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We reportflow characteristics of an in-situ internal thoracic artery (LITA) graftwith angiographically competitive
flow to the left anterior descending artery (LAD), based upon intraoperative transit-time flow measurement
(TTFM) during coronary artery bypass grafting with aortic valve replacement (AVR) and during re-AVR seven
years later. Although intraoperative TTFM of the graft showed lowermean flow and higher pulsatility index, sug-
gesting inadequate anastomosis, fast Fourier transform (FFT) analysis of TTFM waveforms presented gradual
waning of the amplitude, as shown in patent grafts. FFT analysis of the TTFM waveforms is helpful to judge the
patency of LITA to LAD, even with competitive flow.
Learning objective: The internal thoracic artery (LITA) graft to left anterior descending artery (LAD) with angi-
ographically competitive flow shows gradual waning of the amplitude on fast Fourier transform (FFT) analysis of
the transit-timeflowmeasurement (TTFM)waveforms, although lowermean graftflow, higher pulsatility index,
and higher systolic reversal flow may suggest inadequate anastomosis. FFT analysis of the TTFM waveforms is
useful to judge the patency of LITA to LAD, even with competitive flow.

© 2023 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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Introduction

Transit-time flow measurement (TTFM) (Medi-Stim, Oslo, Norway)
is increasingly used for intraoperative graftflowanalysis during coronary
artery bypass grafting (CABG) as a less invasive, more highly reproduc-
ible, and less time-consuming method [1]. A TTFM probe consists of an
ultrasonic transmitter, reflection plate, and ultrasonic receiving device.
Based on the theory of ultrasonic velocity measurement, it calculates
the graftflowbymeasuring the timebetween the ultrasonic transmitting
device and the ultrasonic receiving device. Previous studies have pro-
posed the clear-cut values of TTFM to predict graft failure, using mean
graftflow(Qm)<15ml/min, pulsatility index (PI)>5.0, systolic reversal
flow (SRF) > 4 %, and fast Fourier transform (FFT) ratio, the ratio of the
first 2 harmonics > 1.0 [1].

Grafting of the in-situ internal thoracic artery (LITA) to the left ante-
rior descending artery (LAD) can be compromised by competitive flow
when the stenosis of LAD is less severe, leading to a string phenomenon
[2]. We report flow characteristics on TTFM of a LITA graft to LAD with
kake, Toyoake, Aichi 470-1192,
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angiographically competitive flow based upon two findings of TTFM dur-
ing the first CABG and during the redo cardiac surgery with 7-year inter-
val. We obtained oral informed consent from the patient for publication
of this case report. Institutional review board approval for this report
was not required by our institution.

Case report

In 2016, a 71-year-old female patient with hypertension, dyslipid-
emia, and diabetes mellitus presented syncope and was diagnosed
with aortic valve stenosis and3-vessel coronary disease on coronary angi-
ography, including LAD with a fractional flow reserve (FFR) of 0.74
(Fig. 1A). She underwent aortic valve replacement (AVR) with a 19-mm
bioprothesis (Mosaic Ultra; Medtronic, Minneapolis, MN, USA) and triple
CABG: in-situ LITA graft to LAD, sequential saphenous vein graft (SVG) to
left circumflex artery and right coronary artery. Intraoperative TTFM of
the LITA showed Qm of 10ml/min, PI of 6.0, and SRF of 14 %. FFT analysis
of the TTFMwaveforms showed gradual waning of the amplitude with a
FFT ratio of 2.5 (Fig. 1B). Postoperative angiography twomonths after sur-
gery showed patent SVG and LITA graft with competitive flow of the LAD
but without a string sign (Fig. 1C and D). Postoperative stress myocardial
perfusion scintigraphyusing thallium-201 also showedno ischemia of the
LAD area (Fig. 1E).
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Fig. 1.

