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Intraoperative graft patency validation: Friend or foe?
Rami Akhrass, MD, and Faisal G. Bakaeen, MD
Assessment of an internal thoracic artery graft with
a transit time flow meter.

CENTRAL MESSAGE

Graft flow assessment is a useful
quality assurance adjunct but not
a substitute for good technique
and sound judgment. Judicious
interpretation of flow readings
ensures unnecessary graft
revisions.

See Commentaries on pages 138, 140, 142, and
144.
Video clip is available online.

It is estimated that 3% to 5% of internal thoracic artery
(ITA) and 20% of saphenous vein grafts (SVGs) fail at
1 year, frequently attributed to technical issues.1 The PRE-
VENT IV (Project of Ex-vivo Vein Graft Engineering via
Transfection) trial reported a 30% vein graft failure rate
at 1 year, most without a major adverse cardiac event.2

Coronary artery bypass grafting (CABG) in the United
States is typically performed on cardiopulmonary bypass
(CPB), which provides surgeons with good visualization
in a bloodless and motionless field, allowing them to “per-
fect” their work! In addition, greater than 85% of all grafts
in the United States use SVGs as conduits that are forgiving
and easy-to-use.3 Once the distal anastomosis is completed,
selective perfusion of the vein graft provides flow measure-
ments and solid information of a successful anastomosis.

The improved graft patency and clinical outcomes with
arterial conduits compared with veins have increased calls
for multiarterial grafting (MAG) and to maximize myocar-
dial supply by ITA grafts.3-7 However, arteries are more
delicate and susceptible to injuries, such as dissections
and hematomas, that may compromise flow. In addition,
arteries are “dynamic” structures with flow substantially
influenced by a myriad of factors, such as spasm,
hemodynamic parameters, and target-vessel specifications
(especially the severity of stenosis), making routine intrao-
perative flow verification prudent.

From a quality assurance perspective, validation of intra-
operative graft patency provides the opportunity, if needed,
to correct any technical issues before leaving the operating
room. Since intraoperative completion angiography is
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impractical and rarely performed, other flow and imaging
modalities have made the stage, but their role and value in
modern-day practice continues to evolve. Here, we review
some of the available tools to assess intraoperative graft
patency and evaluate their impact on the conduct and out-
comes of CABG.

INTRAOPERATIVE ASSESSMENT
Several modalities that can aid in verifying conduit

patency.

Transit Time Flow Measurement (TTFM)
TTFM (Figure 1) is based on the difference between the

transit time of ultrasonic energy from 2 transducers in a
probe passing through a liquid.8 Basic knowledge of
TTFM is easy to grasp, with a quick learning curve.
Flow characteristics may vary depending on hemody-

namics, postbypass myocardial recovery, spasm, or air in
the graft. Several measurements should be taken before
rushing into graft revisions, unless a cause is identified.
TTFM cut-off values that were shown to influence patency
are as follows8-11:

1. Flow: acceptable>20 mL/min.
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FIGURE 1. Transit time flow measurement. Flow measurement of LITA-LAD. Flow: 34 mL/min, PI: 1.5, DF: 77%. LITA, Left internal thoracic artery;

LAD, left anterior descending; PI, pulsatility index; DI, diastolic filling; ECG, electrocardiogram.
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2. Pulsatility index (PI): measures resistance. It is the dif-
ference between the maximum and minimum flow
divided by the mean flow. PI ¼ Qmax – Qmin/Qmean
(Q ¼ flow). Ideally, PI is<3; acceptable<5.

3. Diastolic filling (DF) is defined as the percentage of cor-
onary filling during diastole (60%-70% for the left and
50%-60% for the right coronary).

4. Back flow or insufficiency ratio: flow back into the
conduit. Typically, this should be less than 3% and is
closely related to PI.

TTFM is measured at 4 intervals:

1. Once the distal anastomosis is completed and cross-
clamp still on. PI should be very low, with flatness of
the curve due to nonpulsatile pump flow.

2. This is optional: same as stated previously, but with
manual or snare proximal target occlusion (PTO),
reducing retrograde flow into the coronary that may
contribute to increased false negativity (TTFM good
but bypass bad with distal obstruction).

3. Off-pump before administration of protamine. PTO may
be performed if concerned about competitive flow.

4. Before chest closure.
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Epicardial Ultrasound (ECUS)
ECUS is typically performed in conjunction with TTFM

and best performed on a resting heart, providing an anatom-
ical picture of the anastomosis and bypass graft. In one
study, the false positivity of TTFM was dramatically low-
ered with the addition of ECUS, where only 2 of 39 grafts
initially labeled as “failed” were reclassified as such.11

However, the majority of the false positivity was due to
either retrograde or competitive flow, both can perhaps be
excluded with PTO or “snare test.”

