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Abstract

Blood flow is vital to life, yet disturbed flow has been linked to atherosclerosis,

thrombosis, and endothelial dysfunction. The commonly used hemodynamic descriptor

“disturbed flow” found in disease and medical devices is not clearly defined in many

studies. However, the specific flow regime—laminar, transitional, or turbulent—can

have very different effects on hemostasis, thrombosis, and vascular health. Therefore, it

remains important to clinically identify turbulence in cardiovascular flow and to have

available assays that can be used to study effects of turbulence. The objective of the

current communication was to 1) provide clarity and guidance for how to clinically

identify turbulence, 2) define standard measures of turbulence that can allow the

recreation of flow conditions in a benchtop assay, and 3) review how cells and proteins

in the blood can be impacted by turbulence based on current literature.
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1 | INTRODUCTION

Pathophysiological blood flow is known to affect hemostasis and

thrombosis [1–4]. Although most, if not all, physiological flow is

laminar, pathophysiological disturbed flow can be stable laminar, un-

stable laminar, transitional, or even turbulent, with the latter char-

acterized by high-frequency fluctuations in fluid velocity and pressure

leading to chaotic flow patterns. Despite its reported effects on he-

mostasis and thrombosis, unstable laminar (disturbed) flow is

commonly mischaracterized as turbulent in the blood literature. The

following sections provide an overview of the fundamental fluid dy-

namics that underpin turbulent blood flow compared with unstable

laminar flow, metrics of turbulence, and techniques used to quantify

blood flow instability. Lastly, we outline assays that have been

developed to generate highly unstable flow and how these have been

used to show the impact on proteins and cells. Overall, this commu-

nication provides guidance for the topic of turbulence in the context

of hemostasis and thrombosis.
2 | TURBULENCE IN A STRAIGHT, SMOOTH

VESSEL

Stable laminar flow through an idealized blood vessel, depicted as a

straight, smooth cylinder, results in fluid particles or blood cells that

follow a straight path parallel to the walls without mixing into sur-

rounding layers, as can be demonstrated by injecting a dye into the

flow (Figure 1A). With increased velocity, fluid inertia becomes larger,

making it more difficult for fluid viscosity to dampen out fluctuations

within the flow, leading to transitional flow. For transitional flow,
injected dye begins to deviate from a straight line (Figure 1B) with

intermittent regions of velocity and pressure fluctuations but little to

no mixing of the dye with the surrounding fluid. Further increases in

fluid speed can lead to turbulence, where the dye rapidly mixes with

surroundings due to multiscale velocity and pressure fluctuations

(Figure 1C). There is a nondimensional (unitless) number that quan-

tifies the fluid inertia (numerator) relative to viscous dissipation (de-

nominator) to help identify these 3 flow regimes, known as the

Reynolds number (Re):

Re= ρUD
μ

, Equation 1

where ρ is the fluid density, U is the fluid velocity, D is the diameter of

the vessel or length scale of the flow, and μ is the viscosity. Generally,

in a smooth pipe, flow is laminar for Re ≤ 2000, transitional for 2000 <

Re ≤ 4000, while Re > 4000 leads to turbulence. The Re leading to

turbulence is commonly termed the critical Re. However, Re values

defining these 3 regimes are not universal but instead provide guid-

ance. Critical Re decreases with surface roughness or if flow de-

celerates through pulsatility or a disturbance [5].

The velocity profile and wall shear stress depend on whether flow

is laminar or turbulent. Far from flow disturbances, blood velocity

nearly follows a parabolic distribution but is slightly blunted due to

rheological behavior of whole blood, with zero velocity at the vessel

wall and a maximum velocity at the center of the vessel (Figure 2A).

Simplified to a parabolic profile, this leads to an estimated wall shear

stress of τ=4μQ/πR3, where Q is the flow rate. Resultingly, the pres-

sure drop across the length of the vessel is proportional to the flow

rate. In turbulence, fluid particles (or blood cells) move from low- to

high-velocity layers of fluid, and vice versa, while carrying fluid
F I GUR E 1 Representation of flow

regimes with an illustration of how dye

injected at the center of a straight tube may

vary through the tube. In (A) laminar flow,

the dye follows a straight path down the

center of the vessel. For (B) transitional

flow, intermittent fluctuations in velocity

cause the dye to deviate from the straight

path without mixing with surrounding fluid

layers. For (C) turbulent flow, the dye

quickly mixes and disperses with

surrounding fluid due to sustained velocity

fluctuations.



