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Abstract

Background: Transit-time flow measurement (TTFM) is frequently used to evaluate intraoperative
quality control during coronary artery bypass grafting (CABG). Although TTFM has the ability to assess
graft failure intraoperatively, the perioperative factors affecting TTFM during CABG surgery remain
poorly understood.

Methods: Patients who underwent CABG surgery at a single institution between July 2016 and May
2018 were prospectively evaluated. Patients’ demographic characteristics, previous medical history,
Euroscore, the results of preoperative blood tests, and intraoperative data were recorded. TTFM and blood
viscosity were measured hemodynamically, and mean flow (mL/min) and pulsatility index (PI) were
recorded. Arterial blood gas was analyzed immediately after anastomosis of the left internal mammary
artery (LIMA) to the left descending artery (LAD) and before sternal closure. Factors associated with
TTFM were assessed by multiple linear regression analysis.

Results: Of the 62 patients who underwent CABG surgery during the study period, 57 were evaluated,
including 49 who underwent off-pump and eight who underwent on-pump surgery. Blood viscosity was
not significantly associated with TTFM (p > 0.05). However, TTFM was significantly associated with
body mass index (BMI), systolic blood pressure, and cardiac index (p < 0.05 each).

Conclusions: Blood viscosity was not significantly associated with intraoperative graft flow. Blood flow
of graft vessels, however, was significantly associated with BMI, systolic blood pressure, and cardiac
index.
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Introduction

Ischemic heart disease(IHD) is the global leading cause of death, according to the World Health
Organization (WHO) survey from 2000 to 2016[1]. The mortality rate in IHD is gradually lowering in
Western countries due to the development of diagnostic and therapeutic techniques for IHD, whereas in
developing countries, it is gradually increasing in westernized lifestyles[2]. Coronary artery bypass
grafting (CABG) surgery is still an important and preferred treatment despite the development of various
interventions in IHD. In CABG surgery, early detection of postoperative graft failure during surgery is
very important to prevent postoperative complications such as refractory angina, myocardial infarction,
arrhythmias,and even mortality[3].

Transit-time flow measurement (TTFM), which utilizes ultrasound to measure flow velocity in blood
vessels, is frequently used for intraoperative assessment of graft quality in patients undergoing coronary
artery bypass graft (CABG) surgery [3-8]. TTFM is a noninvasive, easy-to-use method of measuring graft
flow velocity in real time, does not require complex equipment, and provides numerical results [9,10].
Moreover, graft flow velocity measured by this method was shown to be accurate and reproducible [11,12].
Blood viscosity, an indicator of the stickiness of blood, can be measured as the degree of blood resistance
to flow [13]. The most important factors influencing blood viscosity are hematocrit, red blood cell
deformability, red blood cell aggregation, and plasma viscosity [14,15], with hematocrit being the
strongest factor affecting whole blood viscosity [14]. Plasma viscosity is a function of water content and
macromolecular components, including the types and concentrations of plasma proteins [14,16]. Blood
viscosity varies with shear rate, with blood being less viscous at high shear rates and more viscous at low
shear rates, resulting from increased vessel diameter or low flow rate [17]. Blood viscosity is expected to
change continuously during surgery, as a result of intraoperative hemorrhage and subsequent fluid
administration and transfusion.

The patency of a coronary artery bypass depends on several factors, including the nature of the coronary

vessel, the quality and type of the grafts, the collateral flow through the native coronary vessel, and the
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construction of the anastomosis [18-20]. Slower TTFM during CABG surgery has been reported to be
associated with a greater likelihood of graft failure after surgery [21]. Therefore, the velocity of blood
flow through the graft vessels measured during surgery can affect patient prognosis, making it necessary
to determine factors affecting blood flow velocity, especially those than can be controlled [3,22-24]. To
our knowledge, however, factors affecting blood flow velocity of graft vessels, including those affecting
changes in viscosity during surgery, have not yet been determined. The present study therefore
investigated the effects of blood viscosity on the velocity of blood flow through graft vessels measured

during surgery in patients undergoing CABG surgery.
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Methods

Study population

The protocol of this observational study was approved by the Institutional Review Board of Asan Medical
Center, and the study was registered at the Korean Clinical Trials Registry (KCT0002047). Written
informed consent was obtained prospectively from each patient. Patients were prospectively included if
they underwent on-pump CABG or off-pump coronary artery bypass (OPCAB) surgery at a single
institution between July 2016 and May 2018. Patients were excluded if they underwent emergency
surgery; had poor systolic function of the left ventricle, defined as preoperative ejection fraction <40, on
preoperative echocardiogram; had undergone any type of anastomosis other than anastomosis from the
left internal mammary artery (LIMA) to the left anterior descending artery (LAD); had preoperative
arrhythmias such as atrial fibrillation; or refused participation. All clinical data were obtained from the

electronic medical records system of our institution.