Intraoperative Indocyanine Green Imaging (ICG)
ICG dye is excited with dispersed laser light creating an

angiographic depiction of the graft, anastomosis, and native
vessel. A randomized trial comparing TTFM with ICG
found greater sensitivity and specificity with ICG12; howev-
er, it did not gain traction, perhaps due to its cumbersome
use and need to obtain several views for complete graft
visualization.

Coronary Angiography
Although it might be considered the gold standard, coro-

nary angiography did not gain widespread adoption, due to



FIGURE 2. Competitive native flow. High native coronary flow due to

mild LAD stenosis (A), resulting in LITA “string sign.” LITA, Left internal

thoracic artery; LAD, left anterior descending.

Akhrass and Bakaeen Adult: Coronary: Invited Expert Technique
the added time and needed personnel and hybrid operating
rooms not commonly available. In a report by Hol and col-
leagues,13 where post-CABG intraoperative angiography
was carried out, a 4.2% immediate graft revision was un-
dertaken (1.1% for on-pump vs 6.4% off-pump). An
important finding was that two-thirds of the identified “le-
sions”were in the conduit itself rather than the anastomosis.

OPERATIVE SCENARIOS
Technical Errors

Compromised flow may result from suboptimal tech-
niques in conduit harvesting, anastomosis suturing, or
misjudging the length or lay of a graft. A dissection or he-
matoma of an arterial graft, or a displaced clip of a branch,
may compromise luminal flow and go unnoticed. “Purse-
stringing” or “backwalling” during suture placement can
narrow the inflow or outflow. A raised intimal flap or plaque
disruption can be a threat to graft patency. While some
problems such as a proximally located kink or twist in a
graft are readily visible, other technical issues are perhaps
less apparent and adjunct graft flow measurements or imag-
ing modalities may add value.

Competitive Native Flow
The flow through a graft can be borderline or even poor

due to competitive native flow (Figure 2), seen when the ste-
nosis of the target vessel is not severe. Reduced graft
patency has been documented when the radial artery is
used for moderate stenosis, leading to a “string sign.”14

Slightly reduced graft patency has been reported when the
ITA is used to bypass a moderately diseased target.15 A cor-
relation was documented between the degree of target
vessel stenosis and the TTFMs of ITA grafts, where a
“string sign”was noted in 50% of nonstenotic lesions (frac-
tional flow reserve�0.75).16 In another report, 75% of ITA
grafts with competitive flow at initial angiography were
found occluded at 5 years.17

Intraoperatively, marginal flow of an arterial graft by-
passing a moderately diseased vessel can create a dilemma
for an unsuspecting surgeon where the anastomosis “was
just perfect,” especially with no other electrocardiogram
or transesophageal echocardiogram findings suggestive of
ischemia.

Anticipation is key. We find it very helpful to measure
flow after the completion of each bypass while on CPB
with crossclamp on and perfusing the graft only. This is
easily accomplished by removing the clamp off the ITA
or perfusing the SVG with cardioplegia under a pressure
of 80 to 120 mm Hg and flow measured by the perfusionist.
Establishing good flow characteristics without competitive
native flow provides reassurance in case of marginal flow
later once off CPB that might lure the surgeon into revising
the graft unnecessarily. After separation from CPB, or in
off-pump coronary artery bypass (OPCAB) cases,
competitive native flow can be negated with PTO bymanual
or snare compression.
Competitive Graft Flow
Placing a vein graft in close proximity to an arterial graft

with no significant disease between them may result in
arterial “string sign” (Figure 3). An example would be left
ITA–left anterior descending, with an SVG diagonal and
no hemodynamically significant disease in-between. Left
ITA flow may be poor but improves with occluding the
vein graft. In such a situation, it would’ve been prudent
not to graft the diagonal branch or to use the ITA sequen-
tially or as composite grafts.
Sequential Grafting
Flow can be measured at different segments of the

conduit to ensure their patency. A normal upstream flow
reading does not exclude an occluded or compromised
anastomosis if 1 or more other anastomoses in the sequence
are patent.
JTCVS Techniques c Volume 7, Number C 133



FIGURE 3. Competitive graft flow. High flow in neighboring vein-

diagonal, resulting in LITA “string sign.” A, Severe proximal LAD steno-

sis. B, Mild diagonal stenosis. LITA, Left internal thoracic artery; LAD, left

anterior descending.

