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Abstract: Purpose: To study the effect of the infusion of normal saline on hemodynamic changes in
healthy volunteers using computational fluid dynamics (CFD) simulation. Methods: Eight healthy
subjects participated and 16 carotid arteries were used for the CFD analysis. A one-liter intravenous
infusion of normal saline was applied to the participants to observe the hemodynamic variations.
Blood viscosity was measured before and after the injection of normal saline to apply the blood
properties on the CFD modeling. Blood viscosity, shear rate, and wall shear stress were visually
and quantitatively shown for the comparison between before and after the infusion of normal saline.
Statistical analyses were performed to confirm the difference between the before and after groups.
Results: After the infusion of normal saline, decreased blood viscosity was observed in the whole
carotid artery. At the internal carotid artery, the recirculation zone with low intensity was found after
the injection of normal saline. Increased shear rate and reduced wall shear stress was observed at the
carotid bifurcation and internal carotid artery. The hemodynamic differences between before and
after groups were statistically significant. Conclusions: The infusion of normal saline affected not
only the overall changes of blood flow in the carotid artery but also the decrease of blood viscosity.

Keywords: computational fluid dynamics; carotid artery; normal saline; blood viscosity;
wall shear stress

1. Introduction

The flow resistance increases as the whole blood viscosity increases. There are several parameters
that increase blood viscosity such as hematocrit, plasma viscosity, and temperature. In contrast,
the infusion of normal saline makes hematocrit dilution. Due to the infusion of normal saline,
whole blood viscosity and flow resistance become low [1,2].

Normal saline (0.9% NaCl solution) is generally used for intravenous infusion therapy in medical
practice [3,4]. It has been reported that injection of normal saline into healthy subjects not only induces
physiological changes (i.e., reduction of pH) but also causes functional variation of blood flow (i.e.,
hemodynamic factors) [5]. For example, normal saline infusion at the renal artery was reported to
reduce the velocity of blood flow [6]. In contrast, increased velocity was found at the coronary artery
after the injection of normal saline [7]. However, despite the fact that normal saline has been extensively
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used in clinical practice, there is still a lack of research on how the normal saline affects hemodynamic
changes, such as wall shear stress and blood viscosity in blood vessels.

Due to the dynamic flow characteristics in the carotid artery bifurcation, a high wall shear stress
usually appears at the carotid bifurcation, and a recirculation flow pattern with low wall shear stress
can be found at the carotid bulb, which is prone to plaque formation [8–12]. According to the variation
of blood viscosity and blood flow, it might be possible to change the wall shear stress at the carotid
artery. Moreover, this hemodynamic variation plays an important role in clinical practice [13].

The recent studies have introduced several methods to analyze hemodynamic variations.
For example, 4d flow is used to determine blood flow with velocity in cerebral artery [14–16],
and the obtained wall shear stress and T1 contrast ratio using MRA are utilized to investigate the
cause of carotid exposure in endarterectomy [17]. In addition, CFD analysis is conducted to analyze
the aneurysm growth and the risk of aneurysm rupture risk based on MRI or MRA data [18–20].
The advantage of conducting computational fluid dynamics (CFD) simulation is to quantitatively and
visually show the hemodynamic characteristics with respect to arterial disease [21–23]. For example,
the large variation of wall shear stress at the carotid artery can be considered as the site of growth
and progression of atherosclerosis [24–27]. Various studies for CFD simulation have been applied
to predict blood flow in the carotid artery. For example, Cibis et al. [28] and Gharahi et al. [29] used
non-Newtonian models with assumed value without actual measurement and observed wall shear
stress and recirculation zone at the carotid bulb. The assumed blood viscosity has a limitation to
provide actual patient-specific hemodynamic information in CFD analysis [30]. To overcome this
limitation, this study utilized patient-specific geometry models with actually measured non-Newtonian
blood viscosity values to apply CFD simulation for accurate prediction of blood flow in carotid artery.

