
140

REVIEWS AND LECTURES

УДК 616-008.9-021.6-02:616.12/.13]-092.9
https://doi.org/10.20538/1682-0363-2022-3-140-153

Diagnostic radiology methods for assessing coronary artery bypass graft 
viability

Vesnina Zh.V., Grakova E.V.

Cardiology Research Institute, Tomsk National Research Medical Center (NRMC), Russian Academy of Sciences  
111а, Kievskaya Str., Tomsk, 634012, Russian Federation

ABSTRACT

The review describes available modern radiological methods which are currently applied for a detailed and 
comprehensive anatomical and functional assessment of the viability of various coronary artery bypass grafts. In 
addition, it presents some aspects of the implementation of these methods and clinical interpretation of the results.
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РЕЗЮМЕ

В обзоре представлено описание лучевых инструментов и методов, доступных в настоящее время, для 
получения тщательной и полной анатомической и функциональной оценки состоятельности различных 
коронарных шунтов, а также некоторые детали выполнения и клинической интерпретации результатов 
этих исследований.
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INTRODUCTION

Coronary artery disease (CAD) is one of the 
leading causes of morbidity and mortality world-
wide, affecting nearly 20% of people over 65 years 
[1] and accounting for 370,000 deaths each year 
[2]. The clinical and prognostic benefits of coronary 
artery bypass grafting (CABG) are well accepted, 
because the surgical method allows to achieve com-
plete revascularization in patients with multivessel 
CAD and is performed in over 1 million patients 
annually [3]. Although the 5-year survival after 
CABG is 75–80% [4, 5], nearly 20% of patients 
develop congestive heart failure (CHF) within  
2 years after the surgery [6]. CABG provides excel-
lent short- and intermediate-term results, but a long-
term outcome is highly dependent on the patency of 
the vascular conduits used.

Venous grafts are more susceptible to the deve- 
lopment of pathological changes due to the fact that 
the structure of the vessel itself is not designed for 
high blood pressure. Impaired vascular tone, ves-
sel dilation, and slowed blood flow can eventually 
cause thrombosis of the graft. Over time, the ve-
nous conduit can adapt to the arterial blood flow, 
but becomes susceptible to atherosclerotic damage 
[7, 8]. The use of arteries similar in their anatomical 
structure to coronary vessels gives a much better re-
sult, but arteries also differ from each other in their 
biological characteristics.

Currently, internal thoracic (mammary) arteries 
(ITA) are increasingly used in CABG as the most 
viable ones having a number of advantages. The 
impressive long-term patency of the left ITA as a 
graft to the left anterior descending coronary artery  
(LITA – LAD) combined with proven long-term  
viability determined that this conduit has become 
the gold standard for CABG. However, the use of 
arterial conduits has expanded beyond ITAs and 
included the right gastroepiploic artery (GEA), 

the inferior epigastric artery (IEA), and the radial  
artery (RA).

INTERNAL THORACIC ARTERY
Based on its long-term patency rates, the ITA has 

been shown to be an excellent conduit for myocardial 
revascularization compared with the saphenous vein 
graft (SVG). The incidence of atherosclerosis in the 
ITA is low even in patients with severe CAD who  
underwent CABG [9].

The survival benefits associated with the use of 
the LITA as a bypass to the LAD were established 
in the Cleveland Clinic almost 30 years ago [10]. 
The improved outcome using the ITA is almost 
certainly due to its superior long-term patency rate 
of more than 90% within 10 years after surgery 
[10]. The excellent viability of the ITA can prob-
ably be explained by its peculiar morphological  
features. 

The ITA has a discontinuous internal elastic 
lamina, a relatively thin media and lacks a sig-
nificant muscular component, which explains 
its reduced tendency for spasm and develop-
ment of atherosclerosis [11]. Moreover, com-
pared with all other arterial and venous conduits, 
it shows increased production of anti-inflamma-
tory and vasoactive molecules [12, 13]. Indeed, 
endothelial cells of the ITA release more pro- 
stacyclin [12] and nitric oxide [13] than those  
in SVG.

The highest patency rates were documented when 
the ITA (either in situ or as a Y or free graft) was 
sutured to the left coronary artery and its branches 
[14]. Poor rates were registered when the ITA was 
used for right coronary artery bypass (probably due 
to size discrepancy and disease progression, or to a 
smaller amount of viable myocardium) [14].