F I GUR E 2 Illustration of the velocity profile for (A) laminar flow and (B) turbulent flow. Within turbulent flow, momentum is exchanged

across fluid layers as particles carrying momentum move across the layers. The blue arrows illustrate the exchange of fluid momentum that

causes higher velocity layers to decrease in speed with lower velocity layers increasing in speed, thereby normalizing the velocity in the outer

layer of fluctuating velocity and pressure. The velocity gradient becomes very sharp in the intermediate region that transitions flow to the

laminar viscous sublayer as velocity slows to 0 at the wall.
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momentum to neighboring fluid layers, ultimately making the profile

more blunted. The profile change causes a very sharp velocity gradient

at the vessel wall (Figure 2B) and an increased wall shear stress that

increases nonlinearly with Q, thereby requiring a greater pressure

drop to drive flow across the length of the vessel. The very thin layer

closest to the wall, with the sharp velocity gradient, is known as the

viscous sublayer, where flow behavior is dominated by viscosity. Away

from the wall is the outer layer, where turbulence and mixing are

prevalent, with an intermediate layer transitioning between the

other 2.
3 | DEFINING FLOW REGIMES

Stable laminar, transitional, and turbulent flows are described

above. Unstable laminar flow or disturbed flow is often misunder-

stood or misdefined as turbulent in blood literature. Unstable

laminar flow occurs when disturbances to blood flow, eg, bi-

furcations, aneurysms, large vessel curvature, or stenosis, are

amplified, yet flow maintains regularity without irregular fluctua-

tions. Regularity means that fluid repeatably follows the same paths

that are not necessarily parallel to the vessel wall with each cardiac

cycle. Any sudden change in geometry can cause unstable laminar

flow if the Re is sufficiently high. Despite the elevated Re, unstable

laminar flow is not turbulent.

Multiple types of rotational flow features can form for unstable

laminar flow. In geometrical expansions, eg, aneurysms, stenotic ge-

ometry, or sinuses (Figure 3A), inertial forces carry fluid forward,
meaning that fluid particles can locally travel away from the wall of

the expansion, known as flow separation, which leads to recirculation

(flow reversal at the wall). Another feature forms at the aortic arch

(Figure 3B) due to extreme vessel curvature at a large Re. Centrifugal

forces cause “secondary flow” perpendicular to the primary flow with

counterrotating vortices known as Dean vortices. This weaker sec-

ondary flow leads to a helical flow path for blood since the primary

flow simultaneously carries fluid forward. Flow can even separate

near the inner bend of the aorta as the velocity profile becomes

skewed toward the outer curvature. Another nondimensional number,

the Dean number (De), can be used to predict the amount of sec-

ondary flow, defined as:

De=Re

̅̅̅̅̅̅̅̅
D
2Rc

√
, Equation 2

where D is the diameter of the vessel, and Rc is the radius of curvature,

depicted in Figure 3B. De<�40 is unidirectional. Above this, Dean

vortices can begin to form. If De becomes sufficiently high (De>�650),

velocity fluctuations can occur with evidence of weak turbulence [6].

To further demonstrate unstable laminar flow, Figure 4A (6–8) shows

flow with dye through a glass model of the carotid sinus. This flow is

not turbulent since these parallel helical flow paths are smoothly

varying and repeatable. Furthermore, the tracer dye does not rapidly

mix into surrounding fluid, which would otherwise occur in turbulent

flow. Vortices in unstable laminar flow are shown in Figure 4B. These

become irregular and wavy if the Re continues to increase (Figure 4C)

until transitioning into turbulence (Figure 4D) [6].



F I GUR E 3 (A) An illustration of flow

separation at the carotid sinus. In flow

separation, flow reverse direction at the

vessel wall creating a region of flow

recirculation. A dividing streamline forms

away from the wall, separating the

recirculation region from the rest of the

flow. The highest shear in the flow is free

from the bounds of the vessel wall, which

can lead to 3-dimensional vorticity and flow

instability that triggers turbulence. (B) An

illustration of flow separation and

secondary flow in the aortic arch.

Secondary flow is a weaker flow compared

with the primary axial flow but can cause

meandering fluid particle pathlines. In this

example, D is the diameter of the vessel,

and Rc is the radius of curvature, which can

be combined with the Reynolds number to

characterize the amount of secondary flow.
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4 | PARAMETERS FOR DEFINING

TURBULENCE

In turbulent flow, the velocity (and pressure) fields experience random

fluctuations, which can be quantified through statistics. A mathe-

matical technique known as Reynolds decomposition separates the

fluid velocity into mean behavior and fluctuations around the mean, as

described by the following equation:

U(t) =U(t) + u(t), Equation 3

where U(t) is the mean velocity at a point in the cardiac cycle where

the overbar denotes that the variable is averaged, and u(t) is the

turbulent velocity fluctuation about the mean. Parameter t

represents time, and both the velocity mean and fluctuations can be

a function of time for pulsatile flow, as demonstrated by the

parentheses. In the current explanation, we consider velocity only in

1 spatial dimension at a single point in space for simplicity, although

it is actually 3-dimensional (3D) and can vary in space. For steady

flow, U is constant, without variations in time (Figure 5A). However,

u(t) is random, thereby fluctuating in time. Fluctuations can be

characterized by a probability density function. For pulsatile,

periodic cardiovascular flow, the flow repeats each cardiac cycle,

and therefore, an “ensemble averaged” U(t) can be calculated,

meaning the average is taken at multiple time points within a

cardiac cycle over many cycles (Figure 5B; black curve). To ensure

accuracy, the number of cycles should be increased until U(t) no

longer changes with additional cycles, typically requiring hundreds

of cycles. A separate probability density function of u(t) will exist at

each time point throughout the cycle period.
4.1 | Parameters for quantification of turbulence

Turbulent kinetic energy (TKE) provides the mean energy per unit

mass generated by turbulent flow, ie, the kinetic energy per unit mass

from velocity fluctuations. It is calculated from the mean of the

squares of the fluctuating velocity component in all directions:

TKE=1
2
( u(t)2 + v(t)2 +w(t)2), Equation 4

where v and w are velocity fluctuations in the 2 directions perpen-

dicular to u. Typical values are described below. Again, note that the

overbar indicates that averages are taken of terms below it. TKE is a

scalar that varies in space, and for pulsatile flow, it can vary in time.