The purpose of this study was to measure the change in non-Newtonian viscosity before and after
the saline injection of volunteers and apply the measurement results as a parameter for CFD study to
analyze changes in hemodynamic factors in blood vessels. We compared the hemodynamic factors
(velocity, shear rate, blood viscosity, and wall shear stress) between before and after the infusion of the
normal saline.

2. Materials and Methods

2.1. Subject Selection

This study was approved by the institutional review committee of Jeonbuk National University
Hospital and was conducted with the informed consent from the volunteers (project identification code:
2017-10-007, approval date: 2017-10-07). From April 2017 to July 2017, we did magnetic resonance
angiography (MRA) on eight healthy volunteers. The criteria for the healthy volunteers were no
atherosclerosis in MRA and age below 40 years. Seven men and one woman participated, and the age
range was 28–35 years (mean age: 30.25 years, standard deviation: 2.27 years). A total of 16 carotid
arteries (left and right sides) were used for this study. Depending on the one-liter intravenous infusion
of normal saline, the study group was classified into “before” and “after” infusion of the normal
saline groups.

2.2. Image Processing

Imaging was performed with a 3T MRI system (Skyra; Siemens, Erlingen, Germany) with
16-channel wrist coils. We acquired images using only multi-slab three-dimensional time-of-flight MRA
with the following parameters: TR = 23 ms; TE = 3.45 ms; flip angle = 20◦; field of view = 200 mm;
matrix size = 488 × 249; sensitivity encoding factor = 2.5; and slice thickness = 1.2 mm.

The saved DICOM image files were converted from two-dimensional images into
three-dimensional images using Mimics Software (version 20.0; Materialise NV, Leuven, Belgium).
In the reconstructed geometry, unnecessary branches of the external carotid artery were truncated
using an edit mask in a three-dimensional tool. The smoothing tool was performed for the final vessel
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model before the CFD simulation, as shown in Figure 1a. The top row shows the eight left carotid
arteries, and the bottom row shows the eight right carotid arteries Figure 1b.
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Figure 1. (a) The procedure of reconstruction for participant-specific carotid artery geometric models.
See the text for the detailed description. (b) Participant-specific carotid artery geometric models of
healthy volunteers (the top row, left internal carotid artery; the bottom row, right internal carotid artery).

2.3. Blood Viscosity

We measured participant-specific non-Newtonian blood viscosity before injecting normal saline
with a scanning capillary tube viscometer (Rheovis-01; Biorheologics Co., Ltd., Jeonju, South Korea).
After injecting normal saline, we measured the blood viscosity for each volunteer again to compare
the effect of normal saline on the viscosity change of the blood. Non-Newtonian blood viscosity was
measured from a shear rate of 1 to 1000 s−1. For the CFD analysis, we calculated Casson constant and
yield stress based on the obtained blood viscosity data.

2.4. Computational Fluid Dynamics

The reconstructed three-dimensional carotid artery models were imported into COMSOL
Multiphysics software (version 5.2a; COMSOL Inc., Burlington, MA, USA) for CFD simulation,
and mesh was generated for analysis. Blood flow was calculated based on the Navier-Stokes equation
(Equation (2)) and continuity equation (Equation (1)) [31]. In the Equations (1) and (2), u denotes flow
velocity. In Navier-Stokes equation, ρ represents density, ∂u

∂t indicates the rate of change of velocity
with time, p and µ stand for the pressure and fluid viscosity, respectively [32,33].

∇·u = 0 (1)

ρ

(
∂u
∂t

+ u·∇u
)
= −∇p + µ∇2u (2)

Laminar flow and incompressible condition were applied as boundary conditions. Using the
actually measured whole blood viscosity, Casson constant and yield stress were obtained. The obtained
parameters were applied to the non-Newtonian Casson model in the CFD analysis as follows:



Diagnostics 2020, 10, 473 4 of 13

√
τ=

√
τy+
√

k
√

.
γ when τ > τy (3)

.
γ = 0 when τ < τy (4)

In the Equation (3), τ is wall shear stress, and τy denotes the yield stress. k indicates a Casson
constant, and

.
γ stands for the shear rate [34,35].