Bilateral use of natural ITA bifurcations 
(BITA) for myocardial revascularization should 
be highlighted separately. Only one randomized 
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trial compared outcomes between single ITA 
and BITA grafting. In the Arterial Revascular-
ization Trial (ART), the primary endpoint – 10-
year survival and an interim analysis at 1 year (a 
“safety” endpoint), reported excellent outcomes 
with both strategies. Mortality, stroke, myo-
cardial infarction, and repeat revascularization 
accounted for less than 2.5% in the compared  
groups [14].

In addition to the ART study, a systematic re-
view of matched cohorts of almost 15,000 CABG 
patients who received BITA grafts, initiated more 
than a decade ago, reported significant reduc-
tion in the hazard ratio (HR) for mortality [3].  
In the past 2 years, two independent meta-analy-
ses have supported this finding, not only in larg-
er cohorts of patients, but also with longer-term  
follow-up [15, 16].

The major concern with the use of BITA grafts 
is the increased risk of sternal wound complications 
and mediastinitis. One of the largest meta-analyses 
on this issue showed that adding a second ITA to 
the ITA–LAD bypass graft significantly increases 
the incidence of sternal complications, and this risk 
is even higher in diabetes mellitus and in patients 
with pulmonary diseases [17]. In the ART study, 
the incidence of sternal wound complications in-
creased from 0.6% in the single ITA group to 1.9% 
in the BITA group [14]. 

However, the incidence of serious wound 
problems can be significantly reduced by judi-
cious patient selection and the choice of harvest-
ing technique. Consideration should be given to 
avoiding BITA in patients with certain risk fac-
tors, especially if they occur simultaneously (dia-
betes mellitus, obesity, respiratory problems), and 
in patients receiving steroids or immunosuppres-
sive therapy. Moreover, two systematic reviews 
both reported that ITA skeletonization, rather 
than a pedicled harvesting technique, significantly 
reduces deep sternal wound infections, even in pa-
tients with diabetes [17, 18].

RADIAL ARTERY
Introduced in coronary surgery in the 1970s [19], 

the radial artery (RA) was “rediscovered” in the ear-
ly 1990s [20]. Concerns over vasospasm due to the  
muscular nature of the RA wall have been reduced  
after the demonstration of progressive morphofunc-

tional remodeling of the artery toward an elasto-
muscular profile after implantation in the coronary 
circulation [21]. The largest angiographic studies 
report a RA patency rate of 80 to 90% after 7– 
10 years of follow-up [22]. According to other au-
thors, 2 years after surgery, the frequency of occlu-
sions and stenosis of a. radialis grafts was 35 and 
15%, respectively [23]. 

The severity of stenosis of the target vessel is 
a key factor in determining RA patency. There 
is general agreement that the RA should be used 
only to bypass a vessel with > 70% stenosis, and 
there is evidence that a 90% stenosis limit ensures 
an even better RA patency rate, especially in the 
right coronary artery [24, 25]. The site of proximal 
anastomosis and the harvesting technique (open 
and endoscopic) do not affect RA patency rates, 
whereas skeletonization of the artery can lead to 
better patency [26].

The RA is an arterial conduit for which there is 
the most evidence of benefit derived from comput-
ed tomography (CT). Results of the RA use have 
been compared with either SVG or the right internal  
thoracic artery (RITA) in 4 randomized controlled 
trials (RCT) [25, 27–29]. A number of meta-anal-
yses that pooled data from these RCTs and large  
observational studies to compare the RA and the 
SVG [30–34] with median follow-up time exten- 
ding beyond the first postoperative year reported 
significant benefits in terms of graft patency for the 
RA. The only meta-analysis that included clinical 
outcomes revealed reduced cardiac death, myo-
cardial infarction, and repeat coronary procedures 
in addition to a better RA graft patency in the late 
postoperative period [33].

The RAPCO (Radial Artery Patency and 
Clinical Outcomes) study revealed no differenc-
es in the patency of RA and RITA, but only a 
slight trend toward better survival without cardi-
ac events for the RA during 6 years of follow-up 
[29]. The only comparative meta-analysis with 
clinical endpoints reported comparable mortal-
ity, but at the same time reduced cardiac events 
(myocardial infarction, heart failure, ischemia) for 
the RA [31]. However, a meta-analysis of angio-
graphic studies showed that the use of RITA was  
associated with nonsignificant reduction of the ab-
solute risk (by 27%) for late graft occlusion when  
compared with the RA [34].
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Compared with the RITA, the RA appears to be 
the preferred choice in patients at risk for post-op-
erative sternal complications (diabetes, obesity, 
chronic obstructive pulmonary disease). Indeed, 
harvesting of RA is extremely safe and well toler-
ated even by seriously ill patients [31] and (unlike 
RITA) does not affect sternal vascularization and 
healing [35, 36]. Furthermore, a recent Radial Ar-
tery Patency Study (RAPS) focusing only on dia-
betic patients reported a very strong protective ef-
fect against graft occlusion with the use of RA [37], 
making the use of this conduit in diabetics particu-
larly attractive.