(A) Preoperative coronary angiography of the left anterior descending artery (LAD) with a fractional flow reserve of 0.74. (B) Results of transit-time flowmeasurement of in-
situ internal thoracic artery (LITA) graft to the LADduring thefirst cardiac surgery. The fast Fourier transform (FFT) analysiswaveform shows a gradually attenuatingwaveform
with a FFT ratio of 2.5. (C) Postoperative coronary angiography of the LAD, showing reversal blood flow from the native LAD to the LITA graft (yellow arrow). (D) Postoperative
angiography of the LITA graft. (E) Postoperative stress myocardial scintigraphy, showing no ischemia.
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Fig. 2.
(A) Coronary angiography of the left anterior descending artery (LAD) before the second cardiac surgery, showing reversal blood flow from the native LAD to the internal tho-
racic artery (LITA) graft (yellow arrow). (B) Angiography of the LITA graft before the second surgery. (C) Results of transit-time flowmeasurement of the LITA graft to the LAD
during the second surgery. The fast Fourier transform (FFT) analysis shows a gradually attenuating waveform with a FFT ratio of 1.7.
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At the age of 78 years in 2022, she developed exertional dyspnea and
syncope again. Echocardiography revealed aortic bioprosthetic stenosis
with max velocity of 3.9 m/s, mean pressure gradient of 31 mmHg, and
estimated valve area of 0.6 cm2. A coronary angiography redone for re-
AVR showed patent SVG and LITA graft with more competitive flow of
the LAD but without a string sign (Fig. 2A and B). During re-AVR with
a 17-mm mechanical valve (SJM Regent; St Jude Medical, St Paul, MN,
USA), intraoperative TTFM of the LITA showed Qm of 16 ml/min, PI of
4.5, and SRF of 8 %. FFT analysis of the TTFMwaveforms showed gradual
waning of the amplitude with a FFT ratio of 1.7 (Fig. 2C).

Discussion

In this report, the patent LITA graft to LAD with angiographically
competitive flow showed gradual waning of the amplitude on FFT
analysis of the TTFM waveforms, despite lower Qm, higher PI, higher
SFR, suggesting inadequate anastomosis, in a patient undergoing redo
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cardiac surgery. Itmay suggest that FFT analysis of the TTFMwaveforms
is useful to judge the patency of LITA to LAD, even with competitive
flow.

The main indicators of intraoperative TTFM to assess anastomosis
quality of the LITA graft to LAD, Qm, PI, and SRF, are strongly affected
by preoperative FFR value of the LAD, which reflects the physiologic de-
gree of stenosis or myocardial ischemia [3]. In particular, PI should be
noted, because the formula for it is (maximal flow-minimal flow)/Qm.
High sharp waves and negative blood flow can increase the difference
between the maximum and minimum blood flow. These features are
more alarming to surgeons than Qm, as Quin et al. reported that the
re-anastomosis rate increased with an increase in PI [4]. Therefore, the
combination of TTFM indicators and FFT improve the accuracy to evalu-
ate graft quality in clinical settings.

FFT analysis is based upon the principal that all periodic waveforms
can be broken down into a series of pure sine waves or harmonics.
Harmonics exist at frequencies that are multiples of the frequency of
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the originalwaveform(“the fundamental frequency”) and are described
in terms of an amplitude and phase [5–8]. The greatest value of FFT is
that it quantifies TTFM waveforms by transforming the waveforms
into the frequency domain. The harmonics reflected the complexity of
the TTFM waveform. For example, the sine wave has only 1 harmonic,
and the more harmonics, the more complex the wave. The frequency
of harmonics also reflected waveform complexity.

Mao et al. demonstrated that the FFT analysis can be applied to eval-
uate CABG graft flow usingmulti-scale models of a 3D LITA-LAD graft of
different stenosis in LAD to get differentmagnitude of competitive flows
[5,6]. Their in vitro results showed that the FFT ratio > 1.0 is preserved
for the patent LITA-LAD graft with any degree of stenosis, as demon-
strated in this report. When the TTFM indices are not good, such as
Qm < 15 ml/min, PI > 5.0, or SFR > 4 %, FFT analysis should be recom-
mended.When the FFT ratio is 1.0 or higher, the graft anastomosis is ad-
equate and the surgical indication for revascularization of the LAD is not
adequate. When the FFT ratio is <1.0, there may be a problemwith the
anastomosis, and therefore, graft revision should be considered [3]. Al-
ternatively, Jia et al. reported that main wave (H0), the amplitude of
the first harmonic (H1), and the frequency of the first harmonic are pre-
dictive parameters for graft failure, although they concluded that FFT of
TTFM waveforms can be used to evaluate graft quality [8].

In conclusion, the patent LITA graft to LAD with angiographically
competitive flow showed gradual waning of the amplitude with the
FFT ratio > 1.0 on FFT analysis of the TTFM waveforms, despite lower
Qm, higher PI, higher SFR. FFT analysis of the TTFMwaveforms is useful
to judge the patency of LITA to LAD, even with competitive flow.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jccase.2023.08.010.
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We obtained oral informed consent from the patient for publication
of this case report. Institutional review board approval for this report
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