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Background

Coronary artery bypass grafting (CABG) surgery is one of
the most common surgical procedures with over 400,000 sur-
geries performed in the USA and over 800,000 surgeries per-
formed worldwide each year. In appropriately selected
patients, including those with multivessel coronary artery
disease (CAD), with left main coronary artery disease, and
with coronary artery disease not amendable by percutaneous
intervention, CABG surgery remains the best treatment
modality, resulting in increased survival, relief of angina,
restored physical activity, and improved quality of life.
However, the long-term benefits of CABG surgery are highly
affected by both the CABG procedure itself and progression
of CAD. Long-term success of CABG surgery is, to a great
extent, related to the type and quality of the graft utilized.
The left internal thoracic artery (LIMA) to the left anterior
descending artery (LAD) is the only graft that has been
shown to provide a long-term prognostic benefit in patients
with CAD, primarily related to its resistance to thrombosis
and atherosclerosis, and it is therefore considered the “gold
standard” conduit in CABG surgery (LAD) [1, 2]. Early
patency of LIMA to LAD grafts is almost 100 % followed by
long-term patency of 92-99 % at 1 year, 90-95 % at 10 years
[3-7]. Despite excellent outcomes of arterial graft utiliza-
tion, saphenous vein grafts (SVG) remain the most frequently
used conduit, despite the fact that they are prone to stenosis
and closure. One-year SVG failure rates are about 26 %
(range 7-30 %) [3, 7-9], and only about 50-60 % of SVGs
remain patent at 10 years after CABG surgery [3, 10-14].
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There are three main causes of vein graft failure: acute
thrombosis within the first month after surgery, neointimal
hyperplasia between 1 and 12 months, and progression of
atherosclerosis during the late postsurgical period (more
than 12 months). Thus, early graft thrombosis causes occlu-
sion of 3—12 % of SVGs immediately, or early on after the
surgery [15-17]. Graft thrombosis is primarily related to
technical reasons, such as a small size of the target vessel,
resulting in poor distal runoff, size mismatch between the
graft and the target vessel creating turbulent flow, and disrup-
tion of the endothelial layer resulting from mechanical
trauma and manual distention. There is an obvious need for
intraoperative graft and anastomosis quality assessment in
CABG surgery, in order to assure reestablishing blood flow
in occluded or stenotic coronary arteries.

Intraoperative graft patency has conventionally been
assessed indirectly using the following diagnostic crite-
ria: absence of new ischemic electrocardiographic changes,
absence of new wall-motion abnormalities in the area of the
bypass on a transesophageal echocardiogram, good distal
runoff on manual palpation, and absence of signs of hemody-
namic instability. However, these methods are valuable only if
significant myocardial ischemia develops. As a result, a num-
ber of different techniques have been developed for routine
intraoperative evaluation of graft patency. These techniques
include coronary angiography [18-20], intraoperative fluores-
cent imaging (IFI) [21], and transit time flow measurements
(TTEM) [22, 23]. Other modalities such as electromagnetic
flowmetry [24], Doppler ultrasound velocity measurements
[25, 26], thermal coronary angiography [27], and epicardial
color Doppler scanning [28] have also been utilized for graft
patency evaluation but failed to reliably detect occluded grafts.

Coronary Angiography
Conventional coronary angiography is still the “gold stan-
dard” method for graft assessment. Unfortunately, it is not

normally available in the majority of operating rooms (OR).
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However, specially designed state-of-the-art hybrid ORs
allow utilization of high-quality coronary angiography intra-
operatively. In 2005, at Vanderbilt Heart and Vascular
Institute, we built one of the first hybrid ORs in the USA.

The Hybrid Operating Room

The hybrid operating room combines conventional operating
room capabilities with contemporary endovascular imaging,
offering a full range of interventional, imaging, and surgical
services in one place. An integrated setting means savings in
time and personnel, because more procedures can be per-
formed in the same room by the existing staff, without relo-
cating equipment or personnel from another department.

Effective design of the hybrid OR is a long complex pro-
cess that requires a multidisciplinary team approach. From
the beginning, this multidisciplinary team should include
representatives from hospital administration and engineer-
ing, architects, nursing, anesthesia and radiology technolo-
gists, and cardiac perfusions. Staffing within the room
includes cardiology, electrophysiology, surgical, anesthesi-
ology, perfusion, and ultrasound teams, in addition to the
nursing/support staff. Planners and architects need to recog-
nize roles of each team of medical professionals, finding
ways to balance each team’s requirements.