Most researchers consider the absence of natural 
blood supply to the vascular wall through the vasa 
vasorum as one of the main disadvantages of radial 
grafts. M. Gaudino et al. [38] showed the propen-
sity of radial grafts to spasm. In addition, there is 
a pronounced proliferative reaction of the vascular 
wall, leading to stenosis and occlusion of the grafts 
in the first year after surgery, and the administration 
of calcium antagonists to prevent a. radialis spasm 
did not improve graft patency in the first year after 
CABG [39].

GASTROEPIPLOIC ARTERY
J. Pym et al. [40] and H. Suma et al. [41] first 

independently reported systematic use of the gastro-
epiploic artery graft for CABG in 1987. Since then, 
GEA grafts have been widely applied in clinical 
practice. Very few CABG candidates have contra-
indications to GEA harvesting [42]; the conduit has 
a low incidence of severe atherosclerosis [43] and 
good flow capacity [44]. 

The biological and physiological profile of the 
GEA has now been extensively studied [45], and 
the use of this artery does not increase periop-
erative risk [46]. The incidence of atherosclero-
sis in the GEA is rare, but somewhat more com-
mon than in ITA [43]. The most favorable target 
for the in situ GEA graft is the distal right coro-
nary artery, but the conduit can also be used 
for the distal circumflex system. Subocclusive  
(> 90%) stenosis of the target coronary artery is es-
sential to maximize patency rates and avoid spasm 
and eventual failure due to chronic competitive cor-
onary flow. This issue is formally recognized in the 
2011 ACCF / AHA Guideline for Coronary Artery 
Bypass, which contraindicates RCA arterial bypass 

(Class III) in patients with less than critical (i.e.,  
> 90%) stenosis of the native vessel [47].

In one of the largest series of publications on 
GEA, the cumulative patency rate of the artery 
was 97.1% at 1 month, 92.3% at 1 year, 85.5% at  
5 years, 80.9% at 7 years, and 66.5% at 10 years 
after surgery [48]. This relatively low patency rate 
at late periods has improved by using a skeleton-
ized GEA graft only to target vessels with > 90% 
stenosis. Using this approach, T. Suzuki et al. [49] 
have reported 97.8%, 94.7%, and 90.2% cumulative 
patency rates in the early post-operative period and 
at 5 and 8 years after surgery, respectively.

A number of studies have established that the 
use of GEA, instead of SVG, to graft the right cor-
onary artery in patients with BITA to the left cor-
onary artery leads to a significant increase in late 
survival [50, 51]. However, other studies have not 
confirmed this finding, and a recent meta-analy-
sis of contrast-enhanced coronary angiographies 
comparing all conduits used in CABG surgery has 
found that the GEA is associated with the highest 
risk of functional and complete graft occlusion [34]. 
Of note, the majority of publications report the use 
of GEA as a pedicled, rather than a skeletonized 
graft; skeletonized harvesting of the artery has been 
shown to significantly improve its patency [49].

MORPHOLOGICAL AND 
PATHOPHYSIOLOGICAL FACTORS 
AFFECTING LONG-TERM GRAFT PATENCY

Flow competition is a significant factor affecting 
arterial morphology and conduit patency. The string 
sign is an atrophic change in the arterial conduit. 
This phenomenon occurs due to competitive flow 
in bypass grafting of only mildly stenosed coronary 
arteries (CA). It has been shown that the diameter 
of ITA graft decreases if the stenosis of the native 
CA is less than critical [52]. In the GEA, patency 
rates seem to be reduced due to competitive flow.  
H. Suma et al. [53] reported that the 10-year paten-
cy rate of the GEA was 62.5%, and that anastomosis 
to a less critically stenosed CA was one of the major 
causes of late graft occlusion. The relationship be-
tween the SVG patency and native CA stenosis has 
also been controversial, but competitive flow may 
be a negligible factor in SVG graft patency.

