) using “netmeta” statistical package based on the method described by 

Rücker.(23–25)  Inconsistency was evaluated with Cochran’s Q.(26) Pooled log incidence rate 

ratios (IRR) with 95% confidence intervals (CIs) was used to determine the relative effect estimates 

of late outcomes. Odds ratios (ORs) with 95% CIs were used for the binary outcomes. A random 

effect model was preferentially used to improve the model fit but results using a fixed model were 

also reported. 
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Inconsistency in NMA was evaluated by conducting conventional pairwise meta-analyses and 

testing consistency by comparing the direct and indirect evidence. Consistency equation used was 

μBC = μAC - µAB where µAB is the treatment effect for treatment B compared to treatment 

A.(27,28) We used Cochran’s Q statistic to assess inconsistency and presence of P<0.05 signifies 

inconsistency. Statistical significance (at the 5% level) was declared when 95% confidence interval 

did not cross the line of no effect. For the primary outcome, a Network Meta-Regression (NMR) 

was used to relate the size of treatment effect to potential effect modifiers (mean age, percentage 

of female, percentage of diabetics and mean preoperative ejection fraction). NMR was conducted 

using logit transformation method with random effect model with no priori. The logit 

transformation was used as suggested by other authors.(29,30)  
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RESULTS 

Description of the included studies and of the population 

A total of 2,455 studies were retrieved and 35 met inclusion criteria and were included in 

the final meta-analysis (Supplementary Figure 1). Seven studies were international and 

multicenter, eleven studies were from USA, four from Canada, three from each of Italy and United 

Kingdom, two from each of Japan and Australia and one from each of Austria, Serbia and Argentina 

(Tables 1 and 2).(31–65)  

A total of 149,902 patients were included (RA =16,201, SV=112,018 and RITA=21,683) from 

4 RCTs (n=1,932) and 31 observational studies (n=147,970). Demographics of the included studies 

are shown in Tables 1 and 2. 

The number of patients in the individual studies ranged from 182 to 48,241 (91 to 4577 in 

the RA group, 91 to 46343 in the SV group and 118 to 2215 in the RITA group). The mean age 

ranged from 56.0 to 72.1 (56.3 to 72.1 years in the RA group, 57.1 to 70.6 years in the SV group 

and 56.2 to 69.2 in the RITA group). Female gender ranged from 1.1 to 43.8% (1.0 to 43.1% in the 

RA group, 1.1 to 41.6% in the SV group and 7.3 to 43.8% in the SV group). Most patients had a 

normal or low-normal EF (range 42-59.4%). The incidence of diabetes ranged from 5.1 to 53.2% 

(6.5 to 45.1% in the RA group, 12.0 to 43.8% in the SV group and 5.1 to 53.3% in the RITA group).  

Pairwise Meta-analysis 

The main results of the pairwise meta-analysis are summarized in Table 3. 
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At a mean follow-up of 6.9 years, the use of any arterial graft (RA or RITA) was associated 

with lower long-term mortality compared to the use of the SV (IRR 0.80, 95%CI= 0.75-0.85). There 

was a significantly higher risk of DSWI (OR 1.27, 95%CI=1.05-1.54) in the arterial graft group. 

Operative mortality (OR 0.68, 95%CI= 0.55-0.83), perioperative MI (OR 0.77, 95%CI= 0.64-0.92) 

and perioperative stroke (OR 0.80, 95%CI= 0.65-0.98) were lower in the arterial graft group.  

The use of the RA was associated with lower long-term mortality (IRR=0.81, 95%CI=0.73-

0.90) at a mean follow-up of 8.1 years compared to the SV. Operative mortality (OR 0.66, 95%CI= 

0.46-0.95) and perioperative stroke (OR= 0.73, 95%CI=0.54-1.00) were lower in the RA group, 

while the risk of perioperative MI (OR= 0.67, 95%CI 0.42-1.07) and DSWI were similar (OR= 1.10, 

95%CI= 0.80-1.51). 