Firstly the size of the hybrid OR should be of sufficient
dimensions. Ideally, it should be between 750 and 900 ft
[29] with a minimum floor-to-ceiling height of 10 ft, in order
to accommodate floor- or ceiling-mounted C-arms for 3D
rotational angiography [29, 30].

The location of the equipment in the room is another criti-
cal problem. Each team of medical professionals brings a
different set of equipment into the integrated suite, causing
potential conflicts over room space. The challenge of find-
ing locational compromises that preserve efficient use of that
equipment can be solved by multidisciplinary teamwork.
The primary equipment units required in the integrated suite
are the C-arm for 3D rotational angiography and the oper-
ating table. Ceiling- or floor-mounted C-arms are currently
available, with either possessing some advantages and dis-
advantages. Ceiling-mounted systems keep the floor space
free for the conventional OR traffic, but they negatively
impact the OR air filtration system and traditional mount-
ing of the OR lightning. On the other hand, floor-mounted
systems keep the ceiling free for traditional OR lightning but
complicate OR traffic and flow. Integration of the operating
table with the imaging system is essential for efficient use of
the radiographic equipment in the hybrid OR. A nonmetallic,
reduced-thickness carbon-fiber “OR imaging table,” which
is highly stable, has been especially designed for integrated
suites. These tables are able to rotate side to side and also
recline into standard and reverse Trendelenburg positions.
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Moreover, the hybrid OR should be equipped with audio-
visual and monitoring systems. All medical personnel in
the integrated suite should have views of all imaging and
monitoring sources. As a result, it is recommended to place
at least four ceiling-mounted flat screens that display infor-
mation from all imaging and monitoring sources in the four
quadrants of the room. These screens have to be mounted
without interfering with the operating lights. Additionally,
the integrated suite should have sufficient storage space for
all procedure-related equipment.

Other important matters that require careful consider-
ation are radiation protection and special hygienic require-
ments. Radiation protection is achieved by two means. First,
the hybrid OR has lead-lined walls of 2-3 mm thickness.
Secondly, all medical personnel, including the surgical staff,
are required to wear lead aprons during any procedure that
involves even minimal amounts of imaging. Infection risk
is higher in the integrated suite, due to the large size of the
room and the large number of personnel and equipment, so
it is required to have a laminar air-flow ceiling and carefully
maintain sterile techniques. Because angiograms are pro-
duced with the X-ray camera moving about an open chest,
sterile draping of the open wound and the camera is required.
In our hybrid OR, we adopted the practice of triple sterile
draping of the open wound and double draping of the camera.

Effective and safe utilization of the hybrid OR requires
additional training of the surgical team in order to use the
C-arm and the OR imaging table. One of the possible training
solutions is simulator-based training in a simulated hybrid
OR. This method shortens the learning curve and enhances a
level of patient safety.

Depending on the amount of reconstruction and the
equipment used to build the hybrid OR, its price range varies
between two and four million dollars. This significant invest-
ment requires efficient and productive utilization that should
be evaluated during the planning period.

At Vanderbilt Heart and Vascular Institute, we have had a
very successful experience in designing, implementing, and
utilizing the hybrid OR. During the process of implementing
the hybrid concept, we learned the significance of close con-
tinuous collaboration between several teams of medical pro-
fessionals, such as cardiology, cardiac surgery, cardiac
anesthesia, imaging, and hospital administration. The alli-
ance between the chief of cardiology, chief of cardiac sur-
gery, chief of the catheterization laboratory, and cardiac
anesthesia resulted in creating a new working environment
and modernization of working space. Thus, we have united
cardiology and cardiac surgery ICUs, colocated the cardiol-
ogy and cardiac surgery offices, and organized interdisci-
plinary cardiology and cardiac surgery conferences.

We are currently using our state-of-the-art integrated
suite to perform both diagnostic and hybrid procedures. The
evaluation of clinical outcomes of completion angiography
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and hybrid treatment modalities is a continuous process.
Our intermediate results were published in numerous papers
[20, 31-33].

Operative Technique and Results

Our intermediate results with intraoperative completion
angiography for graft assessment have been very encourag-
ing. Thus, in selected patients, CABG surgery was followed
by coronary graft angiography performed by the interven-
tional cardiologist before chest closure. During this proce-
dure a femoral sheath was placed in the left or right femoral
artery via the Seldinger technique, prior to heparinization. At
the end of the procedure, the heparin was reversed with prot-
amine, the sheath was removed, and a Syvek Patch® (Marine
Polymer Technologies, Danvers, MA) was applied, along
with 12 min of manual compression on the groin. Completion
graft angiography was contraindicated in patients with
advanced vascular disease (grade 4-5 atheromatous disease
in the descending thoracic aorta detected on transesophageal
echocardiogram) and in patients with preoperative serum
creatinine over 2.0 mg/dl. In all patients, iso-osmolar con-
trast medium iodixanol (Visipaque™) was used for angiog-
raphy with a median dosage of 100 ml (range: 10—-800 ml).