Wall shear stress is believed to play an im-
portant role in the development of atherosclero-
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sis. T. Shimizu et al. [54] found that shear rates 
of the ITA were higher compared with the SVG, 
suggesting that these differences might contribute 
to the development of degenerative graft disease 
and affect long-term conduit patency. Indeed, en-
dothelial cells in the ITA release more prosta-
cyclin [12] and nitric oxide [55] than those in 
the SVG. The effect of flow competition on wall 
shear stress in a coronary artery bypass conduit is  
unknown. Greater flow rates and smaller vessel di-
ameter increase wall shear stress.

G. Tinica et al. [56] conducted a study in order 
to identify morphological and pathophysiological 
factors associated with long-term patency of grafts 
used in CABG. The results of CT evaluation of the 
patency of 340 grafts in 127 patients at 139.78 ± 
36.64 months post-CABG were analyzed. Graft pa-
tency varied according to the vessel type and target 
territory. The maximum patency rate was obtained 
with the RA (80.65%) for the right coronary terri-
tory, RITA (92.86%) for the anterolateral territory, 
and SVG (82.54%) for the circumflex territory. 

The LITA – LAD graft occluded in 13 (7.93%) 
cases, in 7 of them – due to competitive flow. The  
influence of graft length on patency rates after index-
ing on height was not significant. The degree of ste-
nosis of the native (bypassed) vessel influenced arte-
rial graft patency rates with an occlusion odds ratio 
(OR) of 3.02 when anastomosed to target vessels with  
< 90% stenosis. Target vessel caliber also influenced 
patency rates with occlusion OR of 2.63 for SVG 
[95% confidence interval (CI) 1.32–2.98, p = 0.0041] 
and 2.31 for arterial grafts [95% CI 1.53–3.19,  
p = 0.0001] when anastomosed to ≤ 1.5 mm target 
vessels.

Little is known regarding the transit time flow 
measurement (TTFM) variables in grafts anastomo-
sed to vessels with chronic total occlusion (CTO). In 
the study by H. Oshima et al. [57], the TTFM cut-off 
values were established for detecting graft failure 
in bypass grafts anastomosed to chronically totally 
occluded arteries in order to clarify the relationship 
between early graft failure and the grade of colla- 
teral circulation / regional wall motion in the CTO 
area. A multivariate regression analysis and receiv-
er operating characteristic (ROC) analysis revealed 
the following predictors of early graft failure: 
a  mean flow (Qmean)  value of < 11.5 ml / min for 
arterial conduits, a pulsatility index (PI) of > 5.85, 

and akinetic / dyskinetic wall motion in the CTO 
territory for SVGs.

Thus, morphological parameters such as graft 
type, target territory, target vessel caliber, and de-
gree of stenosis, are important factors determining 
long-term graft patency.

RADIOLOGICAL DIAGNOSTIC METHODS 
FOR ASSESSING THE CORONARY GRAFT 
CONDITION. RADIONUCLIDE METHODS 
AND MAGNETIC RESONANCE IMAGING

According to current guidelines, despite evi-
dence showing graft disease in nearly 1 of 5 patients 
in early post-CABG, cardiac stress testing and ana-
tomical diagnostic procedures are not recommend-
ed to assess graft patency in asymptomatic patients 
within 5 years after CABG [58]. In addition, the 
hemodynamic significance of graft stenosis cannot 
always be accurately determined by coronary angi-
ography [59, 60]. 

Therefore, various diagnostic strategies (invasive 
or non-invasive) are important for clinical assess-
ment. They can additionally characterize the hemo-
dynamic consequences of the lesion and identify 
individuals at risk of death and heart failure follow-
ing successful CABG. In this situation, radiological 
methods of non-invasive diagnosis, including nucle-
ar medicine techniques, can play an important role.

RADIONUCLIDE METHODS

It is known that stress myocardial perfusion 
imaging (MPI) with single-photon emission com-
puted tomography (SPECT) is a well-described 
non-invasive imaging modality for evaluating pa-
tients with suspected or established chronic cor-
onary syndrome (CCS). In addition to evaluating 
regional myocardial perfusion, ECG gating allows 
for the assessment of left ventricular (LV) func-
tion parameters, i.e. LV ejection fraction (EF) and  
other parameters [61, 62].