Due to the insufficient data on the vessel wall, a rigid with no-slip condition was applied to blood
vessel [29]. For inlet flow condition, we used a flow waveform from the healthy subject using the
ultrasonic measurement [36]. Traction-free was applied as the outlet flow condition [37]. We analyzed
three cardiac cycles, and the last cardiac cycle was taken for the results [12].

2.5. Hemodynamic Analysis

Visualization results of blood viscosity, velocity, shear rate, and wall shear stress at end-diastole
were obtained. We calculated the minimal, time-averaged, and maximal values of hemodynamic
factors during the cardiac cycle. The left and right carotid arteries of hemodynamic variables were
calculated, respectively. In addition, hemodynamic variables were obtained, not only the values for the
whole carotid artery, but also those for specific regions of the internal carotid artery, which is known
to be the site prone to endothelial cell dysfunction because of hemodynamic changes. The whole
carotid artery was defined as the entire carotid artery except for one inlet and two outlets. Statistical
analysis was performed for confirmation of the significant difference between before and after infusion
of normal saline groups. Wilcoxon signed-rank test was used for the non-normally distribution
variables. We employed a paired t-test for the normally distributed variables. We considered p < 0.05
as statistically significant.

3. Results

3.1. Blood Viscosity Change

The participant-specific blood viscosity profiles were measured as shown in Figure 2. The results
of blood viscosity were different depending on the shear rate. Overall, decreased blood viscosity was
observed in the after group, whose average blood viscosity (28.40 ± 4.50 cP) at a shear rate of 1 s−1

was 18% lower than that of the before group (33.64 ± 3.37 cP) (p = 0.021). Approximately an 11%
difference of blood viscosity at a shear rate of 300 s−1 was found, (5.02 ± 0.59 cP for the before group and
4.51 ± 0.15 cP for the after group). According to Jung et al.’s [34] reference interval of blood viscosity,
in this study, the blood viscosity of two men and one woman before the infusion of blood viscosity
was not included in the reference interval, but the results of blood viscosity after blood viscosity were
involved in the reference interval.

Due to applying non-Newtonian blood viscosity, dynamic distributions of blood viscosity
according to shear rate were observed. The blood viscosity between the before and after groups are
compared in Figure 3. After infusion of normal saline, not only the blood viscosity of specific sites,
such as the carotid bifurcation and internal carotid artery, but also the blood viscosity of the whole
carotid artery became reduced at end-diastole. The dynamic variation of blood viscosity was found
at the carotid bulb and is marked with black arrows. Before the injection of normal saline, highly
increased blood viscosity appeared at the carotid bulb, and reduced blood viscosity was observed at
the carotid bulb in after group.
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Figure 2. The measured whole blood viscosity characteristics of participants. The solid and dotted lines
indicate participant-specific non-Newtonian blood viscosity profiles before and after normal saline
infusion, respectively. The table inside the graph shows quantitative result of whole blood viscosity
before and after infusion of normal saline at different shear rates. The whole blood viscosity values are
expressed as the mean and standard deviation.
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3.2. Velocity

The distributions of velocity at end-diastole are shown in Figure 4. For comparison between
the before and after groups, we selected four representative cases (left (5L and 8L) and right (5R
and 8R)) for modelling. Overall, the blood flow at the recirculation area of the before group was
highly intense. In contrast, blood flow with low intensity was observed at the recirculation zone of
the after group. For example, whereas the 5L model of the before group had blood flow with high
intensity at the internal carotid artery, the same model of the after group had blood flow with low
intensity. In addition, after infusion of normal saline, the increased velocity was observed at the carotid
bifurcation. The regions with large variations of velocity are pointed out with red arrows.
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3.3. Shear Rate