Depending on the study, TKE is also sometimes reported as the kinetic

energy per unit volume, ρu(t)2, or the square root of the energy per

unit mass,

̅̅̅̅̅̅̅̅̅̅
u(t)2

√
, represented in 1 dimension here. It is also salient

to consider the spatially varying and time-varying Reynolds shear

stress (RSS) with units of stress, eg, dynes/cm2 or Pa:

RSS= ρu(t)v(t), Equation 5

where v(t) is the root mean square of the turbulent velocity fluctua-

tions perpendicular to u(t). RSS may be misleading because it is not a

real stress. Instead, it is a consequence of inserting Equation 2 into the

governing equations for fluid mechanics, ie, the Navier–Stokes

equations, and is the only remaining term that accounts for velocity

fluctuations. Despite it being only a mathematical outcome, as

opposed to real stress, theoretical arguments based on scaling relate

the RSS to the instantaneous shear stress in blood [9,10], providing

possible explanations for how RSS is related to hemolysis. Lastly,



F I GUR E 4 (A) Flow visualization using a glass model of the carotid sinus showing flow separation and helical flow patterns, reprinted from

Bharadvaj et al. [7] with permission. This is not turbulent flow. The bottom panels are reprinted from Aider et al. [6] with permission and

demonstrate vortex progression from unstable laminar flow into turbulent flow using a cylinder rotating inside another transparent cylinder, an

observation first made in the early 1900s [6,8]. The view is from the side of the outer cylinder with different shades pertaining to vortices

rotating in opposing directions. The images represent (B) Taylor vortices, (C) wavy vortex flow, and (D) weak turbulence. Note that the

turbulent flow consists of multiple spatial scales that will be discussed in 4.2 scales in turbulence. Re, Reynolds number.
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turbulence intensity (TI) is sometimes used to quantify the amount of

turbulence:

TI=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
3 ( u(t)2 + v(t)2 + w(t)2)√
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U(t)2 + V(t)2 +W(t)2

√ . Equation 6
F I GUR E 5 Depiction of the Reynolds decomposition that splits the in

line) and fluctuating value, noting that the fluctuating value is the difference

flow that does not change in time where the average velocity is a constant

average velocity curve also changes in time for a single cardiac cycle. U is

involves an ensemble average for unsteady flow, and u is the turbulent ve
As a general estimation, values less than 1% are considered low,

1% to 5% medium, and greater than 5% is considered a high amount of

turbulence. For Equations 4 to 6, maximum or averaged (in time and/

or space) values may be reported in the literature. It should be noted

that data may be taken over 1 or 2 dimensions, as opposed to 3, due to

inherent limitations of measurement techniques. This can lead to an
stantaneous velocity (green dashed line) into an average (black solid

between the green and black lines. This can be done for (A) steady

and (B) unsteady (pulsatile) flow that does change in time where the

the instantaneous velocity; U, is the time-averaged velocity, which

locity fluctuation about the mean.



F I GUR E 6 Turbulent jets at (A) Reynolds

number (Re) ≅ 2.5 × 103 and (B) Re ≅ 1.0 ×
104 visually depicting eddies and

demonstrating that the range of eddy

length scales increases for increasing Re,

reprinted and modified from Dimotakis [12]

with permission. At the lower Re, medium to

large eddies are seen, as represented by the

large, clearly visible white structures. At the

higher Re, these same structures exist, but

with smaller structures within these larger

structures. Due to the presence of the

smaller eddies, it makes the larger eddy

boundaries less discernable. In addition, the

smallest eddies are below the image

resolution for the high Re condition.
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underestimation of values, and therefore, care must be taken when

interpreting and comparing among multiple studies.
4.2 | Scales in turbulence

Length and time scales found in turbulence are important in hemostasis

and thrombosis and are fundamental to identifying turbulence [11]. These

scales can be conceptualized through Kolmogorov’s theory of turbulence,

which proposes an “energy cascade,” where mixing fluid sections, termed

“eddies,” transfer energy from flow at the vessel scale to smaller eddies

until a minimal scale where viscosity dissipates energy into heat or

potentially cellular and protein deformation in the case of blood. The

smallest eddies predicted from a Kolmogorov length scale can approach

the size of a cell in turbulent cardiovascular flows [1,10]. It is unlikely that

eddies could occur at smaller scale than a red blood cell (RBC) since

plasma must squeeze through rotating RBCs, and for this scale, the Re

becomes very small [9]. To help the reader visualize the length scales

associated with Kolmogorov’s theory of turbulence, a broad spectrum of

turbulent spatial scales can be seen in the fluid extending from a jet in

Figure 6 (12), where the range of spatial scales increases with increasing

Re (Figure 6A vs B). These scales can also be seen in Figure 4D.