Thus, in the study by F. Ortiz et al. [63], patients 
underwent SPECT–MPI stress testing 1 year after 
CABG to determine predictors of adverse cardiac 
outcomes (combination of death and congestive 
heart failure). It was shown that three separate stress 
findings predicted the primary outcome: inability to 
reach stage 3 of the Bruce protocol (OR 7.3, CI 2.4–
22.1, p < 0.001), LVEF < 45% (OR 4.0, CI 1.1–15.3,  
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p = 0.041), and a moderate-to-large size of stress-in-
duced perfusion defect (OR 2.31, CI 1.1–1.5,  
p = 0.04). These findings are additional and most 
conclusive among patients who underwent exercise 
stress test (hazard ratio (HR) 10.6, CI 3.6–30.6,  
p < 0.001).

Severe stress-induced ischemic LV dysfunction 
can also be detected on SPECT–MPI by nonperfu-
sion markers, such as transient ischemic dilatation 
(TID) of the LV [64]. The latter is considered an-
other potent marker of severe CAD and predictor of 
future cardiac events, even when myocardial perfu-
sion appears to be normal [65].

S.S. Gultekin et al. [66] examined 104 patients 
who had recurrent CAD symptoms after recent 
coronary revascularization: 62 patients under-

went percutaneous transluminal angioplasty (75 
arteries) and 42 patients underwent CABG (104 
arteries). Follow-up stress SPECT–MPI and re-
peat coronary angiography were performed in all 
patients. Parameters of myocardial perfusion and 
TID were correlated with the presence of signifi-
cant obstructive CAD (> 70% CA stenosis) (Fig-
ure). SPECT–MPI revealed inducible ischemia in 
38 patients (36.5%) and TID > 1.20 in 49 patients 
(47%). Subsequent coronary angiography (22 ± 7 
days after SPECT) showed significant obstructive 
CAD in 44 patients (42%). The sensitivity of de-
tecting obstructive CAD was 61% for SPECT–
MPI alone, but increased significantly to 93% 
with the addition of TID as a diagnostic criterion  
(p < 0.0001).

Figure. ROC analysis of LV volume ratio in states of stress and rest in patients with prior coronary revascularization for detection 
of obstructive (> 70%) CAD [66]

M. Kawasuji et al. [67] compared the flow ca-
pacities of ITA and SVG upon exertion by means of 
radionuclide angiocardiography. 52 patients were 
divided according to the type of bypass graft per-
formed to the left anterior descending artery: group 
1 consisted of 27 patients with the ITA graft, and 

group 2 included 25 patients with the SVG. SVGs 
were used to bypass the right and circumflex coro-
nary arteries. Before the surgery, global and regional 
ejection fractions decreased similarly in both groups 
with exercise. After the operation, the global ejection 
fraction measured in groups 1 and 2 increased  
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significantly from 54 ± 2 to 57 ± 2% and from 54 ± 1 
to 60 ± 2%, respectively, ejection fraction in the an-
teroseptal segment – from 29 ± 1 to 32 ± 2% and 
from 29 ± 1 to 35 ± 1%, respectively, and ejection 
fraction in the apical segment – from 75 ± 3 to 82 ± 
2% and from 77 ± 2 to 86 ± 2%, respectively. 

There were no differences in exercise-induced in-
creases in the global and regional ejection fractions 
between groups 1 and 2. Six patients in group 1 had 
exercise-induced wall motion abnormalities at the 
anteroseptal and (or) apical segments. In contrast, 
patients in group 2 had no exercise-induced wall  
motion abnormalities at these segments (p < 0.05, 
group 1 vs group 2).

Results of this study show that ITA grafts res- 
pond to the increased demand for blood flow during 
exercise in essentially the same way as SVGs.  
However, there seems to be a slightly greater po-
tential in patients with the ITA graft when there is 
inadequate flow, as evidenced by the small group 
of patients with exercise-induced wall motion  
abnormalities. 

Thus, methods of radionuclide imaging can 
identify patients at risk of serious cardiovascular 
complications, including heart failure, for subse-
quent identification of coronary bypass graft fail-
ure using coronary angiography at various times 
after CABG.

MAGNETIC RESONANCE IMAGING
Cardiovascular magnetic resonance (CMR) is 

an accurate diagnostic tool for detecting CAD. It 
offers both functional studies and tissue character-
ization for quantification of ischemia and myocar-
dial infarction. Multiple studies have demonstrated 
high diagnostic accuracy of adenosine myocardi-
al perfusion imaging [68–72] with higher spatial 
resolution compared with radionuclide imaging. 
However, only some studies have evaluated stress 
CMR in patients after CABG; at the same time, 
they demonstrated good sensitivity and specificity 
in detecting significant (> 50%) stenoses in grafts 
and native CA [73–75].

