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Abstract
Objectives: Fractional flow reserve (FFR), which is an invasive technique, is appraised as the gold standard for
physiological valuation of intermediate coronary disease. Because it is a pressure-linked measure, FFR can be influenced
by whole blood viscosity (WBV). We aimed to evaluate the relationship between FFR and WBV, which can be calculated
by a confirmed formula using only hematocrit and total serum protein levels.

Materials and Methods: We involved 226 patients who were implemented FFR after interpreting coronary artery
angiogram. We separated the patients into two groups accordingly with the FFR cutoff value of 0.80: 96 patients (77.1%
male, mean age 62.84±9.90 years) with critical stenosis as FFR <0.80 group and 130 patients (76.9% male, mean age
63.32±11.0 years) non-critical stenosis as FFR≥0.80 group. WBV at both low shear rate (L-SR) (0.5 sec-1) and high shear
rate (H-SR) (208 sec-1) was computed by using total serum protein levels and hematocrit.

Results: Critical stenosis group had a remarkable increased WBV for both L-SR (52.85±21.23 vs. 43.90±22.30, p=0.003)
and H-SR (16.89±1.03 vs. 16.45±1.09, p=0.002). In the multivariate regression models, WBV both for L-SR [Odds
ratio (OR): 1.018, 95% confidence interval (CI): 1.004-1.032, p=0.010] and for H-SR (OR: 1.446, 95% CI: 1.094-1.912,
p<0.010) was shown as an independent predictor of FFR value.

Conclusion: This study showed that high WBV was significantly associated with FFR values in the critical stenosis
group.
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Introduction
It is of grant matter to assign the functional seriousness
of angiographic moderate coronary artery stenosis
for revascularization decision and clinical outcomes.
Fractional flow reserve (FFR), which is the most
important procedure used in the functional evaluation of
anatomically moderate coronary lesions, calculates the
capability of stenosis to cause myocardial ischemia by
measuring aortic and the distal coronary pressures during
maximum induced hyperemia(1). FFR is independent of
blood pressure changes but distal intracoronary pressure
depends on flow which is affected by both microvascular
and stenotic resistance in the lesions. Blood viscosity
contributes to both stenotic and microvascular resistance
thereby reducing distal blood flow and endangering tissue
perfusion.
Whole blood is a non-Newtonian fluid, which means that
its viscosity depends on shear rate and it can be calculated
with an approved formula using the total plasma protein
and hematocrit (HCT) levels(2). Direct measurement of
whole blood viscosity (WBV) showed no differences
with coronary artery and peripheral artery samples(3). As
pressure and resistance dependent measurement, FFR
may be affected by whole blood viscosity. By this study,
we aimed to appraise the importance of WBV in the
functional evaluation of angiographic moderate coronary
stenosis.