Temporal scales are also found with turbulent flow. Kolmogorov’s

theory suggests that small energy-dissipating eddies have a shorter

time scale compared with large eddies. Time scales can be seen with

high-frequency velocity and pressure fluctuations (>100 Hz) in flow,

eg, frequencies much greater than the �1 Hz cardiac cycle. These time

scales could influence time-dependent cell and protein deformation in

response to stresses. If fluctuations are faster than the deformation,

behavior may differ compared with fluctuations that are slower than

the deformation. As a hypothetical example, von Willebrand factor

(VWF) is understood to stretch and recoil to a globular confirmation in

certain flows. If fluctuations are too fast, VWF may not have time to

fully stretch or fully recoil, compared with flow that changes speed

slowly. This behavior has been demonstrated with DNA and polymers
by imaging single strands and comparing extension at low- and high-

frequency oscillations [13,14]. When using temporal fluctuations to

identify turbulence, it is critical to distinguish the fluctuations from

noise in the measurement technique.
5 | TOOLS TO IDENTIFY AND QUANTIFY

TURBULENCE

Quantifying turbulence in circulation is fraught with challenges, pri-

marily because high temporal and spatial resolution techniques are

needed and must be distinguished from measurement noise.
5.1 | In silico

Computational fluid dynamics (CFD) is commonly performed to

characterize patient-specific cardiovascular flow. Although CFD is

robust for quantifying fluid velocity distributions and shear stress in

laminar flow, it requires significantly more care when modeling tur-

bulence. Most turbulence models require a priori knowledge of

whether a flow is turbulent. These methods can be useful for matching

parameters like TKE to a patient population and for quantifying

average flow behavior. The only accepted computational way to

detect the potential presence of turbulence at all scales is through

direct numerical simulation, requiring very fast computers and months

to years to process a single simulation and is therefore impractical for

most studies in hemostasis and thrombosis, especially considering the

complex rheology of blood.
5.2 | In vivo

Several noninvasive and minimally invasive methods have been

developed to identify turbulence in the cardiovascular system.
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Magnetic resonance imaging (MRI) is commonly used for this purpose

[15–18]. Magnetic resonance velocimetry provides a way to obtain a

detailed flow field that has been experimentally validated [19]. How-

ever, it is important to note that MRI is limited in resolution to roughly

1 mm3 voxels. Comparatively, the aortic diameter is roughly 1 inch or

24 mm. In addition to limited resolution, sources of error for MRI

generally stem from noise, where turbulence may be poorly estimated

for a low signal-to-noise ratio [20]. Doppler ultrasound provides

another technique for quantifying turbulence [21,22]. This approach is

limited to quantification in the direction of the ultrasound beam.

Although useful for identifying high-frequency fluctuations, it is

challenging, if even possible, to extract quantitative parameters like

TKE since motion from the probe or tissue, eg, breathing, could lead to

measurement variations between cardiac cycles. Minimally invasive

single-point measurements through hot film anemometry can be used

by placing the probe into circulation via a catheter [2]. This technique

provides local accurate blood velocity measurements if care is taken

to avoid contamination of the probe by fibrin or adherent platelets.

Although in vivo methods can most directly identify and quantify

turbulence, each technique comes with drawbacks. Also, as noted

earlier, accurate quantification of turbulence requires repeated mea-

surements over many cardiac cycles, yet in vivo methods are typically

constrained to a small number to remain practical.
5.3 | In vitro

In vitro systems can vary, depending on the goal of the system, but

typically involve patient-specific or idealized vascular anatomy

where the flow field (spatial and temporal velocity detail) can be

thoroughly quantified (Figure 4A). Patient anatomy can be recre-

ated with an optically transparent material, eg, silicone, glass, or

polycarbonate, to enable light-dependent measurement methods,

while fluid is pumped through the anatomy to replicate patient flow.

Laser Doppler anemometry or velocimetry is a very accurate

method for making point measurements of velocity and/or turbu-

lence in these systems [23]. It leverages the Doppler shift in a laser

beam that depends on the velocity of a fluid but requires optical

access to the fluid to make measurements. Two additional tech-

niques include particle imaging velocimetry (PIV) and particle

tracking velocimetry (PTV). In both, particles are seeded into a flow

and are observed with a high-speed camera (from thousands to tens

of thousands of frames per second) while particles are illuminated.

PIV correlates fragments of an image between frames to quantify

local regions of particle displacement, while PTV tracks individual

particles based on features of the particles. Both methods quantify

the spatial and temporal distribution of fluid velocity with very high

resolution. Furthermore, flow in these systems can be identically

repeated hundreds of times, supporting statistical methods for

quantifying turbulence. In vitro experiments also lend themselves to

qualitative flow visualization.
6 | WHERE CAN TURBULENCE EXIST IN

THE CIRCULATION?

Re must be high for turbulence to occur in circulation and therefore

should only be found in the great vessels of arterial flow, if anywhere.

Although disturbed blood flow is not typically turbulent, flow sepa-

ration and secondary flow can aid the development of turbulence due

to 3D vorticity that is otherwise dampened out by the vessel wall.