In particular, W.L.F. Bedaux et al. [75] assessed 
the value of CMR-determined graft flow and flow 
reserve for differentiating significant graft stenosis 
from hemodynamically insignificant one. 21 pa-
tients scheduled for X-ray angiography due to com-
plaints of recurrent chest pain after CABG were  

included for evaluation of venous grafts (n = 40) by 
CMR. Three-dimensional contrast-enhanced CMR 
angiography was performed and followed by flow 
measurements in grafts at rest and during stress-in-
duced hyperemia. Flow reserve was calculated only 
if the resting flow exceeded 20 ml / min. The anal-
ysis was based on four categories defined by X-ray 
angiography: occluded grafts (n = 3), grafts with  
> 50% stenosis (n = 19), grafts with < 50% stenosis 
with impaired flow (n = 8), and grafts with < 50% 
stenosis and normal flow (n = 10).

The CMR angiography demonstrated occlusion 
of three grafts out of 40. In 9 of 37 grafts, basal blood 
flow was < 20 ml / min, and all of them demon-
strated significant stenosis at X-ray angiography. In 
grafts with resting flow of > 20 ml / min (n = 28), 
flow reserve significantly differed between grafts 
without stenosis and grafts with significant steno-
sis or with impaired flow (2.5 ± 0.7 vs 1.8 ± 0.9, 
p = 0.04). An algorithm combining basal low of  
< 20 ml / min and graft flow reserve of < 2 had 
sensitivity and specificity of 78% and 80%, respec-
tively, for detecting grafts with significant stenosis 
or impaired flow.

In the study by L.P. Salm et al. [76], a direct 
comparison between SPECT and CMR in evalu-
ating hemodynamic significance of angiographic 
findings in bypass grafts was performed. In 25 pa-
tients, the function of 57 arterial and venous grafts 
was assessed by angiography, perfusion SPECT, 
and coronary flow velocity reserve determination 
using CMR. Based on the results of angiography 
and SPECT, 4 groups of conduits could be iden-
tified: 1) no significant stenosis (< 50%), normal 
perfusion; 2) significant stenosis (> 50%), abnor-
mal perfusion; 3) significant stenosis, normal per-
fusion (no hemodynamic significance); and 4) no 
significant stenosis, abnormal perfusion (suggesting  
microvascular disease).

A complete evaluation was obtained for 46 grafts. 
SPECT and CMR provided similar information in 37 
of 46 grafts (80%), illustrating good agreement be-
tween the methods (kappa = 0.61, p < 0,001). Eight 
grafts supplied blood to areas of the myocardium 
with scar tissue. When agreement between SPECT 
and CMR was restricted to grafts without scar tis-
sue, it improved to 84% (kappa = 0.68). Integration 
of angiography with SPECT categorized 14 lesions 
in group 1, 23 – in group 2, 6 – in group 3, and  
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3 – in group 4. The agreement between SPECT and 
CMR per group was 86%, 78%, 100%, and 33%,  
respectively.

Thus, the availability and accessibility of such a 
non-invasive test as CMR imaging, which allows to 
exclude significant stenosis of grafts and CA, can be 
a useful screening tool in the follow-up of patients 
after CABG.

DOPPLER ULTRASOUND
As noted above, higher patency rates of arteri-

al conduits compared with venous grafts have been 
explained by histologic characteristics, differences 
in vascular responsiveness to endogenous agonists, 
and a greater capacity of arterial endothelial cells 
to secrete endogenous dilators [11, 77, 78]. At the 
same time, there is little data describing adaptation 
of these grafts to an increase in myocardial blood 
flow demand, for example during exercise. Pre-
served endothelial function in arterial grafts should 
contribute to good hemodynamic performance of 
the graft, allowing it to increase its dimensions when 
the flow increases [77, 79]. It is well known that 
arterial grafts in situ have a smaller diameter and 
lower initial flow capacity than venous grafts [80], 
which can limit any increase in blood flow. Howev-
er, only a few studies are devoted to the comparative 
hemodynamic assessment of two types of conduits  
[67, 81, 82].