The use of the RITA was associated with lower long-term mortality (IRR=0.80, 95%CI= 0.73-

0.86) at mean 8.5 years follow-up compared to SV. Perioperative MI (OR=0.79, 95%CI 0.65-0.96) 

and operative mortality (OR=0.68, 95%CI= 0.53-0.87) were lower in the RITA arm. There was no 

difference in perioperative stroke (OR=0.85, 95%CI= 0.62-1.16), while the risk of DSWI higher in 

the RITA group (OR=1.33, 95%CI= 1.04-1.69). 

When directly comparing the two arterial grafts, the use of RITA was associated with similar 

long-term mortality (IRR=0.96, 95%CI=0.83-1.11) at 7.1 years mean follow-up compared to the RA. 

The risk of perioperative MI (OR=0.32, 95%CI 0.03-3.13) and perioperative stroke (OR= 0.87, 

95%CI=0.45-1.68) were similar between the two arterial grafts. There was a significantly higher 

risk of DSWI (OR=2.22, 95%CI=1.09-4.54) and operative mortality (OR=1.76, 95%CI: 1.21-2.55) in 

the RITA group. When limiting the analysis to the studies where the skeletonization technique was 
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used for ITA harvesting, no difference in DSWI between the RA and RITA groups was found 

(Supplementary Figure 2). 

A subgroup analysis for the primary outcome comparing the results of RCTs vs non-RCTs 

studies is provided in the Supplementary Material (Supplementary Figure 3).  

Leave one out analysis was robust for the primary outcome in the main analysis (arterial 

grafts vs SV. (Supplementary Figure 4a). Funnel plot Egger’s test intercept for the primary outcome 

in arterial versus venous comparison was -0.64±0.46, P=0.17 (Supplementary Figure 4b). 

Network Meta-analysis 

The results of the network meta-analysis are summarized in Figure 1, Supplementary Tables 

3 and 4. 
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The use of the SV was associated with higher late mortality (IRR=1.23, 95%CI=1.12-1.34) 

and operative mortality (OR=1.71, 95%CI=1.17-2.52) compared to the RA. The risk of perioperative 

MI (OR=1.32, 95%CI=0.84-2.07) perioperative stroke (OR=1.30, 95%CI=0.90-1.88) and DSWI 

(OR=0.98, 95%CI=0.67-1.46) was not statistically different was similar when compared to the RA. 

  The use of the SV was associated with higher late mortality (IRR=1.26, 95%CI=1.17-1.35), 

operative mortality (OR=1.45, 95%CI=1.14-1.84) and perioperative MI (OR=1.30, 95%CI=1.06-

1.61) compared to the RITA. The risk of perioperative stroke (OR=1.24, 95%CI=0.93-1.64) was not 
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statistically different, and the risk of DSWI (OR=0.71, 95%CI=0.55-0.91) was lower with the SV 

compared to the RITA. 

 The use of RITA was associated with similar late mortality (IRR 0.98, 95%CI 0.89-1.07) and 

perioperative MI (OR 1.01, 95%CI 0.62-1.65) compared to the RA. There was a trend towards 

higher risk of DSWI in the RITA group (OR=1.39, 95%CI=0.92-2.1), while operative mortality and 

stroke were similar for the two arteries. 

At NMR, mean age, percentage of female, percentage of diabetics and mean preoperative 

ejection fraction were not found to significantly modify the treatment effect (Supplementary 

Figure 5). 
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DISCUSSION 

The balance between possible better long-term clinical and angiographic outcomes of 

arterial grafts and the potential risk of harvesting site complications and the increased technical 

complexity associated to their use, has been the center of a continuous debate over the last 25 

years.(66) Also, the relative efficacy of the RITA and RA as the second arterial grafts remains 

controversial.(7) 

Several pairwise meta-analysis on the topic have been previously published.(1,67,68) 

However pairwise meta-analyses have known limitations in terms of heterogeneity of the included 

studies and potential for treatment allocation bias. NMAs have been proposed to overcome the 

limitations of the pairwise comparison, especially when summarizing the evidence of RCT and 

observational studies.(9,69) It has been suggested that NMA can be superior to classical pairwise 

analyses especially in case of comparison of a new treatment to a standard one.(70) 

This is the first NMA specifically addressing the differences in clinical outcomes according 

to the type of second graft used for CABG. The only published network meta-analysis on the 

subject focused only on the patency rates of conduits and did not include clinical outcomes.(10) 

Due to the demonstrated absence of a consistent correlation between angiographic failure and 

clinical events,(11) a deeper understanding of the clinical impact of the type of second conduit 

used for CABG seems of major relevance.  