Flow deceleration due to pulsatility is also more likely to cause

instability compared with acceleration, meaning turbulence is most

likely at peak systole or early diastole. The following sections describe

reported locations of turbulence.
6.1 | Healthy circulation

The left ventricle generates flow with a large Re, with signs of tur-

bulence [24–26]. In the early filling phase of diastole (the E-wave), a

jet is formed at the mitral valve that then breaks down in the diastasis

phase (midportion of diastole), after which a second jet is formed in

the atrial contraction phase (the A-wave). The 2 successive jets create

shear layers that lead to vortex rings, which break down into coherent

structures, ie, organized patterns of fluid motion that represent re-

gions of concentrated energy or vorticity (fluid rotation). The vortex is

a characteristic of unstable flow. TKE can reach 0.15 m2/s2 (Table 1)

[2,22,27–32], corresponding to a large TI, with characteristic fre-

quencies up to 200 Hz [27].

Due to the high Re (Re>4000), extreme curvature (De of �600,

leading to secondary flow), and the flow out of the left ventricle, there

is unstable secondary flow and the potential for turbulence in a

healthy aorta. MRI and PIV lead to TKE values up to 0.3 m2/s2,

whereas hot film anemometry and Doppler ultrasound lead to a TKE

that is an order of magnitude lower (Table 1) [2,22,30–32]. TI is found

to reach up to 20%, depending on the measurement approach. In-

consistencies across studies can be a limitation of the measurement

quality, the location of the measurement, the number of cardiac cycles

used for a measurement, and the number of dimensions used to

calculate TKE. MRI and PIV studies can spatially capture a whole flow

field, making it straightforward to find maximum and spatially aver-

aged TKE values compared with single-point measurement techniques.

Furthermore, dominant frequencies of 100 to 300 Hz occur in the

aorta, further supporting the presence of turbulence [2,32]. Although

there are conflicting data, most studies show highly unstable, poten-

tially turbulent flow in the aorta.

The carotid arteries have a Re that reaches above 1200 to 1700 at

peak systole. Studies show unstable laminar flow separation and

secondary flow (Figure 4) [7]. The carotid siphon, a tortuous vessel

segment that is part of the internal carotid artery, with blood flows of

Re 300 to 400, in some cases, can exhibit mild flow instabilities with

dominant frequencies of 100 to 500 Hz [33]. Studies demonstrate

very low TKE values (0.0002 m2/s2) based on 3D PIV measurements



T AB L E 1 Turbulent kinetic energy measured or simulated under healthy physiological conditions.

Location TKE (m2/s2) Method Ref

Left ventricle 0.15 MRI [27]

Right ventricle 0.05-0.35 MRI [28,29]

Aorta 0.12-0.3 PIV [30]

0.0009-0.01 Doppler ultrasound [22]

0.006-0.22 MRI [31]

0.0004-0.03 Hot film anemometry (canine and human) [2,32]

MRI, magnetic resonance imaging; PIV, particle imaging velocimetry; Ref, reference; TKE, turbulent kinetic energy.
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[34]. These and other distal vessels to the aorta are generally

considered to have laminar or unstable flow but not turbulent flow.
6.2 | Pathologic circulation

Disease can increase the propensity for flow instability (Table 2)

[22,35–46]. Cardiomyopathy (enlargement of cardiac muscle) can in-

crease TKE [47]. Within the heart, mitral valve regurgitation (reverse

flow) can lead to an elevated TKE in the ventricle [35]. This occurs

when the mitral valve between the left atrium and ventricle fails to

fully close during systole. When treated with a clip that holds leaflets

together, CFD studies demonstrate coherent structures and a large

degree of vorticity associated with these clips, suggesting an increased

flow instability due to a restricted orifice area [48]. Poor performance

of the aortic valve, located between the left ventricle and the aorta,

can enhance turbulence in disease states. In aortic stenosis, the aortic

valve does not fully open, thereby leading to a jet of fluid during

systole with a large pressure gradient across a small orifice, ultimately

causing >3× TKE values compared with a healthy aorta [36–38]. In

aortic valve insufficiency, the aortic valve does not fully close, leading

to regurgitant (reverse) flow through a small orifice during diastole,

also resulting in elevated TKE [39]. The aorta can also narrow in the

case of aortic coarctation, increasing the propensity for turbulent
T AB L E 2 Turbulent kinetic energy measured or simulated for
pathologic circulation.

Condition TKE (m2/s2) Method Ref

Mitral valve regurgitation 0.3 MRI [35]

Aortic stenosis 0.3-1.0 MRI, CFD [36–38]

Aortic valve insufficiency 0.3 MRI [39]

Aortic coarctation 0.18-1.0 MRI, CFD [39–42]

<0.03 Doppler

ultrasound

[22]

Carotid atherosclerosis 0.005-.05 CFD [43,44]

Coronary atherosclerosis <0.2 CFD [45,46]

CFD, computational fluid dynamics; MRI, magnetic resonance imaging;

Ref, reference; TKE, turbulent kinetic energy.
flow, with TKE values similar to those recorded in an aortic stenosis.

Since the entire stroke volume flows through these regions, the po-

tential of turbulence is relatively high compared with other vascular

regions.