Surgical or percutaneous graft revisions were performed
if graft defects were detected. Repeat angiography was then
carried out to ensure correction of these defects before chest
closure. Angiographic defects were divided into three cat-
egories: (1) conduit defects, (2) anastomotic defects, and
(3) target vessel errors. Defect repair methods were subdi-
vided into three categories based on the repair technique:
(1) a minor but important adjustment of the graft without
additional cardiopulmonary bypass or aortic cross-clamping,
(2) intraoperative PCI, or (3) traditional surgical revision,
requiring additional cardiopulmonary bypass or aortic cross-
clamping, or off-pump revision of the surgical anastomosis.
Patients who underwent open-chest PCI for graft revision
received 300 mg of clopidogrel via a nasogastric tube at the
time the decision of an unplanned hybrid procedure was
made.

Since April 2005, 366 consecutive patients, median age
63 (range 32-89) years, underwent CABG surgery followed
by intraoperative completion angiography. Of the 796 grafts,
12 % (97/796) had angiographic defects. These angiographic
findings included 54 conduit defects (6.8 %), 30 anastomotic
defects (3.7 %), and 13 target vessel errors (1.6 %). Identified
defects were corrected with a minor adjustment in 22 (2.8 %)
grafts, with intraoperative PCI in 48 (6 %) grafts, and with
surgical revision in 27 (3.4 %) grafts. Twenty-five of 345
(7 %) LIMAs had a major defect, of which 10 were located
in the conduit and 15 at the distal anastomosis. Thirty-seven
of 445 (8 %) SVGs had a major defect, of which 25 were
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located in the conduit. Long-term (12-month) graft follow-
up for these patients is in progress, and we hypothesize that
correction of these defects at the time of surgery may have
helped reduce the rate of graft failure. We experienced a very
low rate of complications associated with completion angi-
ography, observed only one patient with arterial access com-
plication [20], an acute stroke rate of 1 % (5/366 patients),
and a rate of acute renal failure of 4 % (14/366 patients)
[20]. However, it has been difficult to determine whether the
stroke was catheter or surgery related, as well as whether
acute renal failure was due to contrast load or due to the sur-
gery alone.

In conclusion, based on our data, we believe that CABG
surgery in a vast majority of patients should be followed by
intraoperative coronary graft angiography, since it detected a
large number of grafts, which otherwise would have been
occluded immediately after surgery.

Transit Time Flow Measurement

Transit time flow measurement is the most common method
used for intraoperative graft patency assessment. TTFM is a
noninvasive ultrasound-based technique that is convenient,
safe, cost-effective, and whose results are relatively robust
and reproducible for clinical purposes [26]. The main com-
ponents of the TTFM systems are a flow probe that contains
two ultrasonic transducers and a fixed acoustic reflector.
Both the transducers and the reflector are held perpendicu-
lar to the graft axis. The transducer transmits an ultrasound
signal which spreads upstream and downstream of the blood
flow direction through the reflector. TTFM provides a mea-
surement of flow by calculating the difference between the
time duration required for signal propagation between the
two transducers. The information acquired on graft flow is
expressed as mean graft flow; diastolic flow index, the per-
centage of total flow occurring in diastole; and the pulsatility
index, an estimate of the resistance to graft flow. The graft
is considered patent when the mean graft flow is higher than
30 ml/min. A mean graft flow of less than 5 ml/min is con-
sidered to be a sign of graft occlusion, while a mean flow
between 5 and 30 ml/min requires further waveform analysis
in order to conclude whether the graft is patent or not. A dia-
stolic flow index higher than 50 % of the mean graft flow and
the pulsatility index of less than five indicate graft patency.

TTFM is a reliable method for intraoperative graft patency
assessment. On average, this method is capable of detecting
graft failures in 1-8 % of grafts [34—43]. However, this num-
ber is fairly low, as compared to the number of failed grafts
identified by coronary angiography [38, 44].