The results of our study support the superiority of the use of a second arterial over venous 

graft, and suggest the equivalence in long-term and perioperative outcomes among RITA and RA.  
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The superior mid-term patency rate of arterial grafts (especially the RA) has been 

convincingly demonstrated in RCTs and observational studies.(50,71–74) A large amount of 

observational evidence also suggest a clinical benefit in term of survival and event-free survival for 

the use of the RA or the RITA instead of the SV as the second graft.(1,7,75,76) However, we have 

recently shown how unmatched confounders are present even in the best comparative 

observational studies and suggested that a treatment allocation bias may be responsible for the 

better clinical outcome of patients receiving more than one arterial graft.(6)  

This type of bias is potentially present even in the present meta-analysis, but the additional 

power and precision of NMA in defining relations and interactions between treatments from the 

aggregated estimates of all the available evidence should permit a more efficient comparison 

among different strategies.(9)  

Our results are in line with those of a recent patient-level meta-analysis on the comparison 

between the RA and the SV.(76) However, at first sight, our results appear to contradict the overall 

neutral findings of the Arterial Revascularization Trial (ART) where, on the primary intention to 

treat analysis, there was no difference in survival between single and bilateral ITA grafts at 10 years 

(in press). However, 40% of patients in the ART trial received a different treatment from that 

initially proposed and an as treated analysis showed a significant survival benefit in patients 

receiving more than one arterial graft consistent with the results of the current study.  Difference 

in sample size and length of follow-up and the fact that in observational studies the 

revascularization strategy is based on surgical judgement and not mandated by protocol are 

possible explanations for these apparent contradictions.  
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A key finding of this study is the demonstration of equivalence between the RITA and RA 

in respect to all the short and long-term clinical outcomes. Of note, in our analysis the relative 

survival benefit of the RITA and RA compared to the SV were identical (SV versus RITA and RA 

IRR=1.26, 95%CI=1.17-1.35). Although there was a trend towards higher risk of DSWI with RITA, 

this risk became non-significant in a subgroup analysis of studies where the skeletonization of ITA 

was employed. This finding is in accordance with what reported by previous meta-analyses(7) and 

by a post-hoc analysis of the ART trial.(77)  

The literature on the comparison between RITA and RA is discordant. We previously  

published a pairwise meta-analysis of the propensity matched studies comparing the two arterial 

grafts and found that the use of RITA was associated with a 25% relative reduction in the risk of 

long-term mortality.(7) The reason underlying the discrepancy between our previous meta-

analysis and the present findings is probably related to the different sample size (149,902 patients 

with 6.9 years of follow-up for the present analysis versus 15,374 patients and a range of 45 to 

168 months follow-up for the previous pairwise comparison). Also, our previous analysis did not 

include two recent large studies comparing the two arterial grafts.(33,40) Finally, the use of NMA 

and direct/indirect comparisons allow for better precision around estimates compared to pairwise 

comparisons. 

Of note, in a large study the Society of Thoracic Surgeons National Database of more than 

1.4 million patients, Schwann et al. showed significantly higher perioperative mortality and risk of 

DSWI using the RITA, but not the RA, versus the SV as the second graft – findings that were also 

demonstrated in this present study.(8) The authors also described a significant volume to outcome 
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relation for the use of RITA, but not of the RA. Similarly, in a meta-analysis of 34 BITA series and 

27,000 BITA patients, we recently identified a highly significant BITA use-to-outcome relationship 

for long-term survival and incidence of DSWI that was independent from the well-known CABG 

volume/outcome effect.(78) These findings suggest that BITA grafting may be more technically 

demanding than the use of the single ITA and that a volume/outcome relation can explain the 

marginally increased operative risk in the RITA arm. 