Anesthesia and perioperative management

General anesthesia was induced with a bolus IV injection of 0.1 mg/kg midazolam, followed by 0.8
mg/kg rocuronium to facilitate orotracheal intubation, and was maintained by continuous infusion of
remifentanil and propofol using a target controlled infusion pump (Orchestra Base Primea; Fresenius
Kabi, Brezins, France). Although cardiac preload was maintained with crystalloids or colloids, patients
who showed reductions in mean arterial pressure and/or cardiac index during surgery were administered
inotropic agents, such as dobutamine; or norepinephrine and a vasopressor such as phenylephrine. Packed
red blood cells were transfused when hemoglobin concentration was below 8 g/dL. A cell salvage device
(AUTOLOG, Medtronic Inc., Minneapolis, MN) was used in all patients, and salvaged blood was
reinfused before the end of surgery. Throughout surgery, all patients were continuously administered an
isosorbide dinitrate and a calcium channel blocker such as diltiazem.

All surgical procedures were performed by five cardiac surgeons highly experienced in on-pump CABG
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or OPCAB. All patients underwent median sternotomy and received volume-controlled ventilation with
50% inspired oxygen during surgery, with tidal volume set at 8 mlL/kg of ideal body weight without
positive or expiratory pressure.

After surgery, all patients were transferred to the intensive care unit (ICU) and discharged from the ICU
to the general ward when their clinical status became stabilized, and further ICU monitoring and care

were not required.

Clinical variables and perioperative variables

Demographic variables recorded included patient age, sex, weight, height, and body mass index (BMI).
Preoperative variables included previous medical history, including medications, Euroscore (II, logistic),
and ejection fraction of the left ventricle on preoperative echocardiography. Laboratory data included
hemoglobin concentration; hematocrit; and serum concentrations of blood urea nitrogen (BUN),
creatinine, albumin, cholesterol, triglycerides, high density lipids, low density lipids, creatine kinase-MB
(CK-MB), and troponin I. Intraoperative data included anesthesia time; surgery time; size of the graft
vessel; intraoperative total fluid volume including transfusions; and hemodynamic parameters, including
heart rate, mean arterial blood pressure, pulse oximetry, central venous pressure, cerebral oximetry,
pulmonary artery pressure, cardiac index, systemic vascular resistance index, and arterial blood gas
analysis. Postoperative variables included duration of mechanical ventilation, length of ICU stay, length
of hospital stay, and postoperative complications. Postoperative complications included myocardial

infarction, atrial fibrillation, wound complication, acute kidney injury, and death.

Transit-time flow measurement
The primary outcome of this study was TTFM, an ultrasound measure of the velocity of blood flow
through the blood vessel. TTFM is based on the measured difference in time required for blood flow

between two ultrasonic signals emitted by a probe [4,25,26] and is expressed as milliliters per minute
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(mL/min) [27]. TTFM in this study was measured twice, immediately after LIMA to LAD anastomosis
and before sterna closure, using a VeriQ Flowmeter (Medistim ASA, Oslo, Norway). Mean blood flow

(mL/min) and pulsatility index (PI) were recorded.

Viscosity of graft flow measurements

Blood viscosity, measured as systolic and diastolic blood viscosity, is dependent on blood pressure, which
changes with every cardiac cycle [28-30]. Systolic blood viscosity is dependent on hematocrit and plasma
viscosity, and is highly affected by the volume of intraoperative fluid infusion [28,29]. By contrast,
diastolic blood viscosity is affected by many factors, including platelet counts and concentrations of
immune complexes, triglycerides, and cholesterol [28,29]. TTFM and blood viscosity were measured at
the same time. Immediately after measuring the velocity of blood flow through the graft vessel, 3 mL
blood was collected in an EDTA container and refrigerated at 4°C, and systolic and diastolic blood

viscosity were measured using Hemovistor™.

