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1. Introduction

Transit time flow measurement (TTFM) is increasingly used in coronary artery bypass graft (CABG) surgery
for the intraoperative evaluation of newly created grafts [1-9]. Deviations in the measured flow waveform
can alert the surgeon of possible technical imperfections in the graft before the patient’s chest is closed.
Presently in Japan, all CABG procedures include some form of flow-based patency assessment [10], while
in the United States this percentage lies around 20% [6], the majority of which concerns off-pump CABG
surgery. Also, the 2018 ESC/EACTS Guidelines on Myocardial Revascularization [11] recommend TTFM to
confirm graft patency.
Flow-based patency evaluation is complicated by the many factors influencing the coronary flow
waveform. Myocardial perfusion differs from the flow in the rest of the cardiovascular system in that
intramyocardial vessels are highly influenced by their active environment: the contracting wall of the
heart. This results in the distinctive diastolic dominant flow rate waveform in coronary arteries [12,
13]. Being anastomosed onto a coronary artery, a CABG graft inherits this diastolic dominant flow
waveform. Factors that influence the CABG flow waveform are target coronary, graft type (e.g. arterial or
venous, single or sequential), competitive flow (resulting from incomplete occlusion of native coronary),
autoregulation, quality of coronary microvasculature (resistance, compliance), but also heart rate, cardiac
index, blood pressure, and BMI [14].
Because of the complex nature of CABG surgery, interpreting the measured flow waveform can be
challenging. This technical note aims to give the reader a basic understanding of the mechanics, fluid
dynamics, and physiology underlying TTFM-based patency metrics. Also, a brief explanation is given of
the statistical methods used to evaluate the performance of patency metrics.

2. Coronary Hemodynamics
As already mentioned briefly in the introduction, the coronary flow waveform differs from the flow
in the rest of the cardiovascular system because of the influence of the contracting wall of the heart.
As illustrated in Figure 1, left and right ventricular contraction cause a rise in systemic and pulmonary
pressure, respectively, driving blood circulation. However, this contraction also compresses the myocardial
wall, resulting in high intramyocardial pressure, which impedes coronary arterial flow during systole.
During diastole, the myocardial wall expands and intramyocardial pressure decreases, leading to increased
flow in the coronary arteries. The overall result is the distinctive diastolic dominant flow waveform that
is typically observed in coronary arteries. Because the left ventricle contracts more strongly than the right
ventricle, diastolic dominance is more pronounced in left coronaries.
Figure 1. Top: Contraction of the ventricles during systole causes
arterial pressure to rise, but also compresses the myocardial wall,
resulting in high intramyocardial pressure (pim) and coronary flow
impediment. During diastole the myocardium expands and pim
decreases. Bottom: Simplified electrical circuit model of human
circulation, based on Mantero et al. [15], to illustrate Spaan’s
intramyocardial pump principle [12] (highlighted in yellow). CABG
graft (resistance + compliance) is colored gray to indicate that it is
not always present. Ventricles are represented as a combination of
a pressure source and a time-varying elastance; pim is represented
as a separate source for clarity but originates from ventricular contraction. The action of pim causes volume to be squeezed out of the
intramyocardial bed during systole, resulting in low arterial and high
venous flow rates. During diastole this effect is reversed, resulting in
the typical diastolic dominant coronary flow waveform.
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On the venous side, compression of the myocardial wall is the dominant driving force for flow, so that the
coronary arterial and venous flow waveforms are in anti-phase [12].
Because a CABG is anastomosed onto a coronary artery, it also experiences the effects of myocardial
contraction. Therefore, the flow waveform in a patent graft should display a diastolic dominant pattern
similar to its target artery. However, it should be noted that the perfusion pressure waveform in arterial
grafts, such as LITA or GEA grafts, differs from the pressure waveform in the ascending aorta, where the
coronary ostia are located. Its onset is delayed, and its diastolic and mean pressure are lower [16], resulting
in a slightly different flow waveform. Venous grafts generally have their proximal anastomosis on the
aortic root, and hence have a perfusion waveform that is virtually indistinguishable from that in (proximal)
coronary arteries.