A key point when using the RA for CABG is the degree of target vessel stenosis. It has been 

shown that the patency rate of RA grafts is strongly influenced by the degree of target coronary 

stenosis.(79–81) In fact, a target vessel stenosis >70% was a common criteria for using the RA in 

the studies included in this meta-analysis (Table 2). 

This study shares the usual limitations of meta-analyses of observational studies.(82) 

Despite statistical adjustment and the use of NMA, between-studies heterogeneity remains a 

source of bias. Important details such as the etiology of follow-up of death, the protocols used to 

reduce the risk of DSWI (with the exception of skeletonization of the ITA) and the incidence of 

repeat revascularization were not systematically retrievable and could not be included in our 

analyses.  

Additionally, we recognize that despite including only adjusted studies,  the presence of 

unmeasured confounders and treatment allocation biases cannot be excluded.(6) However, the 

NMA approach utilized and the low-moderate grade heterogeneity found across the studies 

should have attenuated these biases. 
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In conclusion, in a NMA of adjusted observational and randomized studies comparing the 

RA, the RITA and the SV as the second conduit for CABG, we found that the use of the RITA or the 

RA was associated with a similar long term clinical benefit compared to the use of the SV. No 

differences in late and operative mortality, and postoperative complications was found between 

the two arterial conduits, although DSWI remains a concern after BITA grafting if skeletonization 

is not used.   
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CHAPTER 8 

GENERAL DISCUSSION 
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Since the reintroduction of the radial artery as a conduit in coronary surgery in the early 

1990s (1), its morphofunctional features, biological properties, and vasoreactive profile have been 

mostly elucidated (1). The early and intermediate angiographic patency rates have been published 

(2), and the Radial Artery Patency and Clinical Outcome trial should be reporting its 10‐year 

angiographic and clinical results this year. There is clear evidence that the patency rate of the 

radial is better than that of the saphenous vein (2). The radial artery contends with the right 

internal thoracic artery for the role of the second artery for coronary artery bypass grafting 

(CABG), and is probably a better choice at least in patients at high risk of sternal complications. 

(2,3) 

Among all the conduits used for CABG, the radial artery is the only muscular artery. 

Histologic studies have shown that the thickness of the muscular component of the radial artery 

is almost twice that of the internal thoracic artery.(4) This thick muscular media is the anatomic 

explanation of the well-known hyper-reactivity of radial artery rings reported in pharmacological 

studies. Chardigny and coauthors in a classic organ bath experiment have shown that the spastic 

response of the radial artery to norepinephrine, serotonin, and thromboxane A2 is significantly 

higher than that of any other conduit used for CABG.(5) Our study showed for the first time that 

open radial artery harvesting is associated with better preservation of the endothelial function 

compared to the endoscopic harvesting.  We found vasodilation in response to acetylcholine to 

be significantly higher in radial artery harvested with open approach (p0.001 vs endoscopically). 

Endothelial integrity was not different between the two groups. 
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The use of multiple arterial grafts is recommended by current guidelines and professional 

societies’ position papers predominantly on the basis of large observational studies that have 

reported improved patient outcomes after CABG.(6-8) Despite these recommendations, arterial 

grafts have not been widely adopted; in the United States currently fewer than 10% of elective 

CABG patients receive more than one arterial graft and in less than 7% a radial-artery graft is 

used.(9) One of the reasons for their low use is that the superior clinical outcomes with multiple 

arterial grafts reported in registries have not been replicated in the randomized controlled trials.  