Materials and Methods
Patient Population
We included 226 patients who underwent FFR
between November 2014 and March 2016, since the
severity of stenosis could not be evaluated clearly by
angiography. All patients were referred to angiography
due to evidence of ischemia on non-invasive testing
or symptoms suggesting myocardial ischemia. FFR
of all patients was performed according to certain
standard practices by providing maximum hyperemia.
De Simone et al.(4) suggested calculating the WBV
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at 5.4-9.5 g/100 mL for total serum protein level and
ranges of 32%-53% for HCT. Therefore, we excluded
the patients whose values were out of recommended
ranges. Exclusion criteria were: Consecutive different
intermediate stenosis in the same coronary artery, severe
valvular lesions, hematological (myeloproliferative
disorders, coagulopathies, hemoglobinopathies, anemia),
inflammatory or oncological disease, renal (GFR <30
mL/min/1.73 m2), or hepatic insufficiency (metabolic
and toxic liver disease, chronic and acute hepatitis).
The presence of at least one coronary artery stenosis
with FFR <0.80 was accepted as evidence of critical
stenosis. It was accepted that there was non-critical
stenosis if the measured lesions had an FFR ≥0.80.
Previously, these cut-off values have been validated(5). We
separated patients into two groups: as FFR ≥0.80 group,
including 130 patients (76.9% male, mean age: 63.32±11.0
years) with non-critical stenosis and as FFR <0.80 group,
including 96 patients (77.1% male, mean age: 62.84±9.90
years) with critical stenosis. WBV for both high shear rate
(H-SR) (208 sec-1) and low shear rate (L-SR) (0.5 sec-1)
was computed from total protein and hematocrit levels by
using the de Simon’s formula.
Using the Modified Simpson’s technique with
transthoracic echocardiography (Vivid 7 Pro, GE, Horten,
Norway), left ventricular ejection fraction was calculated.
Diabetes mellitus was described as on antidiabetic treatment
and having a fasting blood glucose measurement of 126
mg/dL and above. Patients having a blood pressure value
>140/90 mmHg or receiving an antihypertensive drug were
defined as hypertensive. Patients taking hyperlipidemia
medication or total cholesterol >200 mg/dL, LDL >130 mg/
dL, triglyceride >150 mg/dL were defined as hyperlipidemic
and those a ctive smoking or having quit smoking within
the last year were defined as smokers. We conducted the
study according to the institutional ethics committee and
the ethical guidelines of the Declaration of Helsinki. Ethics
Committee approval was obtained from University of
Health Sciences Turkey, Ankara City Hospital with the
number of E1-20-2030 in 2021.
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Hemodynamic Measurements and Calculation of
Fractional Flow Reserve
FFR measurements of all patients were performed
as in the routine of our clinic. It was put forward into
the guiding catheter after a pressure detecting guidewire
(PressureWire; St. Jude Medical Inc., St. Paul, MN,
USA) was calibrated. After intracoronary pressure
was measured and equal to the intra-aortic pressure in
the guiding catheter, the pressure-sensor was placed
3 cm past the coronary target stenosis. Baseline distal
intracoronary and intra-aortic pressures measurements
were obtained. Then, they were obtained during
induced maximum hyperemia with a bolus injection
of intracoronary adenosine (starting at a dose of 40-80
µg to the left coronary artery and of 40 µg to the right
coronary artery, maximum dose of 250 µg). FFR value
was computed as the proportion of the mean hyperemic
distal intracoronary pressure in the guidewire to the mean
intra-aortic pressure within the guiding catheter.
Blood Sampling, Laboratory Tests, and Determination
of Whole Blood Viscosity
All patients’ blood collection was performed routinely
in our clinic. After 12-hour fasting, blood samples were
gathered via an antecubital vein in suitable tubes. For the
hematological test, tubes with EDTA and for biochemical
tests, dry tubes, and a molecular analyzer (Roche
Diagnostics, Mannheim, Germany) were used. Analyzer
XE-1200 (Sysmex, Kobe, Japan) was used for white blood
cell count (WBC), hemoglobin, hematocrit, erythrocyte
count, and automated hematology measurement.
Estimation of WBV (cP: centipoise) at high shear rate
(H-SR) (208 s-1) and low shear rate (L-SR) (0.5 s-1) was
computed from the total plasma protein (TP, g/L) and
hematocrit (HCT, %) by previously approved formula(4,6):
WBV (cP: centipoise):
• at H-SR (208 s-1) =0.17 (TP - 2.07) + (0.12 x HCT)
• at L-SR (0.5 s-1) = 3.76 (TP - 78.42) + (1.89 x HCT)
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Statistical Analysis
Data were statistically analyzed by using SPSS
22.0 software package for the Windows version (SPSS
Inc., Chicago, Ill., USA). Categorical variables were
summarized as the count and percentage. The KolmogorovSmirnov analysis was used to evaluate the distribution of
continuous variables and these variables were reported as
the mean ± standard deviation. In comparing the two groups
were performed the Fisher’s exact test or the chi-squared
test for the categorical variables and student’s t-test for
the continuous variables. The linear association between
WBV and FFR measurement values was evaluated by
calculating the Pearson’s correlation analysis. The effect
of each different variable on the FFR result was calculated
by univariate analysis. The variables assigned as likely
risk factors in the logistic regression examination were
included in the two models. Statistically, a significant
p-value was accepted as less than 0.05.

Results
The baseline laboratory findings and characteristics of
both groups are given in Table 1. The study groups were
similar regarding baseline parameters except for higher
total plasma protein (p=0.009) and lower FFR measurement
values (p<0.001) in the critical stenosis (FFR <0.80)
group. Cardiovascular drug use between both groups was
statistically similar. The alterations between the WBVs of
both groups are dedicated in Table 2. Critical stenosis (FFR
<0.80) group had remarkably increased WBV at both L-SR
(52.85±21.23 vs. 43.90±22.30, p=0.003, Figure 1A) and
H-SR (16.89±1.03 vs. 16.45±1.09, p=0.002, Figure 1B). The
correlation analysis showed an important associate between
FFR value and both WBV at L-SR (r=-0.250, p<0.001,
Figure 2A) and H-SR (r=-0.244, p<0.001, Figure 2B).
The variables found to be unlike in univariate analysis
were inclusive in multivariate logistic regression examination
for determining the predictors of critical stenosis in FFR
(≤0.80). Two separate models were composed for WBV
results at each shear rate in multivariate analysis. In models
adjusted with both at LSR [Odds ratio (OR): 1.018, 95%
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Figure 1. Comparison of WBV at L-SR (A) and H-SR (B) between patients with non-critical stenosis group (FFR ≥0.80) and critical
stenosis group (FFR <0.80).
H-SR: High shear rate, L-SR: Low shear rate, WBV: Whole blood viscosity