Quantitative angiography combined with intra-
vascular Doppler velocity analysis, as proposed 
by J.W. Doucette et al. [83], allows for accurate 
measurement of the absolute blood flow and can 
be used to study adaptation of the vessels to an in-
crease in myocardial oxygen demand. Significantly 
higher peak flow velocity in the distal ITA graft as 
opposed to the distal SFG has also been reported 
in studies using pulsed Doppler echocardiogra-
phy [82]. Thus, flow dynamics apparently differ 
in these two types of bypass grafts, but no report 
has examined these differences in detail. There is a 
number of other non-invasive Doppler echocardio-
graphic assessments of CA bypass grafts [84, 85], 
but they are limited to examination of the flow at 
either the proximal [84] or the distal site [85] of the 
ITA graft.

A recently developed Doppler guide wire 
(DGW) for phase velocity analysis in grafts can 
pass through stenotic CA lesions and be used to 

measure flow velocities distal to the stenosis [86, 
87]. With this method, selective cannulation of the 
bypass graft during cardiac catheterization allows 
for phasic flow velocities to be recorded within both 
the graft and the native CA distal to the site of graft 
insertion.

O. Gurné et al. [88] conducted a study to eval-
uate in vivo the mechanisms by which different 
coronary bypass grafts react during an increase in 
flow demand induced by rapid atrial pacing. The 
authors compared pediculated and free arterial 
grafts (LITA and inferior epigastric artery (iEGA)) 
and venous grafts early and later after bypass sur-
gery. Forty three grafts (13 EGA, 15 ITA, 15 SVG) 
evaluated early (9 ± 3 days) after bypass surgery 
were compared with 41 other grafts (15 EGA, 11 
ITA, 15 SVG) evaluated later after surgery (mean –  
23 months, range – from 6 to 168 months) using 
quantitative angiography and intravascular Doppler 
velocity analysis during atrial pacing. Controls in-
cluded 17 normal CAs.

Baseline graft flow tended to be lower late after 
surgery compared with the early period (41 ± 16 vs 
45 ± 21 ml / min, not significant (NS)). Blood flow 
increased during pacing by 30 ± 16% early after 
surgery, less than later after surgery (+46 ± 18%,  
p < 0.001) and less than in normal CAs (+54 ± 
27%, p < 0.001 vs early grafts; NS vs late grafts). 
There was no difference between venous and ar-
terial grafts. No significant vasodilatation was ob-
served during pacing early after surgery in arterial 
and venous grafts. Later after surgery, significant 
vasodilatation was observed only in arterial grafts 
(ITA and epigastric grafts), from 2.41 ± 0.37 to 
2.53 ± 0.41 mm (+5.1% vs baseline p < 0.001). 
Early after surgery and in venous grafts later after 
surgery, the increase in flow was entirely due to an 
increase in velocity. In later arterial grafts, the rel-
ative contribution of the increase in velocity to the 
increase in flow during pacing was lower in arteri-
al grafts (70 ± 22%) than in venous grafts (102 ± 
11%, p < 0.001) and similar to that in normal CAs  
(68 ± 28%).

The authors concluded that early and later af-
ter surgery, arterial grafts and venous grafts both 
increase their flow similarly during pacing. Early 
arterial and venous grafts increase their flow only 
through a rise in velocity. Later after surgery, arteri-
al grafts act as physiological conduits and increase 
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their flow in the same way as normal CAs, through 
an increase in velocity and caliber determined by 
the endothelium.

As mentioned above, the ITA and GEA graft 
diameter has been shown to decrease when the na-
tive CA stenosis is less than critical [52, 53]. This 
phenomenon is due to competitive flow in mildly 
stenosed CAs. In the study by T. Shimizu et al. [54], 
the shear stress as a significant factor affecting graft 
patency was compared between the arterial conduit 
and SVG after CABG. In 101 patients, 40 ITAs, 27 
GEAs, and 34 SVGs were examined using DGW 
during postoperative angiography. The graft flow 
volume and shear stress were calculated from veloci-
ty and diameter data. The study grafts were classified 
according to the grade of native CA stenosis: group 
L had 50 to 75% stenosis, and group H had more 
than 75% stenosis. Group H consisted of 25 ITAs,  
17 GEAs, and 21 SVGs, while group L consisted of 
15 ITAs, 10 GEAs, and 13 SVGs.