In our analysis of the 20-year outcomes of radial artery grafting, the radial artery patency 

rate in the group of patients who reached the 20-year follow-up was 84.8%, with a perfect patency 

rate of 72.7%. The status of the graft remained substantially stable in the very long term, with only 

2 occlusions occurring between the 10‐ and the 20‐year control studies in the group of patients 

who underwent both. We found that the long-term patency rate of the radial artery was not 

statistically different than that of the gold-standard internal thoracic artery. Confirming previous 

observations (10), we found a strong correlation between the severity of the target vessel stenosis 

and the radial artery patency. When the radial artery was used to revascularize target vessels with 

≥90% stenosis, the patency rate of the conduit was similar to that of the left internal thoracic 

artery, whereas for a lower degree of coronary stenosis, the angiographic outcome was more 

similar to that of the saphenous vein. 

In our patient-level meta-analysis of randomized controlled trials comparing the radial 

artery and the saphenous vein as a second conduit for CABG, the use of radial-artery grafts was 

associated with a significantly lower risk of the composite of death, myocardial infarction or repeat 
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revascularization and of the individual risk of myocardial infarction and repeat revascularization at 

a mean follow-up of 5 years. The use of radial-artery grafts was also associated with superior 

angiographic patency rates at protocol-defined angiography, which offers a biologically 

mechanistic explanation of the observed improvement in clinical outcomes. The clinical benefit 

associated with the use of radial-artery grafts seemed more evident in patients younger than 75 

years, in females and in those without renal insufficiency. The radial-artery graft target vessel was 

not found to be a significant effect modifier. Our analysis also revealed that superior patency of 

radial-artery grafts did not translate into a significant difference in survival at 5 years. 

The previous literature on the effect of calcium channel blockers (CCB) in patients with 

radial artery graft is controversial. In a small previous randomized controlled trial, we assigned 120 

patients who received the radial artery for CABG to continue or suspend CCB therapy using 

Diltiazem after the first postoperative year and found no difference in graft patency, graft 

reactivity, scintigraphically-evident myocardial ischemia or clinical outcomes at 5-year follow-up. 

(11) Subsequently, in another small trial, we randomized 100 patients to receive or not the same 

CCB regimen from the early postoperative period and reported again lack of differences in clinical, 

scintigraphic and angiographic outcomes.(12) In a angiographic series of 50 patients, Moran and 

colleagues found similar clinical outcomes and angiographic patency among radial artery patients 

who received CCB with Diltiazem or not.(13) Similarly, a post-hoc analysis of the Radial Artery 

Patency Study found that among 440 radial artery patients, the incidence of string sign (the highest 

degree of radial artery graft spasm) was not affected by the compliance with the prescribed 

postoperative CCB, although compliance with CCB use was high (419/440).(14) Due to the very 

high patency rate and excellent clinical outcomes of radial artery grafts, however, it is very likely 



 

 180 

that all the individual published studies were largely underpowered to detect even moderate 

differences in outcome. We overcame this limitation by pooling patient-level data of six 

angiographic randomized trials evaluating radial artery graft status at mid-term follow-up. 

We found that the use of CCB was associated with a significantly lower risk of major 

adverse cardiac events and higher radial artery patency rate. We also found that duration of CCB 

for at least one year was associated with a reduction of clinical events and graft occlusion 

compared to shorter treatment and that diltiazem and amlodipine were associated with a similar 

protective effect. 

In our analysis of angiographic outcome of coronary artery bypass grafts in 1091 patients 

and 2281 grafts at a mean follow-up of 65±29 months using the Radial Artery Database 

International ALliance (RADIAL) database, we found the failure of the left internal mammary artery 

to left anterior descending artery (LAD) bypass to be a very uncommon event, so that even with a 

large patient sample, it was not possible to define independent risk factors for it. For the non-LAD 

distribution, the non-use of the radial artery, age ≥ 75 years, female gender, left ventricular 

ejection fraction <50%, and use of the Y graft configuration were significantly associated with mid-

term graft failure. 

The balance between possible better long-term clinical and angiographic outcomes of 

arterial grafts and the potential risk of harvesting site complications and the increased technical 

complexity associated to their use, has been the center of a continuous debate over the last 25 

years.(15) Also, the relative efficacy of the right internal thoracic artery and radial artery as the 

second arterial grafts remains controversial.(16) Several pairwise meta-analysis on the topic have 
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been previously published.(17–19) However pairwise meta-analyses have known limitations in 

terms of heterogeneity of the included studies and potential for treatment allocation bias. 