As noted, the carotid artery has disturbed flow. It can become

more unstable in the presence of atherosclerotic plaque. A stenosis in

the carotid artery can increase the instability of flow (Table 2) with an

RSS of 6.15 Pa [43,44]. Coherent structures are also observed, along

with frequency peaks reaching up to 300 Hz. Atherosclerosis is also

found in coronary arteries. Although Re<300 in these vessels, plaque

can cause flow to become unstable if the stenosis is severe enough

[45,46,49–52]. However, these studies do not account for the

reduction in flow associated with increased hydraulic resistance due

to severe stenosis; therefore, findings should be interpreted

cautiously [53]. Through models of atherosclerosis and MRI mea-

surements, it is suggested that flow instabilities are possible, but

turbulence might only exist in some extreme cases, if at all.
6.3 | Therapeutics

Various treatments for disease can also lead to turbulence (Table 3)

[21,54–59]. Ventricular assist devices are used in patients with heart

failure by supporting the ventricles to pump blood while reducing the

load on the heart. However, high-speed rotors found in modern rotary

ventricular assist devices can cause turbulence, with TKE levels that

are similar to those observed in cardiac valve disease [54–56]. Valve

disease itself is commonly treated with replacement or repair. Me-

chanical valves used for replacement, in some cases, are prone to low

levels of turbulence or at least highly disturbed flow [60].

TKE<0.15m2/s2 in bileaflet and trileaflet mechanical valves, with

Kolmogorov length scales becoming as low as 25 μm, with a reported

RSS of 35 Pa [61]. Studies specifically performed in the hinge region of

a CarboMedics valve exhibit a turbulent shear stress of 564 Pa based

on laser Doppler velocimetry [57]. Turbulence associated with

bileaflet mechanical valves is qualitatively shown as coherent struc-

tures (Figure 7) [62]. More recently, transcatheter valves are gaining

favor, but due to the nature of the surrounding stent, these exhibit

high TKE>0.3m2/s2 [59]. Therefore, many treatments for disease can

lead to turbulent flow.



T AB L E 3 Turbulent kinetic energy measured or simulated in medical devices.

Device

TKE

(m2/s2) Method Ref

VADs

HeartMate 3 (Abbott Cardiovascular) 0.30 CFD and PTV [54,55]

HeartMate II (Abbott Cardiovascular) >0.50o CFD [56]

HeartWare (Medtronic) <0.20 CFD [56]

Mechanical heart valves

CarboMedics (Corcym) 0.05 Doppler [21]

CarboMedics (Corcym) hinge 0.56 Laser Doppler velocimetry [57]

Starr-Edwards (American Edwards Laboratories) silicone

rubber ball

0.02 Doppler [21]

Masters Series (St. Jude Medical) 0.16 PIV [58]

On-X (Artivion) 0.16 PIV [58]

Transcatheter valves

Evolut (Medronic) 0.4-0.6 PIV [59]

Sapien (Edwards Lifesciences) 0.3 PIV [59]

CFD, computational fluid dynamics; PIV, particle imaging velocimetry; PTV, particle tracking velocimetry; Ref, reference; TKE, turbulent kinetic energy;

VAD, ventricular assist device.
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In a vascular anastomosis, flow can travel from a high-pressure

artery to a low-pressure vein through a graft, whereas normal circu-

lation must pass through arterioles, capillaries, and venules for the

same pressure drop. As a result, blood velocity can be very high, with a

Re of 900 to 1800. This can lead to transitional or weakly turbulent

flow that can exist throughout the cardiac cycle, with reported

coherent structures [63].
7 | ASSAYS TO STUDY TURBULENT FLOW

WITH BLOOD SAMPLES

It can be challenging to study the effect of turbulence on blood in the

laboratory due to the requirement for a high Re and the need for a

pumping method that minimally impacts cells and proteins. For full-

size vascular segments, the required volume of human blood be-

comes impractical for benchtop assays. This is one reason why in vitro

flow loops for turbulence measurements are limited to a blood analog

fluid or blood sourced from an animal. Alternatively, microfluidic

channels have become commonplace to study blood, but flow is

typically laminar due to characteristically small Re<<1 due to the small

spatial scale of channels. A stenosis in these channels can lead to flow

separation and increased Re at the throat, triggering flow instability

but not likely turbulence [51,52,64]. Orbital shakers can be used as an

alternative way to study turbulence in blood, but flow can be chal-

lenging to characterize in these systems. Viscometers have been

useful for producing turbulence with relatively small quantities of

blood. For example, a vane rheometer has been used to produce
turbulence within a 7 mL sample, as demonstrated by a sudden in-

crease in torque on the rheometer when increasing rotational speed

[1]. The vane in this case involves 4 blades rotating with a 5.6 mm gap.

For this specific setup, flow remains laminar at rotational rates less

than 50 rad/s before becoming transitional and then turbulent at more

than 200 rad/s, also predictable when estimating Re (ρωRh/2μ), where

ω is the angular velocity, R is the radius of the vane, and h is the gap. A

cone-plate viscometer, traditionally used to create a uniform shear

rate in a liquid, can lead to unstable flow if the cone angle and rota-

tional velocity are sufficiently large, determined through flow visual-

ization and a hot-film gauge [65]. In this study, the authors found that

when the parameter ρR2ωα2/12μ>1, the flow becomes unstable and

potentially turbulent. This was confirmed by observing a sudden in-

crease in torque on the cone. In this equation, R is the radius of the

cone and a is the cone angle [66]. As illustrated in Figure 4B–D, a cup

and bob rheometer can also lead to secondary flow and turbulence.