2.1 Stenosis
Blood flow is driven by a pressure gradient and restricted by resistance. A higher pressure gradient leads to
a higher flow rate, whereas a higher resistance reduces the flow rate. If a blood vessel becomes constricted,
several things happen to the flow (Figure 2). At the site of the constriction, the reduction in diameter
causes an increase in flow resistance. This results in an increased pressure drop across the constriction and,
in severe cases, turbulence on the distal side (which, in combination with the acceleration and deceleration
through the constriction, increases the pressure drop even further) [12, 17]. In the coronary circulation,
the reduced pressure distal to a constriction also causes the diameter of the vessels in the intramyocardial
vascular bed to decrease, resulting in increased resistance there as well [12]. Because compliance is higher
in the subendocardium than in the subepicardium, the diameter decrease and resistance increase are
larger in the former, resulting in a reduced endo/epi flow ratio [12, 13]. As subepicardial flow suffers less
from systolic flow impediment than subendocardial flow, this reduction of endo/epi flow ratio leads to
a decrease in diastolic dominance. Additionally, pressure drop over a constriction depends on flow rate
[17], so that the increase in intramyocardial resistance is larger during diastole (high flow rate) than during
systole (low flow rate), which further reduces diastolic dominance. Finally, the increase in intramyocardial
resistance may (in part) be compensated by autoregulation.

Figure 2. Effects of stenosis: 1. Local: decreased diameter results in increased resistance and lower pressure distal to stenosis. 2. Distal: decreased pressure
causes decreased vessel diameter and hence higher resistance in the intramyocardial vascular bed, resulting in decreased endo/epi flow ratio. As subepicardial flow suffers less from systolic flow impediment than subendocardial flow, decreased endo/epi ratio results in decreased diastolic dominance. 3. Dynamical: Pressure drop over stenosis depends on flow rate [17], so effect 2. is stronger during diastole (high flow rate) than during systole (low flow rate).

2.2 Existing TTFM-based Metrics

2

physical & statistical background cont.
Flow-based patency metrics quantify one or more of the aspects outlined in the previous subsection. At
present, TTFM flow monitors used for intraoperative CABG patency assessment display a selection of
metrics (Box 1; see Abbreviations for meaning of variables). If one or more metrics exceed a critical value,
the surgeon is prompted to check the newly created graft for technical imperfections, such as twists, kinks,
or misapplied stitches (Box 2). As also pointed out by Akhrass and Bakaeen [1], suboptimal metric values
should not automatically lead to graft revision; TTFM is intended as a supportive tool, subordinate to the
surgeon’s expert judgment.

The rationale of deploying Qmean as a patency metric is simply that in a narrowed anastomosis the resistance
to flow is greater (Figure 2), leading to a reduction of Qmean. However, Qmean is also influenced by other
factors like graft diameter, autoregulation, driving pressure gradient, competitive flow, and quality of
distal run-off, which makes it an unreliable metric if used on its own.
PI quantifies flow pulsatility relative to mean flow rate, which tends to increase with increasing occlusion.
This is mostly an effect of graft compliance [18] and thus depends on flow probe position. Also, the
negative systolic spike caused by competitive flow leads to elevated PI, irrespective of graft quality.
DF% and D/S-ratio, which are related as DF% = 100 × D/S-ratio/(1 + D/S-ratio), quantify diastolic dominance
of the graft flow waveform by comparing volume delivered during diastole with per-beat volume
or systolic volume, respectively. An analogous metric, Diastolic-Systolic Velocity Ratio, was recently
introduced to quantify stenosis in the catheterization laboratory [19]. With increasing graft occlusion,
the diastolic dominance of the flow waveform decreases (Figure 3). This is, at least in part, explained
by the pressure-dependent resistance in the myocardium: a decrease in pressure leads to an increase in
resistance [12]. Because the pressure drop over a stenosis depends on the flow rate through the stenosis,
this effect will be more pronounced during diastole. As a result, the flow rate is affected more severely
by stenosis during diastole than during systole. Furthermore, stenosis induces autoregulation, which
reduces the subendocardial/subepicardial flow ratio [12]. As a result, a larger portion of the flow passes
through the subepicardium where flow impediment due to systolic contraction is not as strong as in the
subendocardium.
Critical values of DF% and D/S-ratio depend on graft target site and flow probe position. Finally, also
the amount of retrograde graft flow is sometimes displayed on flow monitors. Called insufficiency ratio,
or backflow percentage, it is quantified by the ratio (negative flow volume)/(total flow volume). While
retrograde flow may cause string sign in the graft and eventual failure, it is not an indicator of technical
error in the graft or anastomosis [1].
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Figure 3: Diastolic dominance of coronary flow waveform decreases with increasing occlusion (representative flow waveforms courtesy of Takahashi et
al., Nippon Medical School, Tokyo, Japan)