FIGURE 4. Coronary–coronary steal. High flow in native OM due to mild

stenosis (B), resulting in retrograde flow up the composite BITA graft. A,

Severe LAD stenosis. B, Mild OM stenosis. LITA, Left internal thoracic ar-

tery; OM, obtuse marginal; LAD, left anterior descending.
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Coronary–Coronary Steal Syndrome
Coronary–coronary steal syndrome (Figure 4) occurs

when one limb of an arterial composite graft is used to
bypass a target that is not severely diseased. Back flow
may be noted in the composite limb supplying that target.
It is best not to construct a composite graft if one of the cor-
onaries at hand is not severely stenotic. If already done, then
the ITA limb supplying that non-left anterior descending
target is transected and taken off as a free graft.
Coronary–Subclavian Steal Syndrome
Coronary–subclavian steal syndrome (Figure 5) occurs

when the ITA is used with underlying severe proximal sub-
clavian stenosis, resulting in reversal of flow into the ITA.
Options include transecting the ITA at its origin and using
it as a free graft or addressing the subclavian stenosis
with a stent or carotid–subclavian bypass. Preoperative im-
aging can identify stenotic lesions preoperatively, and this is
134 JTCVS Techniques c June 2021
particularly important in patients with diffuse atheroscle-
rotic disease especially when a no-touch aortic technique
is contemplated because the entire inflow is based on 1 or
2 ITAs.

Spasm
Spasm can affect arterial conduits and coronary targets

alike. It typically resolves with hemodynamic optimization
or use of systemic or topical vasodilators. While significant
tension at the distal anastomosis can distort or kink a coro-
nary target, subtle tension can cause spasm. Likewise, air
embolism can cause mechanical obstruction but can also
induce spasm. The authors have found the administration
of milrinone or nitroglycerine, systemically or directly in-
jected into vein grafts with a fine caliber needle, to be effec-
tive in improving flow in scenarios where coronary spasm is
suspected.



FIGURE 5. Coronary–subclavian steal. Severe proximal subclavian ste-

nosis (A), resulting in LITA retrograde flow. A, Severe proximal SCA ste-

nosis. SCA, Subclavian artery; LITA, Left internal thoracic artery; LAD, left

anterior descending.
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DISCUSSION
The earlier reports of surgeon-specific graft patency

rates, mainly in OPCAB, highlighted the importance of in-
traoperative graft assessment.18 The question is what data
do we have to support the use of adjunct modalities for graft
evaluation. Kim and colleagues19 reported angiographically
proven better patency rates in arterial grafts in OPCAB after
use of TTFM but not with vein grafts. Cut-off values for
imperfect grafts included flow<15 mL/min, PI>3.0, DF
�50% for left-sided, and PI >5.0, DF <50% for right-
sided grafts. Interestingly, 50% of the revised grafts that
continued with abnormal TTFM after revision were patent
on early angiography.19

Di Giammarco and colleagues10 noted that intraoperative
TTFM predicted early (12 months) arterial and vein grafts
failures. A significant number of their cases were OPCAB
and a lower-than-expected vein graft patency rate of 72%
at 1 year was reported.
A review by Thuijs and colleagues9 noted that 4.3% of

patients (2% of grafts) required graft revisions; however,
of all grafts classified as abnormal only 25% were revised.
The authors concluded that while TTFM could improve
CABG procedures, due to the heterogeneous data, drawing
uniform conclusions was challenging. In fact, in 50% of pa-
tients who had a “change” in their management, the deci-
sion was made without the need for TTFM.9

In a prospective study, Jokinen and colleagues correlated
intraoperative TTFMwith postoperative angiography. They
found that cut-off values of flow<15 mL/min and PI>3.0
were indicative of imperfect grafts but were not consistently
reliable, leading to unnecessary graft revisions.8,20

Several studies have shown no correlation between
TTFM and clinical outcomes.21,22 However, Kieser and col-
leagues23 reported a correlation between PI values and post-
operative major adverse cardiac events but had a greater
overall mortality of 4.8% than typically anticipated.23

The randomized Graft Imaging to Improve Patency
(GRIIP) trial22 found no differences in graft failure at
1 year by coronary angiography between the control group
and patients who underwent intraoperative TTFM. In addi-
tion, TTFM parameters did not correlate with 1-year graft
failure. Indeed, 3.4% in the control group crossed over to
the TTFM group based on the surgeon’s suspicion and
none of them met TTFM criteria for revision, yet more
than one half were revised anyway. Moreover, 3.6% in
the TTFM group met criteria for revision and only one
half were revised. At 1-year angiography, 75% of the non-
revised abnormal TTFM grafts were patent.
The Registry for Quality Assessment with Ultrasound