Network meta-analyses (NMA) have been proposed to overcome the limitations of the pairwise 

comparison, especially when summarizing the evidence of randomized controlled trials and 

observational studies.(20) It has been suggested that NMA can be superior to classical pairwise 

analyses especially in case of comparison of a new treatment to a standard one.(21) 

We performed the first NMA specifically addressing the differences in clinical outcomes 

according to the type of second graft used for CABG. The only published NMA on the subject 

focused only on the patency rates of conduits and did not include clinical outcomes.(22) Due to 

the demonstrated absence of a consistent correlation between angiographic failure and clinical 

events,(23) a deeper understanding of the clinical impact of the type of second conduit used for 

CABG seemed of major relevance. The results of our study showed the superiority of the use of a 

second arterial over venous graft, and suggest the equivalence in long-term and perioperative 

outcomes among right internal thoracic artery and radial artery.  

In conclusion, the radial artery is an easily harvested and versatile conduit with a growing 

body of literature supporting the safety and efficacy of radial artery grafting during CABG.  Current 

Guidelines clearly support radial artery grafting use during CABG as an adjunct to a left internal 

thoracic artery to LAD.  It increasingly appears that either the radial artery or right internal thoracic 

artery may be used as the preferred second arterial conduit supporting the left internal thoracic 

artery to LAD graft.  Multiple arterial bypass grafting using the radial artery should be routine in 
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those patients with the appropriate coronary anatomy, life expectancy and no contraindications 

to radial artery use.    
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This thesis analyzes the clinical outcomes of the radial artery as a coronary artery bypass 

conduit, compares it to other conduits, and describes the factors associated with graft patency. 

This was achieved through original research and several individual patient-data and aggregate 

meta-analyses. 

The first part of this thesis (Chapter2) describes the effects of different radial artery 

harvesting techniques (open versus endoscopic) on the structural integrity and functions of the 

endothelium of radial artery. The harvesting techniques were analyzed by evaluating endothelial-

dependent vasorelaxation to acetylcholine as well as quantitative structural analysis of the 

endothelial integrity. Open radial artery harvesting was found to be associated with a significantly 

higher endothelium-dependent vasodilation. However, further investigation on the potential 

implications of these findings in terms of graft spasm and patency as well as clinical outcomes are 

needed.  

This is followed by a presentation of the 20‐year long-term results of the radial artery as a 

coronary artery bypass surgery (CABG) conduit in our institution in Chapter 3. The 20‐year patency 

rate of radial artery grafts is good, and not inferior to the internal thoracic artery, especially when 

the conduit is used to graft a vessel with >90% stenosis. Radial artery harvesting does not lead to 

hand or forearm symptoms, even at a very long-term follow-up. To provide the most robust 

evidence to date on the use of the radial artery, Chapter 4 summarizes our patient-level meta-

analysis of randomized trials comparing radial-artery grafts to saphenous-vein grafts for CABG to 

describe the clinical outcomes of radial artery grafting. The purpose of this was to pool data from 

all the randomized controlled trials comparing the radial artery to the saphenous vein that 
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individually were underpowered to detect clinical differences. In comparison to use of saphenous-

vein grafts, use of radial-artery grafts for CABG resulted in a lower rate of adverse cardiac events 

and a higher patency rate at 5-year follow-up. 

In Chapter 5, we study the role of calcium channel blockers on the midterm clinical and 

angiographic outcomes of the radial artery.  In patients with radial artery grafts, calcium channel 

blocker use is found to be associated with significantly better mid-term clinical and angiographic 

radial artery outcomes. Chapters 6 and 7 compare the radial artery to other CABG conduits 

through large patient-level datasets including six angiographic randomized controlled trials of 

CABG conduits to explore the incidence and determinants of coronary graft failure for different 

conduits. Our analyses showed that failure of the left internal mammary arteries to left anterior 

descending artery (LAD) bypass is a very uncommon event. For the non-LAD distribution, the non-

use of radial artery, age, female gender, left ventricular ejection fraction<50% and use of the Y 

graft configuration were significantly associated with mid-term graft failure.  