In Figure 5, the distributions of the shear rate at end-diastole are shown with the representative
cases. Shear rate is defined as the rate of variation of deformation [38]. The same scale bar was applied
for the accurate comparison between the before and after groups (0 to 80 s−1). After the infusion of
normal saline, an increased shear rate was found where the recirculation zone with low intensity was
observed compared to before group. All models of the after group had a greater shear rate at the
carotid bifurcation than did the before group.
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The minimal, time-averaged, and maximal shear rate of the before and after groups are
quantitatively shown in Table 1. For the detailed comparison between the before and after groups,
shear rate was calculated at the left and right sides of the carotid artery and internal carotid artery.
The overall tendency showed that an increased shear rate was found after the infusion of normal saline
regardless of the location of the carotid artery. In the whole carotid artery, minimal shear rate at the
right side was significantly different (p = 0.036). At the internal carotid artery, the time-averaged shear
rate of after group was statistically greater (p = 0.012 for left, p = 0.036 for right). The maximal shear
rate at the left side of the internal carotid artery was also significantly higher than in the before group
(p = 0.012).

Table 1. Difference in the shear rate between before and after normal saline injection.

Arteries Location Shear Rates Before After p

Whole Carotid
Artery

Left
Minimal shear rate [s−1] 26.65 ± 4.73 28.64 ± 5.50 0.161

Time-averaged shear rate [s−1] 186.96 ± 49.43 190.30 ± 46.43 0.263
Maximal shear rate [s−1] 919.31 ± 236.19 935.52 ± 217.66 0.263

Right
Minimal shear rate [s−1] 28.48 ± 4.10 32.05 ± 4.45 0.036 *

Time-averaged shear rate [s−1] 212.89 ± 57.16 219.49 ± 54.55 0.050
Maximal shear rate [s−1] 1043.55 ± 298.34 1074.73 ± 283.64 0.050

Internal
Carotid Artery

Left
Minimal shear rate [s−1] 8.29 ± 2.87 8.69 ± 2.25 0.327

Time-averaged shear rate [s−1] 91.87 ± 21.29 96.54 ± 20.01 0.012 *
Maximal shear rate [s−1] 433.66 ± 103.99 459.23 ± 106.05 0.012 *

Right
Minimal shear rate [s−1] 9.70 ± 5.48 10.17 ± 4.76 0.889

Time-averaged shear rate [s−1] 89.66 ± 32.36 101.51 ± 41.31 0.036 *
Maximal shear rate [s−1] 461.30 ± 225.85 483.00 ± 233.93 0.050

* indicates p < 0.05.

3.4. Wall Shear Stress

The distributions of wall shear stress at the end-diastole was compared between the before and
after groups as shown in Figure 6. The scale bar for wall shear stress was set from 0 to 0.5 Pa. After the
infusion of normal saline, the wall shear stress was found to be reduced where the recirculation
was observed. The region with reduced wall shear stress is indicated with black arrows. Mostly,
decreased wall shear stress appeared at the internal carotid artery, and no large variation of wall
shear stress was found at the carotid bifurcation. Wall shear stress became reduced after injection of
normal saline at both sides of the whole carotid artery and internal carotid artery, as shown in Table 2.
A statistically significant difference was observed between the before and after groups at both sides
of the whole carotid artery. For the wall shear stress at the internal carotid artery, the right side of
minimal, time-averaged, and maximal wall shear stress and the left side of minimal wall shear stress
showed a significant difference between the two groups. At the left side of the whole carotid artery,
the time-averaged wall shear stress of the before group (0.92 ± 0.18 Pa) was 9% greater than that of
the after group (0.84 ± 0.19 Pa). At the left side of the internal carotid artery, the minimal wall shear
stress of the after group (0.08 ± 0.02 Pa) was 12% lower than that of the before group (0.09 ± 0.01 Pa).
A graph of wall shear stress of right internal carotid artery during cardiac cycle is shown in Figure 7.

Table 2. Difference in the wall shear stress (WSS) between before and after normal saline injection.