Table 1. Baseline characteristics of patients with critical stenosis and non-critical stenosis group
Non-critical stenosis group
(FFR ≥0.80) (n=130)

Critical stenosis group
(FFR <0.80) (n=96)

p-value

Age (years)

63.32±11.00

62.84±9.90

0.977

Gender (male)

100 (76.9)

74 (77.1)

0.380

Diabetes mellitus, n (%)

38 (29.2)

38 (39.6)

0.103

Smoking, n (%)

34 (26.2)

35 (36.5)

0.096

Hypertension, n (%)

54 (41.5)

50 (52.1)

0.116

Hyperlipidemia, n (%)

82 (63.1)

55 (57.3)

0.379

CABG, n (%)

4 (3.1)

5 (5.2)

0.418

PCI, n (%)

27 (20.8)

21 (21.9)

0.841

LVEF (%)

54.68±7.83

53.98±6.78

0.485

Hemoglobin (g/dL)

14.15±1.45

14.4±1.58

0.218

Hematocrit (%)

43.02±4.27

44.09±4.78

0.079

WBC (103 µL)

8.40±2.38

8.58±2.38

0.603

Platelet (103 µL)

221.54±57.63

223.95±54.45

0.751

Protein (g/dL)

6.85±0.51

7.03±0.53

0.009

Glucose (mg/dL)

126.27±56.44

132.58±58.11

0.413

Urea (mg/dL)

35.55±9.87

35.61±8.56

0.957

Creatinine (mg/dL)

0.98±0.20

0.97±0.21

0.862

Total cholesterol (mg/dL)

190.36±38.72

184.78±39.74

0.293

LDL-C (mg/dL)

118.02±32.14

113.06±33.03

0.258

HDL-C (mg/dL)

41.57±10.42

40.67±9.40

0.503

Triglyceride (mg/dL)

161.35±89.67

161.60±78.91

0.983

FFR measurement

0.84±0.03

0.71±0.05

<0.001

Data are expressed as mean ± standard deviation for normally distributed parametric variables and percentage for categorical variables.
CAD: Coronary artery disease, CABG: Coronary artery bypass grafting, FFR: Fractional flow reserve, HDL-C: High density lipoprotein cholesterol, LDL-C:
Low density lipoprotein cholesterol, LVEF: Left ventricular ejection fraction, PCI: Percutaneous coronary intervention, n: Number
Significant p-values are shown in bold.
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confidence interval (CI): 1.004-1.032, p=0.010] and at HSR
(OR: 1.446, 95% CI: 1.094-1.912, p<0.010), WBV was
indicated as an independent predictor of the FFR (Table 3).

Discussion
The major consequents from this study were the
following: WBV as a phrase of blood resistance to
intracoronary flow has a relationship with functional
severity of coronary stenosis. WBV has been demonstrated
as an affecting factor of the consequence of FFR.
WBV, a crucial part of Virchow’s triad, has been
scarcely investigated due to the necessity for various
materials during its measurement. On the other hand, de
Simone et al.(4) found a simple and non-invasive formula
using HCT and total serum protein concentration for
the computation of WBV at H-SR and L-SR(2,4). These
Table 2. Comparison of WBVs at L-SR and H-SR between
groups with and without significant stenosis in FFR
Non-critical
stenosis group
(FFR <0.80)
(n=130)

Critical
stenosis group
(FFR ≥0.80)
(n=96)

p-value

WBV at LSR

43.90±22.30

52.85±21.23

0.003

WBV at HSR

16.45±1.09

16.89±1.03

0.002

H-SR: high shear rate, L-SR: low shear rate, WBV: whole blood viscosity,
FFR: fractional flow reserve, n: Number
Significant p-values are shown in bold.