Imaging and Transit-time Flow Measurement in Cardiac
Bypass Surgery (REQUEST) was a multicenter, prospec-
tive, nonrandomized study. Graft revision occurred in
7.8%, but with the nonrandomized nature of the study,
it was unclear whether many of these changes were to
happen anyway because of surgical judgment rather than
predefined end point measures. The authors admitted
that with the lack of post-CABG angiographic follow-
up, no inference could be drawn whether routine graft
assessment actually improves long-term graft patency or
clinical outcomes.24

It has been suggested that the “Achilles heel” of TTFM is
its false negativity, implying a bad graft but good TTFM due
to retrograde flow into the coronary in face of a distal or an
anastomotic toe obstruction. TTFM with PTO, manually or
with snare, should turn the falsely negative test into a posi-
tive one, alleviating such confusion, as described by others.8

In our opinion, the true dilemma and “Achilles heel” is the
false positivity (good graft, bad TTFM), misleading sur-
geons into revising grafts unnecessarily.
JTCVS Techniques c Volume 7, Number C 135



VIDEO 1. Dr Bakaeen summarizes the key points about intraoperative

graft patency validation. Video available at: https://www.jtcvs.org/article/

S2666-2507(21)00026-2/fulltext.
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Arterial conduits, especially the ITAs, are ideal conduits
that are rarely affected by atherosclerosis and intimal hyper-
plasia that contribute to graft failure. However, ITAs are
delicate and less-forgiving structures compared with veins,
making themmore prone to injuries. As such, if there were a
graft to fail due to technical inadequacies, it should be the
ITA and not the vein, yet venous graft predilection for
even early failure underscores the importance of patient-
related risk factors, including coronary target quality and
runoff in influencing conduit patency.22

Several factors may have hampered the widespread adop-
tion of intraoperative quality verification of bypass grafts.
For one, surgeons may feel confident that “they can figure
things out” with visual inspection and other tools such as
electrocardiography and transesophageal echocardiography
that would alert them to issues relating to myocardial
ischemia. Even proponents of intraoperative TTFM admit
measurements can be “confusing” about 15% of the time,
which may lead to unnecessary revisions, and only 25%
of grafts with abnormal TTFM were actually revised.8,9

Is “perfect the enemy of good?” If “things are looking
just fine,” will “looking too hard” with additional tools
become our foe? Indeed, reports noted that up to 73% of
“lesions” identified at intraoperative or early postoperative
angiography resolved spontaneously. Thrombus, wall he-
matoma, edema, and spasm all can mimic a true lesion.25

Misleading the surgeon into revising an otherwise-good
anastomosis is a big deal, especially when handling a small,
fragile, diffusely diseased vessel potentially compromising
it. When ECUS was added to TTFM, the number of revi-
sions fell to 0.7%, in a way emphasizing the low need to
revise grafts.8,11

Flow measurement and graft imaging modalities are not
meant to substitute precise meticulous technique and surgi-
cal judgment. Even in centers that routinely use intraopera-
tive assessment tools, the decision to revise a graft or not is
heavily influenced by the surgeon’s judgment rather than
strict predetermined criteria. Graft patency in general is
more related to patient’s risk factors rather than technical
mishaps.8,11,22 While fully recognizing that the potential
of “avoidable” technical errors still exists, it perhaps
accounts for a smaller percentage of graft failures than
advertised.

Flow verification, especially of the arterial grafts, is
particularly relevant with the increased complexity and nu-
ances of MAG and the inability to “test inject” the ITA con-
duits similar to veins.

In summary (Video 1), we can distill our observations
and recommendations to the following:

1. In general, flowmeter use is helpful, and its routine use is
recommended in MAG and off-pump CABG.

2. Selective use of the flow meter is recommended if there
are any doubts about the integrity of the graft as a supple-
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ment to the surgeon’s clinical judgment. For a meaning-
ful assessment and interpretation, the surgeon should be
familiar with flow measurement.

3. Flow measurements are best performed when the hemo-
dynamics are optimized and, ideally, with no or minimal
vasopressors on board to avoid spasm-related dimin-
ished flow.

4. Suboptimal flow measurements mandate a thorough
investigation of a potential graft compromise but should
not trigger an automatic graft revision.

5. Competitive flow, imbalanced flow, and arterial conduit/
coronary spasm are more frequent causes of poor flow
measurements than technical issues.

6. Persistent zero or near-zero flow is usually associated
with a real graft compromise.

7. The risk–benefit ratio and surgeon judgment are the 2
key components of the formula that determine how to
react to a poor graft flow measurement.

In conclusion, intraoperative graft flow assessment
together with increased use of MAG go hand in hand and
are significant steps in the refinement of surgical revascular-
ization toward the goal of improved short- and long-term
outcomes. Surgeons should up their game with MAG,
emphasizing quality assurance and durability.
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