Arteries Location Wall Shear Stresses Before After p

Whole Carotid
Artery

Left
Minimal WSS [Pa] 0.19 ± 0.02 0.18 ± 0.02 0.024 *

Time-averaged WSS [Pa] 0.92 ± 0.18 0.84 ± 0.19 0.025 *
Maximal WSS [Pa] 4.05 ± 0.81 3.74 ± 0.88 0.043 *

Right
Minimal WSS [Pa] 0.20 ± 0.02 0.19 ± 0.02 0.020 *

Time-averaged WSS [Pa] 1.04 ± 0.23 0.96 ± 0.22 0.043 *
Maximal WSS [Pa] 4.58 ± 1.14 4.24 ± 1.07 0.036 *
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Table 2. Cont.

Arteries Location Wall Shear Stresses Before After p

Internal
Carotid Artery

Left
Minimal WSS [Pa] 0.09 ± 0.01 0.08 ± 0.02 0.034 *

Time-averaged WSS [Pa] 0.50 ± 0.07 0.46 ± 0.07 0.058
Maximal WSS [Pa] 2.02 ± 0.33 1.91 ± 0.35 0.237

Right
Minimal WSS [Pa] 0.09 ± 0.03 0.08 ± 0.03 0.034 *

Time-averaged WSS [Pa] 0.52 ± 0.18 0.48 ± 0.17 0.025 *
Maximal WSS [Pa] 2.14 ± 0.92 2.00 ± 0.88 0.025 *

* indicates p < 0.05.

Diagnostics 2020, 10, x FOR PEER REVIEW 8 of 13 

 

Table 2. Difference in the wall shear stress (WSS) between before and after normal saline injection. 

Arteries Location Wall Shear Stresses Before After p 

Whole Carotid Artery 

Left 
Minimal WSS [Pa] 0.19 ± 0.02 0.18 ± 0.02 0.024 * 

Time-averaged WSS [Pa] 0.92 ± 0.18 0.84 ± 0.19 0.025 * 
Maximal WSS [Pa] 4.05 ± 0.81 3.74 ± 0.88 0.043 * 

Right 
Minimal WSS [Pa] 0.20 ± 0.02 0.19 ± 0.02 0.020 * 

Time-averaged WSS [Pa] 1.04 ± 0.23 0.96 ± 0.22 0.043 * 
Maximal WSS [Pa] 4.58 ± 1.14 4.24 ± 1.07 0.036 * 

Internal Carotid Artery 

Left 
Minimal WSS [Pa] 0.09 ± 0.01 0.08 ± 0.02 0.034 * 

Time-averaged WSS [Pa] 0.50 ± 0.07 0.46 ± 0.07 0.058 
Maximal WSS [Pa] 2.02 ± 0.33 1.91 ± 0.35 0.237 

Right 
Minimal WSS [Pa] 0.09 ± 0.03 0.08 ± 0.03 0.034 * 

Time-averaged WSS [Pa] 0.52 ± 0.18 0.48 ± 0.17 0.025 * 
Maximal WSS [Pa] 2.14 ± 0.92 2.00 ± 0.88 0.025 * 
* indicates p < 0.05. 

 
Figure 6. Distributions of wall shear stress at end-diastole. After infusion of normal saline, reduction 
of wall shear stress was observed at the carotid bulb, marked with black arrows. 

Figure 6. Distributions of wall shear stress at end-diastole. After infusion of normal saline, reduction
of wall shear stress was observed at the carotid bulb, marked with black arrows.Diagnostics 2020, 10, x FOR PEER REVIEW 9 of 13 

 

 
Figure 7. Wall shear stress (wss) profile of right internal carotid artery during cardiac cycle of the 
representative case (model 8). After the injection of normal saline, WSS becomes lower. 

4. Discussion 

In this study, we examined flow characteristics of the carotid artery after infusion of normal 
saline. We came up with four major findings. First, we found a significant reduction of blood 
viscosity at the whole carotid artery in the after group. Second, we observed a recirculation zone 
with high intensity at the internal carotid artery in the before group, and a recirculation region with 
low intensity appeared in the same area after injection of normal saline. Third, the after group had 
increased shear rate at the internal carotid artery and carotid bifurcation compared to before group. 
Lastly, reduced wall shear stress was observed at the internal carotid artery after the infusion of 
normal saline. 