In group H, graft flow volume did not significant-
ly differ among the ITA (34 ± 11 ml / min), GEA 
(36 ± 16 ml / min), and SVG (41 ± 15 ml / min), 
while graft shear stress significantly (ITA vs GEA, 
p = 0,0001; GEA vs SVG, p = 0.01) differed among 
the ITA (16.0 ± 4.8 dyn / cm2), GEA (9.1 ± 3.2  
dyn / cm2), and SVG (4.8 ± 1.6 dyn / cm2). In group 
L, flow volume was lower (p < 0.001) in the ITA  
(18 ± 6 ml / min) and the GEA (13 ± 8 ml / min) than 
in the SVG (35 ± 16 ml / min), and shear stress was 
significantly (p < 0.001) greater in the ITA (13.7 ± 
± 4.9 dyn / cm2) than in the GEA (5.6 ± 2.0 dyn / cm2)  
or the SVG (4.6 ± 2.0 dyn / cm2). According to the 
authors, these data suggest that the superior shear 
stress of the ITA is maintained despite the reduc-
tion of flow volume due to flow competition. Low-
er shear stress of the GEA in intermediate stenosis 
may be associated with the development of conduit 
failure.

There are reports that the postoperative capaci-
ty of ITA – LAD grafts is limited compared with 
that of SVG [67]. Therefore, the aim of study by T. 
Akasaka et al. [89] was to assess flow dynamics and 
flow capacities of these conduits to the left anterior 
descending coronary artery using DGW.

Phasic flow velocity recordings were obtained in 
the midportion of the bypass graft and within the 
native LAD artery using a 0.018-in. (0.046-cm) 
12-MHz DGW in 53 patients: 27 patients with an 

ITA graft (16 with a new graft assessed at 1 month 
postoperatively and 11 patients with an old graft as-
sessed at 1 year) and 26 patients with a SVG (13 pa-
tients with a new graft assessed at 1 month postop-
eratively and 13 patients with an old graft assessed 
at 1 year). All patients were studied at baseline rest 
and during hyperemia induced by intravenous infu-
sion of dipyridamole (0.56 mg / kg of body weight) 
for 4 min.

In the left anterior descending artery itself, systol-
ic and diastolic peak velocities, the time average of 
the instantaneous spectral peak velocity (time-aver-
aged peak velocity), vessel diameter, and the calcu-
lated flow volume did not differ significantly among 
the four graft groups. The time-averaged peak ve-
locity was significantly greater for new than for old 
arterial grafts or for new or old venous grafts (27 ± 
9 vs 19 ± 6, 11 ± 5, and 12 ± 6 cm / s, respectively,  
p < 0.01). However, since the diameter of new arte-
rial grafts was significantly smaller than that of the 
other three grafts (2.4 ± 0.1 vs 2.9 ± 0.2 [p < 0.05], 
3.6 ± 0.6 [p < 0.01], and 3.4 ± 0.5 mm [p < 0.01], 
respectively), there was no difference in the calcu-
lated flow volumes at rest (62 ± 17 vs 58 ± 15, 61 ± 
18, and 58 ± 19 ml / min, respectively, NS) between 
new arterial grafts and the other grafts. 

Although the maximum time-averaged peak ve-
locity during hyperemia was significantly greater in 
new than in old arterial grafts or new or old venous 
grafts (47 ± 17 vs 40 ± 7, 31 ± 8, and 34 ± 12 cm / s,  
respectively, p < 0.01), the flow reserve of new 
arterial grafts was significantly smaller than that 
of the other three groups (1.8 ± 0.3 vs 2.6 ± 0.3,  
2.8 ± 0.5, and 3.0 ± 0.6, respectively, p < 0.01), since 
the baseline time-averaged peak velocity of these 
new grafts was far greater than that of the other  
groups.

Thus, ITA graft flow early after the surgery is 
characterized by higher rest velocity compared with 
venous graft flow. This high velocity maintains 
flow volume at baseline values in compensation for 
the smaller diameter. Although flow reserve does 
not differ significantly between new and old venous 
grafts, the reserve for ITA grafts is significantly 
reduced soon after bypass surgery. This restricted 
flow capacity improves in the late postoperative pe-
riod because of an increase in the diameter and a 
decrease in flow velocity compared with baseline 
levels.

Vesnina Zh.V., Grakova E.V. Diagnostic radiology methods for assessing coronary artery bypass graft viability
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CONCLUSION
X-ray angiography is considered to be a standard 

procedure for assessing patency of coronary grafts, 
because it provides excellent visualization of the 
graft and quantitative information about the size of 
the lumen and the presence of obstruction and, thus, 
provides indications for revascularization. Howev-
er, the hemodynamic significance of stenosis cannot 
be accurately determined by coronary angiogram. 
Therefore, the availability and high information 
value of other diagnostic radiology methods can be 
a useful screening tool at any stage of patient moni-
toring after CABG. 
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