formulas have also been approved in large population
studies(4,7,8). Many cardiovascular risk factors, including
obesity, elderly, carotid intima-media thickness, and mitral
annular calcification, are related to changes in rheological
parameters(9,10). It has also been shown that any change
in hemorheological factors plays a crucial role in the
atherosclerotic process(11-14). The mechanisms underlying
the increasing WBV in the critical stenosis (FFR <0.80)
group can be explained by the plausible three causes
Table 3. Logistic regression analysis to determine the effects
of variables on functionally critical coronary stenosis (FFR
<0.80)
Adjusted
OR

95% CI

p-value

Hypertension

1.359

0.778-2.375

0.282

Diabetes mellitus

0.629

0.350-1.131

0.121

Smoking

1.259

0.678-2.339

0.465

WBV at LSR

1.018

1.004-1.032

0.010

Hypertension

1.359

0.778-2.376

0.281

Diabetes mellitus

0.625

0.347-1.125

0.117

Smoking

1.221

0.652-2.287

0.532

WBV at HSR

1.446

1.094-1.912

0.010

Variables
Model 1

Model 2

FFR: Fractional flow reserve, HSR: High shear rate, LSR: Low shear rate,
OR: Odds ratio, CI: Confidence interval, WBC: White blood count, WBV:
Whole blood viscosity
Significant p-values are shown in bold.

Figure 2. Correlation between FFR values with WBV at L-SR (A) and H-SR (B).
FFR: Fractional flow reserve, H-SR: High shear rate, L-SR: Low shear rate, WBV: Whole blood viscosity

Akdi et al. WBV in Evaluation of FFR

Research Article

23

which are microvascular resistance, stenotic resistance,
and endothelial dysfunction.

syndrome, which are all related to chronic inflammation
and endothelial dysfunction(25-28).

First, WBV is an intrinsic resistance of blood flow in the
vascular system(11,15). FFR is influenced by microcirculation
because of being computed from the translesional pressure
descent of epicardial coronary stenosis(16,17). Changes in
microvascular resistance in the existence of stenosis have
an effect on hemodynamic factors used in the assessment of
the stenosis in the examined blood vessels because FFR is
affected by the combination of microvascular resistance and
stenosis(18). If the microvascular resistance during hyperemia
increases, the FFR value decreases. Changes in microvascular
resistance in the absence of stenosis during maximal
hyperemia influence FFR. An important and independent
relationship has been demonstrated between the coronary
slow flow phenomenon and WBV in a previous study(19).

Study Limitations

Second, Dormandy et al.(20) demonstrated whether
the main source of circulatory failure in intermittent
claudication was the peripheral artery stenosis or the
increased blood viscosity. It was declared that in spite
of serious symptoms of claudication, many patients
with increased blood viscosity had normal arteriograms.
In spite of an anatomically fixed stenosis, the growth
in WBV resulting in augmented stenotic resistance
may restrict the increase in blood flow after maximal
vasodilatation and the corresponding increase in distal
coronary pressure. It would be very useful for this likely
mechanism to measure FFR at different viscosities from
the same patient to exclude factors such as the absolute
severity of coronary stenosis and distal coronary structure.
Third, blood viscosity is the crucial piece of
endothelial shear stress, which is one of the main factors
in endothelial function(21,22). An increased WBV value
has been represented to cause remodeling of the blood
vessel and endothelial inflammation(23,24). Besides the
flow rate-related mechanical perspective, the high blood
viscosity may have a further effect on FFR via leading
to endothelial dysfunction which is another important
put forward mechanism. Moreover, high blood viscosity
is associated with hypertension, stroke, and metabolic

Our study should be appraised with some limitations.
There was not directly a measured blood viscosity.
Correspondence of WBV computed with a formula, with
the direct measure of blood viscosity by a viscometer or
the hemodynamic parameters related to endothelial shear
stress, may raise the strength of the results. If measures
of oxidative stress parameters and inflammatory agents
have been obtained, they might have stronger results of the
study because oxidative stress and inflammatory agents
are accepted as the main contributors to blood viscosity
and endothelial dysfunction(29). Blood viscosity involves
several ingredients crosslinked with each other, and these
parameters maintain a physiologic visco-regulation.
Compensatory alterations may mask changes in WBV.
Appraisal of these parameters and of their relationship with
WBV may present more comprehension of our outcomes.

Conclusion
This study demonstrated that high WBV levels have
a relationship with the functional grade of angiographic
intermediate coronary artery stenosis. WBV, which is a
simple noninvasive test, should not be overlooked when
evaluating FFR measurements. More investigations
are required to explain the role of WBV in forecasting
functional coronary artery stenosis.
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