2.3 Recent Developments
Research into improved TTFM-based patency metrics is ongoing. Epicardial ultrasound imaging is
sometimes used to inspect the distal anastomosis interior and is considered a useful complement to TTFM
[1, 4].
Takami and Ina [20] proposed to use the Fast Fourier Transform (FFT), more specifically, the ratio of powers
of the fundamental frequency and its first harmonic. Jia et al. [21] tested this idea and extended it to a
number of other FFT-related metrics in a clinical study.
Handa et al. [22] introduced the maximal blood flow acceleration in early diastole as a potential marker of
patency.
Furthermore, combining multiple metrics and applying machine learning techniques, such as neural
networks [23] or support vector machines [24], can potentially improve the accuracy of flow-based
intraoperative patency assessment, albeit at the cost of increased mathematical complexity and reduced
explainability.
Finally, in the related setting of diagnostic cardiac catheterization laboratory measurements, deMarchi et
al. [25] attempted to use coronary wave intensity analysis [26] to determine stenosis severity from flow and
pressure measured proximal to a coronary stenosis, but failed to find a statistically significant relation.

2.4 Diastolic Resistance Index
For a more complete metric, with a more conceptually tangible link to graft patency, Transonic is working
on the development of a novel metric — the diastolic resistance index (DRI):

Like DF% and D/Sratio, DRI compares diastolic and systolic flow rates, and will therefore quantify the
decrease of diastolic dominance with increasing occlusion. Because DRI uses mean flow rates rather than
volumes, it is expected to be less sensitive to diastolic time fraction. The influence of perfusion pressure is
taken into account by including the ratio of mean diastolic to mean systolic pressure. Central pressure
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is estimated from peripheral measurements using a transfer function [13]. With increasing anastomotic
occlusion, resistance increases, and so does DRI, rendering it more intuitive than DF% or D/S-ratio.

3. Performance Assessment
To evaluate how well a particular patency metric performs in practice, results from a clinical study are
analyzed statistically. Conventionally, binary classification is used for CABG patency metrics. That is,
depending on the value of a metric, a graft is considered either patent or failed. The class predicted by
the metric is then compared with the ‘true’ class, based on a gold-standard measurement method, such as
angiography. In the case of binary classification, four different outcomes are possible, as shown in Table 2.
Table 1: Possible outcomes in binary classification. TN: true negative, FN: false negative, FP: false positive, TP: true positive

Doing this for a sufficiently large number of grafts, the true positive rate, or sensitivity, and the true
negative rate, or specificity, can be determined. Sensitivity and specificity depend on the threshold value
selected for a metric. For example, if the threshold for Qmean is set to a relatively high value (i.e. all grafts
with Qmean < 25 mL/min are labeled as failed), the sensitivity will be very high, but there will also be a lot of
false positives (i.e. patent grafts that are incorrectly labeled as failed), resulting in a low specificity. To find
the optimal balance between sensitivity and specificity, a so-called receiver operating characteristic (ROC)
curve can be constructed. The threshold is varied over the entire range of values measured in the study,
and for each value the sensitivity and specificity are determined. This results in a curve that runs from 0%
sensitivity, 100% specificity, to 100% sensitivity, 0% specificity (see example in Figure 4). The area under
this curve is a measure of the performance of a metric: an area of 1.0 means perfect performance, while an
area of 0.5 indicates pure chance; the worst possible performance.

Figure 4: Example of an ROC curve (based on mean flow rate data from a pig study by Morota et al. [27])

5

Flow-based CABG patency evaluation:
3.1 Three-class Statistics

3.1.1 Bayesian Inference

1. Bernoulli experiment: experiment with either success or failure as outcome, i.e. a prediction is either correct,
with probability l, or incorrect, with probability (1- l).
2. Binomial distribution: discrete probability distribution of the number of successes in a sequence of n independent
Bernoulli experiments.
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3.1.2 Application in Multi-class Setting

3.1.3. Implementation
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Table 2: Confusion matrix for Qmean applied to the pig data of Morota et al. [27]					

Figure 5. Left: Class-wise posterior probability distributions for sensitivity of Qmean, right: result of convolution, posterior balanced sensitivity of Qmean.
Dashed vertical lines indicate modes, shaded areas indicate 95% confidence intervals.
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Abbreviations
BF%			

backflow percentage

BMI			

body mass index

C			

compliance

CABG			

coronary artery bypass graft

D			diameter
DF%			

diastolic filling percentage

DRI			

diastolic resistance index

D/S-ratio		

diastolic/systolic ratio

FFT			

fast Fourier transform

LITA			

left internal thoracic artery

LAD			

left anterior descending artery

p			

pressure, probability (from context)

PBS			

posterior balanced sensitivity

PI			

pulsatility index

Q			

flow rate

R			resistance
ROC			

receiver operating characteristic

t			time
T			

cardiac period

TTFM			

transit-time flow measurement

V			

volume

Subscripts
dia, sys			

diastole, systole

min, max, mean

minimum, maximum, mean
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