Sample size and clinical data

The absence of previous studies or data from pilot studies prevented a calculation of correct sample size.
Assuming a first type error (o) of 0.05 and a second type error () of 20%, the power would be 80% when
the expected effect size (f) was set at 0.15 and the prediction factor at 5. Thus, 91 subjects were regarded

as adequate; assuming 10% dropout rate, a total of 100 subjects was estimated as sufficient.

Statistical analysis

Categorical variables were expressed as numbers and percentages, and continuous variables as means and
standard deviations. Categorical variables were compared using the Pearson y? test or Fisher’s exact test,
whereas continuous variables were compared using Student’s #-test or the Mann—Whitney U-test.

Univariate logistic regression analysis was performed to investigate the associations between clinical
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variables, including blood viscosity, with TTFM. Variables with p < 0.1 on univariate analyses and
clinically meaningful variables were entered into multivariate logistic regression analysis, with
backward elimination procedures used to determine the independent variables associated with TTFM.
Multivariate logistic or linear regression analyses were used to assess § coefficients with 95% confidence
intervals (Cls) of the relationships between clinical variables and TTFM. All measured variables at both
measurement times were included in the analysis because of the small cohort size. A random effects
model for regression analysis was used to control for unobserved heterogeneity when heterogeneity was
constant over time. All statistical analyses were performed using “R” statistical software (R ver. 3.5.1.),

with p-values <0.05 considered statistically significant.
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Results

Of the 100 patients who underwent CABG between July 2016 and May 2018, 38 who met the exclusion
criteria were excluded, as were an additional two patients in whom blood viscosity was not measured.
Because blood flow <20 mL/min combined with PI >5 indicates technically inadequate grafts [31], three
additional patients with PI >5 were also excluded. Thus, this study included 57 patients, 45 men and 12
women, of mean + SD age 64.3 + 8.3 years (Fig. 1). Of these 57 patients, 49 (86.0%) underwent off-pump
and eight (14.0%) underwent on-pump CABG. The baseline demographic and clinical characteristics of
the study patients are shown in Table 1.

Intraoperative data are shown in Table 2 and hemodynamic findings in Figure 2. Mean blood pressure,
diastolic blood pressure, central venous pressure, and mean pulmonary arterial pressure increased after
LIMA to LAD anastomosis rather than immediately after induction, but then decreased before sternal
closure (Fig. 2). Conversely, systolic blood pressure and cardiac index decreased after anastomosis rather
than immediately after induction, but increased before sternal closure. The average ICU stay was 40 hours,
the average hospital stay was about 9 days, and the mean mechanical ventilation time was approximately
10 hours. Nine patients experienced postoperative complications, including six with atrial fibrillation, one
with wound complications, and two with acute kidney injury . Postoperative outcomes are summarized in
Table 3.

Factors associated with TTFM are shown in Table 4. Univariate linear regression showed that female sex,
BMI, ejection fraction on preoperative echocardiogram, volumes of total fluid and packed red blood cells
infused intraoperatively, heart rate, systolic blood pressure, mean blood pressure, oxygen saturation on
pulse oximetry, and cardiac index were significantly associated with TTFM (p < 0.1 each). These
variables were used to construct a multiple linear regression model, which found that BMI (p = 0.008),
systolic blood pressure (p = 0.023), and cardiac index (p = 0.039) were independently associated with
TFFM. Volume of total fluid infused intraoperatively tended to be significantly associated with TFFM (p

=0.081). By contrast, TTFM was not associated with blood viscosity (Figure 3).
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Discussion

TTFM has been reported as important for determining the success of grafts during surgery [22] and for
predicting the risk of graft failure after surgery [21], making TTFM the most widely used method of
intraoperative graft quality control in patients undergoing CABG surgery [3-8]. Prior to this study,
however, the perioperative factors affecting TTFM during CABG surgery had not been determined,
making this study one of the first to assess perioperative factors affecting flow measurements in graft
vessels.