There are limitations to rheometric approaches, including large sur-

face area to volume ratios that can increase blood-material responses

if not carefully blocked. There is also an air-liquid interface that could

lead to protein accumulation. It should also be noted that turbulence is

not uniform or isotropic (same in 3 dimensions) in these systems.
8 | INTERPLAY BETWEEN CELLS ,

PROTEINS, AND TURBULENCE

The implications of turbulence within the blood vessel are multifold.

One challenge with identifying the impact of turbulence on blood is to



F I GUR E 7 Three-dimensional coherent structures for a St. Jude Medical bileaflet mechanical heart valve based on a direct numerical

simulation, validated with 2-dimensional particle imaging velocimetry experiments. The coherent structures are defined based on the

q-criterion visualized (A) at the opening phase of the valve, (B–E) as fluid accelerates, (F) at peak systole, and (G) as flow decelerates. Reprinted

from Dasi et al. [62] with permission. CJ, rectangular central orifice jet structure; VR, vortex ring 1, 2, or 3; VT, vortex tube, 1 or 2.
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decouple effects from those of shear stress since high Re typically

coincides with high shear stress. One approach is to increase the

apparent viscosity of the blood sample for an otherwise turbulent

flow, which lowers the Re but raises the shear stress. This approach

has been used to demonstrate greater hemolysis in turbulent flow

compared with laminar (Figure 8) [64]. Hemolysis, termed “blood

damage” in some literature, can occur in turbulence with reported

RSS>�350-450Pa based on single-point measurements [67,68]. He-

molysis has deleterious effects since free hemoglobin is toxic to the

endothelium and results in a cascade of responses, including nitric

oxide scavenging, endothelial activation, oxidative stress, and barrier

dysfunction [69]. In addition, the vascular endothelium is largely

mechanoresponsive to turbulence [70]. Bovine aortic endothelial cells

exhibit random orientation and become cuboidal when exposed to

turbulence, with prolonged exposure causing cell loss and greater

endothelial turnover [65]. Turbulence has also been proposed to in-

crease the risk for thrombosis, which in part can relate to the damaged
endothelium and hemolysis but may also result from other factors like

shear-induced platelet activation and aggregation [3,9,10,71]. How-

ever, little literature exists on how platelets specifically respond to

turbulence. Conversely, turbulence may also increase bleeding risk

due to a loss of high-molecular-weight VWF multimers, with a Kol-

mogorov length scale that approaches 3 mm, a scale near the size of

platelets, and large-molecular-weight multimers [1,14]. Although tur-

bulence clearly affects cells and proteins in our blood, there is much to

be discovered, motivating this Scientific and Standardization Com-

mittee (SSC) communication.

There is limited understanding of how RBCs can influence tur-

bulence. RBCs, making up roughly half of the blood volume, play a

major role in blood rheology. The effect of RBCs on turbulence be-

comes complicated at the scale of individual cells since RBCs rotate

and deform in a dense suspension [72]. For turbulent blood flow, it is

theoretically unlikely that eddies could reach a Kolmogorov length

scale smaller than RBCs since the Re of plasma flowing between RBCs



F I GUR E 8 Hemolysis in a stenotic

capillary tube demonstrated for laminar and

turbulent flow for comparable wall shear

stress conditions, reprinted from Kameneva

et al. [64] with permission. The laminar

sample contained Dextran-40 (Sigma

Chemical Co., St. Louis, MO) to increase the

viscosity to 6.3 ± 0.1 cP, whereas the

turbulent sample had a viscosity of 2.0 ± 0.1

cP. Hematocrit in both cases was 24 ± 0.5%.

Hb, hemoglobin; CFD, computational fluid

dynamics; CFX, a commercial software for

flow simulations.
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is very small, bringing into question how turbulent flow affects

platelets and plasma proteins [9,10]. Despite the potential lack of

micron-scale eddies, RBCs can cause fluid behavior that is reminiscent

of turbulence at the microscale, eg, high instantaneous shear stress,

fluctuating velocities, and increased mixing, even under laminar con-

ditions [9,73]. This could contribute to an early observation where the

intensity of turbulence in the presence of RBCs was found to be over

twice the amount from a viscosity-matched fluid without RBCs [74].

To gain insight into the cause, there is a need for microscale studies of

blood rheology. In vitro experiments to study individual RBC behavior

in a dense suspension is possible through transparent ghost RBCs

(hemoglobin is removed) [72]. These experiments could be combined

with PIV or PTV to quantify plasma flow between RBCs. It is noted,
T AB L E 4 Recommended measures and reporting of flow regimes.