The differences in late survival and other clinical outcomes according to the type of second 

graft used (radial artery versus right internal thoracic artery versus saphenous vein grafts) for 

CABG are also compared in a network meta-analysis. The use of the radial artery or the right 

internal thoracic artery is associated with a similar and statistically significant long-term clinical 

benefit compared to the saphenous vein. There are no differences in operative risk or 

complications between the two arterial conduits, but deep sternal wound infection remains a 

concern with bilateral internal thoracic artery when skeletonization is not used. 
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Chapter 2. In this study, endothelial-dependent vasorelaxation to acetylcholine as well as 

quantitative structural analysis of the endothelial integrity were performed in open and 

endoscopic harvested radial arteries using a more contemporary approach. Our study showed for 

the first time that open radial artery harvesting is associated with better preservation of the 

endothelial function compared to the endoscopic harvesting. 

Chapter 3. To contribute to the diffusion of use of the radial artery as a coronary artery bypass 

conduit, we described the results of the 20‐year prospective follow‐up of our initial cohort of 100 

patients who received a radial artery graft for myocardial revascularization. In our series, the radial 

artery patency rate in the group of patients who reached the 20-year follow-up was 84.8%, with a 

perfect patency rate of 72.7%. The status of the graft remained substantially stable in the very 

long term, with only 2 occlusions occurring between the 10‐ and the 20‐year control studies in the 

group of patients who underwent both. Overall, the long-term patency rate of the radial artery 

was not statistically different than that of the gold-standard internal thoracic artery. 

Chapter 4. To overcome the limitations of individual studies in detecting differences in clinical 

outcomes, a patient-level meta-analysis of randomized trials comparing radial-artery grafts vs 

saphenous-vein grafts for coronary artery bypass grafting was performed. The use of radial-artery 

grafts was associated with a significantly lower risk of the composite of death, myocardial 

infarction or repeat revascularization and of the individual risk of myocardial infarction and repeat 

revascularization at a mean follow-up of 5 years. The use of radial-artery grafts was also associated 

with superior angiographic patency rates at protocol-defined angiography, which offers a 

biologically mechanistic explanation of the observed improvement in clinical outcomes. 
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Chapter 5. This study assesses whether calcium channel blocker use after radial artery coronary 

artery bypass grafting affects the midterm clinical and angiographic outcomes by pooling 

individual patient data from multiple randomized controlled trials. The use of calcium channel 

blocker was associated with a significantly lower risk of major adverse cardiac events and higher 

radial artery patency rate. We also found that duration of calcium channel blocker use for at least 

one year was associated with a reduction of clinical events and graft occlusion compared to 

shorter treatment and that diltiazem and amlodipine were associated with a similar protective 

effect. 

Chapter 6. In this manuscript, we use a large patient-level dataset including six angiographic 

randomized controlled trials of coronary artery bypass grafting conduits to explore the incidence 

and determinants of coronary graft failure. With 1091 patients and 2281 grafts at a mean follow-

up of 65±29 months and a re-angiography rate of almost 72%, our Radial Artery Database 

International ALliance (RADIAL) database is one of the largest and the most complete coronary 

graft angiographic databases. The results of our analysis show that the failure of the left internal 

mammary artery to left anterior descending bypass is a very uncommon event, so that even with 

a large patient sample, it was not possible to define independent risk factors for it. 

Chapter 7. We performed a network meta-analysis with the aim to specifically investigate the 

differences in late survival (primary outcome) and other clinical outcomes according to the type 

of second graft used for coronary artery bypass grafting. The use of the radial artery or the right 

internal thoracic artery is associated with a similar and statistically significant long-term clinical 

benefit compared to the saphenous vein. There are no differences in operative risk or 
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complications between the two arterial conduits, but deep sternal wound infection remains a 

concern with bilateral internal thoracic artery when skeletonization is not used. 
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