Although this study was designed to determine the association between blood viscosity and TTFM, no.
such significant association was observed. Because blood is a non-Newtonian fluid, its viscosity is
affected by shear rate[17]. Blood viscocity is higher at low shear rates, while being lower at high shear
rates[17]. Coronary artery blood flow is not at steady-state, making its viscosity inconstant. Furthermore,
previous studies have reported a significant increase in blood viscosity during cardiac surgery and after
surgery[32]. Cardiac surgery can cause abnormal blood rheological characteristics that may be associated
with lung dysfunction and endothelial damage[33]. In addition, blood viscosity changes due to systemic
inflammatory and thrombotic responses during cardiac surgery[32]. Although the blood viscosity was
measured twice during surgery and was divided into systolic and diastolic viscosity, blood viscosity
changes according to the blood flow with continuous change during the surgery, making it difficult to
determine the real-time relationship between viscosity and TTFM. Despite the limitations of measuring
methods, blood viscosity plays an important role in hemodynamics, thrombosis, and inflammation, as
well as affects the diagnosis and treatment of cardiovascular diseases [34-39]. Because we were unable to
determine how blood viscosity affects postoperative clinical outcomes including postoperative graft
failure, further studies are needed.

Interestingly, we found that BMI was significantly associated with TTFM, in agreement with findings
showing that high BMI or obesity is associated with coronary endothelial dysfunction, an early stage of

coronary atherosclerosis that may involve the epicardial and/or resistance vessels [40,41]. The negative
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effects of obesity on coronary circulation include immediate changes in coronary arterial vasomotor
responsiveness and the development of occlusive coronary artery disease [42,43], as well as the generation
of adipocyte-derived adipokines [44,45]. Several diseases in obese patients caused by coronary
microvascular inflammation have been associated with cellular mechanisms that control the secretion of
adipokines and proinflammatory cytokines from adipose tissue [46]. This association between BMI and
TTFM indicates that metabolic dysfunction associated with obesity also affects coronary blood flow.
Factors significantly associated with TTFM in the present study included systolic blood pressure, and
cardiac index, suggesting that hemodynamic status is an important determinant of TTFM. This study,
however, was unable to determine the contribution or effect of each factor.

We expected that diastolic blood pressure would more likely affect TTFM than systolic blood pressure
because coronary perfusion pressure is determined by the difference between aortic diastolic pressure and
left ventricular end-diastolic pressure (LVEDP) [47]. Surprisingly, however, we found that systolic blood
pressure was associated with TTFM, whereas diastolic blood pressure was not. TTFM was more affected
by blood flow through engrafted vessels than through native coronary vessels due to obstruction of the
latter. As expected, cardiac index was associated with TTFM because cardiac output is an important
determinant of both coronary blood flow and blood flow through the engrafted vessel.

This study had several limitations, including its small cohort size. Nevertheless, these findings represent
an important first step in evaluating perioperative factors affecting the measurement of blood flow
through graft vessels. Studies of factors affecting TTFM in larger numbers of patients are needed to
determine the extent of their effects on TTFM. Another limitation of this study was that operations were

performed by five different surgeons, which may have affected TTFM.

Conclusion
This study found no significant relationship between blood viscosity and intraoperative graft flow. By

contrast, BMI, systolic blood pressure, and cardiac index were significantly associated with blood flow
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through graft vessels. Additional studies are needed to determine the extent to which individual factors

affect TTFM, and how factors related to TTFM affect clinical outcomes.
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Figure 1. Flow diagram of the study. TTFM, transit-time flow measurement; PI, pulsatility index.

Figure 2. Intraoperative and hemodynamic findings. T1, after induction of anesthesia. T2, after
anastomosis of the left internal mammary artery (LIMA) to the left anterior descending artery (LAD). T3,
before sternal closure. HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP,
mean blood pressure; CVP, central venous pressure; mPAP, mean pulmonary artery pressure; Cl, cardiac
index; SVRI, systemic vascular resistance index; PaCO,, partial pressure of carbon dioxide; PaO,, partial

pressure of oxygen; Hb, hemoglobin; Hct, hematocrit.

Figure 3. Scatter plot of TTFM and viscosity. TTFM, transit-time flow measurement. Viscosity S,

systolic blood viscosity; Viscosity D, diastolic blood viscosity.
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