Parameter

Expression

in steady 1D Meaning Importance

Re ρUD
μ

Inertial forces/viscous forces Determines

transiti

TI
̅̅̅̅̅
u2

√̅̅̅̅̅̅̅̅̅
(U)2

√ Fluctuating velocity/mean

velocity

Determines

velocity

TKE 1
2
u2

Kinetic energy per unit mass

from velocity fluctuations

Higher valu

fluctuat

RSS ρuv Remaining term when inserting

Reynolds decomposition in

governing equations of fluid

mechanics

Used in en

quantif

damage

hemoly

D, diameter; μ, viscosity, 1D, 1 spatial dimension; ρ, density; Re, Reynolds num

kinetic energy; U, velocity; u, turbulent velocity fluctuation about the mean; U, is

fluctuation about the mean; uv, is the time-averaged turbulent velocity flu
however, that microscale rheological behavior of ghosts may exhibit

small differences from normal RBCs. In silico methods, alternatively,

can capture flow behavior between simulated RBCs [75]. Despite

these available methods, little is known about microscale rheology in

blood, which may become even more complex with abnormal RBC

morphologies, eg, sickled RBCs, spherocytes, and schistocytes.
9 | FINAL RECOMMENDATIONS AND

FUTURE DIRECTIONS

This document is intended to provide some background on identifying

and characterizing turbulence relative to laminar disturbed flow for
Typical values and meaning in

blood circulation

if flow is likely laminar,

onal, or turbulent

Re≤2000 laminar

2000<Re≤4000 transitional

Re>4000 turbulent

the relative amount of

fluctuation in flow

TI≤1% weak turbulence

1%<TI≤5% moderate turbulence

TI>5% high turbulence

es mean increasing

ions in flow
TKE < 0.1

m2

s2
flow relatively stable

TKE > 0.1
m2

s2
signs of highly unstable flow

gineering literature to

y likelihood of “blood

” typically defined by

sis

RSS>350 more likely to cause hemolysis

ber; RSS, Reynolds shear stress; TI, Turbulence intensity; TKE, turbulent

the time-averaged velocity; u, is the time-averaged turblent velocity

ctuation about the mean multiplied in two perpindicular directions.



T AB L E 5 Summary of this Scientific and Standardization Committee communications.

Summarized key approaches,

definitions, and considerations of

turbulence Description

Qualitative identification of

turbulence

If a tracer or dye is used, it quickly mixes with surrounding fluid for turbulent flow. Flow patterns are not

repeatable across periodic cycles or experiments.

Characteristics of transition to

turbulence

High-frequency (>100 Hz) fluctuations in pressure and velocity. There is a sudden increase in the force

required to drive a fluid as the velocity increases.

Disturbed flow or unstable laminar

flow

Disturbed flow or unstable laminar flow is a type of laminar flow that exhibits secondary flow features, eg, a

vortex, with repeatable tortuous fluid pathlines. This can occur with sudden changes in geometry, eg,

aneurysms, stenosis, bifurcations, and sharp curvature.

Pitfalls when interpreting turbulent

parameters

in literature

The rigorous definition of turbulent parameters requires 3D measurements. Most techniques are 1D or 2D,

so values when measuring turbulent parameters may be below actual values if all 3 dimensions could be

measured. Measurement methods may have limited spatial or temporal resolution. Furthermore,

measurements may vary in time and space, but maximum or average values are commonly reported,

which can make it challenging to compare studies.

Assays to create turbulence with

small sample volumes

High-speed cone and plate viscometers, vane rheometers, orbital shakers, and specialized devices utilizing

external forces, eg, electric fields.

Effect of turbulence on hemostasis

and thrombosis

Hemolysis, acquired von Willebrand syndrome, endothelial dysfunction, and potential increased platelet

activation.

1D, 1-dimensional; 2D, 2-dimensional; 3D, 3-dimensional.
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those working in the field of hemostasis and thrombosis. Flow should

only be referenced as turbulent when the flow regime is rigorously

defined with supporting evidence to remain consistent with other fields.

A summary of recommended metrics to report when characterizing flow

regimes is provided in Table 4. Further, to help identify and experiment

with turbulence, a summary of information found in this SSC commu-

nication can be found in Table 5. Typically, blood flow is not turbulent,

even though it may be disturbed and unstable. Blood flow may become

turbulent in some pathologies, or when exposed to augmented flow

found in mechanical circulatory support, or some mechanical heart

valves. Therefore, there remains an important need to understand how

turbulence can impact hemostasis and thrombosis. Although some

studies have been performed, there are few that explicitly separate the

effects of turbulence from fluid stress. In future work involving turbu-

lent flow, it is recommended that fluid viscosity is augmented or that

experiments are scaled in size to help distinguish effects of turbulence

from fluid stress. Furthermore, the role of turbulence on platelet acti-

vation, adhesion, and aggregation remains poorly defined but could

provide insight into the bleeding and thrombotic complications seen in

some pathologies. Similarly, turbulence could affect many other cells and

proteins but generally remains understudied in blood. Further compli-

cating the role of turbulence is the dense suspension of cells and pro-

teins that exist in blood. There remains little known on how turbulent

flow affects the microscale environment compared with homogenous,

uniform liquids or how cells and proteins deform to influence small

eddies in turbulent flow. These topics provide rich future directions.

Overall, turbulence remains an important topic in hemostasis and

thrombosis, but future studies are needed to help elucidate specific

relationships between turbulence and blood responses.
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