Although TTFM is rapid and simple to use, the informa-
tion provided by this technique is very limited. Based on the
flow data provided by TTEM, it is only possible to conclude
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whether the graft is patent or non-patent. The technique is
not capable of identifying if poor graft flow represents an
anastomotic problem, a conduit problem, or a disease in the
target coronary artery. It is also unable to detect the exact
location of the obstruction, whether in the conduit or in the
coronary vessel. Additionally, the TTFM flow measurements
depend on several factors, including systemic blood pres-
sure; the diameter of the target vessel; the type of the conduit
used, such as venous conduit versus arterial conduit; the size
of the distal arterial bed; and the residual antegrade flow in
target vessel.

Overall, TTFM is a valid measurement of graft flow in the
OR. However, it does not provide a visual image of the graft,
and in the absence of visual feedback, the flow data can be
difficult to interpret, because there are no absolute metrics to
determine whether grafts should be revised. Additionally, the
need for graft revision may be underestimated, or overesti-
mated, due to the significant influence of additional factors.

Intraoperative Fluorescence Imaging (IFI)

Intraoperative fluorescent imaging is a novel imaging
method for graft patency assessment based on the fluores-
cence properties of indocyanine green (ICG) dye [45]. ICG
dye is administered intravenously and binds to plasma pro-
teins. The dye, approximately 1 ml, is delivered via a central
venous catheter during off-pump CABG surgery, via a pump
oxygenator in conventional on-pump CABG surgery, or via
the ascending aorta. The dye molecules absorb light at a
wavelength of 806 nm and emit fluorescence at a wavelength
of 830 nm. The light source is usually placed 30 cm above
the heart and analyzes an area of 7.5 x 7.5 cm. The laser
light can maximally penetrate 1-2 cm of soft tissue, with this
depth of tissue penetration considered safe and not inducing
myocardial thermal damage. The fluorescence emission is
captured with a charge-coupled device (CCD) video cam-
era. The image shows the subsequent passage of ICG dye
through the graft, or the coronary artery lumen, the perfusion
territory, as well as the coronary veins. Intraoperative fluo-
rescent imaging (IFI) does not require wearing any special
protection equipment as it is considered to be a safe tech-
nique; however, rare allergic reactions to ICG dye have been
reported [46].

Providing direct visualization of the graft, the IFI system
presents a valid alternative to TTFM. In studies which com-
pared diagnostic capabilities of coronary angiography,
TTFM and IFI, it was shown that IFI is both a more sensi-
tive and a more specific technique than TTFEM [35, 43]. IFI
was able to correctly detect 83 % of abnormal/occluded
grafts out of 100 % of abnormal/occluded grafts identified
by coronary angiography, while TTFM was able to detect
only 25 % of abnormal/occluded grafts [43]. In addition,

N.V. Solenkova et al.

IFI correctly detected 87 % of grafts that had nonocclusive
lesions, while TTFM did not identify these abnormalities
[43]. Additionally, as stated previously, the TTFM flow
data may overestimate the need for graft revision due to the
influences of multiple factors. 3.8 % of grafts with poor
flow detected by TTFM showed satisfactory flow on the IFI
images, and therefore, unnecessary graft revision was
avoided [35].

IFI also has significant limitations. Firstly, as a semiquan-
titative technique, it does not provide precise measurements
of graft flow. Secondly, in order to obtain better access of the
camera to some grafts, it requires a special positioning of
the heart which is different from its natural position, which
may negatively impact visualization of graft kinks or other
defects. Thirdly, imaging of the anastomosis is inadequate.
Finally, tissue penetration is very limited, making it diffi-
cult to obtain accurate imaging of intramyocardial arterial
segments.

In general, IFI is a superior technique to TTFM, with a
better diagnostic potential to detect both occluded grafts and
nonocclusive graft lesions. However, the sensitivity of tIFI is
far lower than the sensitivity of coronary angiography.

Conclusions

Graft patency and completeness of revascularization are
the major determinants of long-term outcome following
CABG surgery. Angiographic studies show a graft failure
rate of 20-30 % at 1 year post-procedure. Immediate
postoperative or early graft failure occurs in 3-12 % of
grafts. Intraoperative graft patency assessment is crucial
in increasing the success of the procedure. Currently the
following methods are utilized for this purpose: coronary
angiography, IFI, and TTFM. Although IFI and TTFM
are the most commonly used techniques, the information
they provide is fairly limited when compared to coronary
angiography. Coronary angiography is the “gold stan-
dard” for graft patency assessment; however, it is still not
widespread. As hybrid operating rooms become more
available, increasing use of this diagnostic modality can
be expected.
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