4.1. Normal Saline 

According to Sherif et al.’s study [39], normal saline has been used for a long time and is widely 
used in clinical practice. Tim et al. [40] reported that, although most of the people recognized that 
intravenous fluid therapy was useful for health, a response to the basic question, such as when, 
what, and how (much) regarding the fluid therapy, was challenging. Therefore, studies are needed 
to suggest guidelines on fluid therapy. However, Neil et al. [4] argued that normal saline might 
cause side effects in a clinical study. Therefore, the use of Plasma-Lyte A might be better to use 
although it is more expensive compared to normal saline (0.9% NaCl solution). Since normal saline 
could trigger side effects, in vitro studies that validate the effect of injecting normal saline are 
required [4,39,40]. In this study, we investigated the blood flow characteristics in healthy carotid 
arteries after infusion of normal saline. The blood viscosity was relatively reduced after applying 
normal saline. The blood flow at the recirculation area with low intensity was found, and a decrease 
of wall shear stress was observed in the after group. 

4.2. Velocity 

Birchall et al. [11] conducted CFD studies on normal and diseased carotid arteries. The blood 
flow from the common carotid artery mainly flowed at the center of the vessel instead of at the wall. 
Due to the carotid bifurcation, blood flow was divided separately into the internal carotid artery and 
the external carotid artery. Therefore, the low velocity at the wall of the internal carotid artery could 
be observed. Compared to Birchall et al.’s research, we showed a similar streamline in the carotid 
artery. In this study, recirculation area with high intensity was observed at the carotid bulb before 

Figure 7. Wall shear stress (wss) profile of right internal carotid artery during cardiac cycle of the
representative case (model 8). After the injection of normal saline, WSS becomes lower.



Diagnostics 2020, 10, 473 9 of 13

4. Discussion

In this study, we examined flow characteristics of the carotid artery after infusion of normal saline.
We came up with four major findings. First, we found a significant reduction of blood viscosity at the
whole carotid artery in the after group. Second, we observed a recirculation zone with high intensity at
the internal carotid artery in the before group, and a recirculation region with low intensity appeared
in the same area after injection of normal saline. Third, the after group had increased shear rate at the
internal carotid artery and carotid bifurcation compared to before group. Lastly, reduced wall shear
stress was observed at the internal carotid artery after the infusion of normal saline.

4.1. Normal Saline

According to Sherif et al.’s study [39], normal saline has been used for a long time and is widely
used in clinical practice. Tim et al. [40] reported that, although most of the people recognized that
intravenous fluid therapy was useful for health, a response to the basic question, such as when, what,
and how (much) regarding the fluid therapy, was challenging. Therefore, studies are needed to suggest
guidelines on fluid therapy. However, Neil et al. [4] argued that normal saline might cause side effects
in a clinical study. Therefore, the use of Plasma-Lyte A might be better to use although it is more
expensive compared to normal saline (0.9% NaCl solution). Since normal saline could trigger side
effects, in vitro studies that validate the effect of injecting normal saline are required [4,39,40]. In this
study, we investigated the blood flow characteristics in healthy carotid arteries after infusion of normal
saline. The blood viscosity was relatively reduced after applying normal saline. The blood flow at the
recirculation area with low intensity was found, and a decrease of wall shear stress was observed in
the after group.

4.2. Velocity

Birchall et al. [11] conducted CFD studies on normal and diseased carotid arteries. The blood
flow from the common carotid artery mainly flowed at the center of the vessel instead of at the wall.
Due to the carotid bifurcation, blood flow was divided separately into the internal carotid artery and
the external carotid artery. Therefore, the low velocity at the wall of the internal carotid artery could be
observed. Compared to Birchall et al.’s research, we showed a similar streamline in the carotid artery.
In this study, recirculation area with high intensity was observed at the carotid bulb before infusion of
normal saline, and the recirculation zone with low intensity was found after infusion of normal saline.

4.3. Hemodynamic Characteristics at the Carotid Bulb

Li et al. [10] regenerated the stenotic carotid artery to construct a normal carotid artery. They studied
changes of hemodynamic variables (velocity, wall shear stress, and recirculation zone) at the carotid
bulb. Relatively low velocity, wall shear stress, and recirculation zone was found at the carotid bulb.
These hemodynamic characteristics might be related to the formation and growth of atherosclerosis.
In this study, a relatively low velocity, wall shear stress, and recirculation zone at the regions of a
healthy carotid bulb were observed regardless of fluid injection compared to the remaining areas of
carotid artery. Notably, after the infusion of normal saline, the relative tendency at the carotid bulb
was decreased more. These results were consistent with many researchers’ studies, including that of Li
et al. [9,41].

According to recent study, the high wall shear stress is associated with the risk of cerebrovascular
disease [17]. In this study, we observed the effect of improving the overall wall shear stress of carotid
artery after injection of normal saline. For example, the blood viscosity was 18.45% lower at shear
rate 1 s−1 after the infusion of normal saline, and the time-averaged wall shear stress of right internal
carotid artery was 8.33% lower after the injection of normal saline. The quantitative results of wall
shear stress were similar to Cibis et al.’s study [28] and Long et al.’s study [42]. According to Cibis et
al.’s study, the average wall shear stress was 0.73 Pa ± 0.25, and the average values of wall shear stress
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of our study were 0.50 and 0.52 Pa for the left and right internal carotid artery, respectively. Moreover,
Long et al. found that the range of wall shear stress near the bifurcation was from 0 to 1.5 Pa, and the
wall shear stress results of this study were also included in the same scope.

4.4. Blood Viscosity

Webb et al. [43] obtained blood samples from healthy people to conduct an in vitro experiment.
Normal saline (0.9% NaCl solution) was added to the collected blood samples, and the blood viscosity
was measured. As a result, decreased blood viscosity was observed. In this study, we injected normal
saline (0.9% NaCl solution) directly into the vein of healthy volunteers and analyzed the changes of
blood flow using CFD by applying the measured participant-specific non-Newtonian blood viscosity.
Although the method was different from Webb et al.’s research, the change of blood viscosity according
to applying normal saline showed the same results.

4.5. Relationship between the Hemodynamic Factors

Box et al. [13] studied the effect of non-Newtonian blood viscosity on wall shear stress by modeling
a carotid bifurcation model. They controlled hematocrit and plasma to adjust the difference of blood
viscosity and performed CFD analysis. They found that lowering the hematocrit resulted in low blood
viscosity, high shear rate, and low wall shear stress. The present study has yielded hemodynamic
results similar to those of Box et al.’s study. In this study, participant-specific carotid artery showed
decreased viscosity, increased velocity, shear rate, and reduced wall shear stress after infusion of
normal saline.

4.6. Limitations

There were two limitations in this study. First, only eight volunteers were involved in this study.
We planned to conduct research with a large number of volunteers. However, there were excluded
participants as follows: (1) bad quality of the images of MRA, and (2) volunteers whose blood samples
had been collected one or more days after normal saline infusion. The other limitation was that
hemodynamic changes might differ depending on the volume and types of the normal saline. However,
the results of hemodynamic characteristics showed a statistically significant difference between the
before and after groups. Thus, further study is needed with a large number of volunteers.

5. Conclusions

In the internal carotid artery, after infusion of intravenous normal saline, a recirculation zone
with low intensity appeared at the regions with increased shear rate and reduced wall shear stress.
At the carotid bifurcation, the after group showed an increased velocity and shear rate compared to
the before group. Through the participant- and site-specific hemodynamic analysis between the two
groups, injection of normal saline affected not only the reduction of blood viscosity, but also the overall
changes of blood flow in the carotid artery. The accurate hemodynamic parameters could be obtained
by applying the measured non-Newtonian blood viscosity to CFD study. Therefore, we found the
possibility of improving blood flow because wall shear stress affecting on blood vessel was reduced by
lowering the viscosity with the injection of normal saline.
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