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Abstract 
 This thesis consists of three projects with the enveloping theme devoted to the 

characterization of common cardiovascular flow regimes using Newtonian and non-

Newtonian fluids. The viscous behaviour of hydroxyethyl starch (HES) fluids available in 

Canada to treat hypovolemia remains unknown. The first project characterized the viscosity 

of these fluids using capillary viscometry and pressure drop measurements. The viscosities 

of HES 130/0.4 (Voluven®, Volulyte®) and HES 260/0.45 (Pentaspan®) were less than and 

greater than blood respectively. HES 130/0.4 (Voluven®) at 100% concentration 

unexpectedly displayed shear thickening behaviour at high flow rates. HES fluids were 

subsequently diluted in a blood analog fluid of aqueous xanthan gum. As expected, both 

HES 130/0.4 fluids decreased the analog viscosity while HES 260/0.45 increased analog 

viscosity and no evidence of previous shear thickening was found. Variability in viscous 

behaviour suggests changes in the molecular composition between batches.   

 The non-Newtonian behaviour of blood is often ignored in cardiovascular flow 

modelling. To address the importance of non-linear rheology, flow patterns were 

experimentally measured using Newtonian and non-Newtonian blood analog fluids in 

separated flow environments. Flow induced by a Gianturco Z-stent showed that Newtonian 

assumptions underestimated wall shear stress (WSS) while expanding recirculation and 

oscillatory shear. This suggested that linear viscous assumptions overestimated the risk of 

intimal hyperplasia.  In transitional flow induced by a stenosis, the non-Newtonian fluid 

extended laminar flow behaviour while damping turbulent shear stress. Conversely, the 

Newtonian fluid displayed downstream shear layer break-up and a radial expansion in 

elevated turbulent shear stress at the distal end of the field of view at peak pulsatile flow. 

Translation to the measurement of separated flow in vivo requires imaging in opaque 

environments. Echo particle image velocimetry (Echo PIV) has presented itself as an 

attractive tool; however, application to stenotic flows has been minimal. Echo PIV 

measured centerline velocities showed a good fit to PIV; however, failure to accurately 

resolve near wall flow patterns suggested further refinement is necessary prior to its use as 

a reliable quantitative imaging tool in such environments. 
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Preface 

This thesis consists of five multi-authored manuscripts that have either been published or 

submitted to scholarly journals for review.  Chapter Two consists of a manuscript that has 

been published in the Canadian Journal of Anesthesia.  Its full citation reads: 

Walker AM, Lee K, Dobson GM, Johnston CR. The viscous behaviour of HES 130/0.4 

(Voluven®) and HES 260/0.45 (Pentaspan®). Can. J. Anesth. 2012, 59:288-294. 

Kogan Lee was responsible for the collection and interpretation of capillary viscometry 

measurements. Andrew Walker acquired and analyzed pipe flow measurements and wrote 
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Chapter Three consists of a manuscript that has been accepted for publication in 
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Andrew Walker and Yao Xiao were responsible for both capillary viscometry and pipe 
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interpretation. Andrew Walker wrote the original draft and all authors were involved in its 

critical review. Manuscript revisions were addressed and completed by Andrew Walker.  
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Chapter One:  Introduction 

1.1 MOTIVATION 

Given the inherent link between wall shear stress (WSS) and viscosity, maintenance 

of a stable viscous environment ensures that WSS is maintained, which has direct 

consequences on endothelial cell (EC) expression and the preservation of vascular 

homeostatic mechanisms (Hemlinger et al. 1991, Malek et al. 1999, Topper and Gimbrone 

Jr. 1999, Shaaban and Duerinckx 2000, Choi and Barakat 2005, Chiu and Chien 2011).  

This is of utmost importance in patients presenting with hypovolemia (low blood volume) 

who require rapid infusion of lost volume to restore compensatory mechanisms and ensure 

peripheral perfusion (Haljamäe et al. 1997, Vincent and Gerlach 2004, Dubniks et al. 

2007). Multiple fluids of diverse composition are available to maintain a stable 

hemodynamic environment (Valant et al. 2011).  One option is the use of hydroxyethyl 

starch (HES) fluids that have been shown to illicit favourable in vivo efficacy (Westphal et 

al. 2009). Three such fluids are available for use in Canada; however, simple mechanical 

properties such as viscosity have yet to be reported.  Understanding the viscous response of 

these fluids is critical to better appreciate the resulting effect on circulating viscosity and 

hemodynamic stability upon infusion.  

Blood displays marked non-Newtonian, shear-thinning behaviour that asymptotes to 

a nearly constant viscosity above shear strain rates of ~ 100 s-1 (Pedley et al. 1980, Nichols 

and O’Rourke 2005). At low shear strain rates, blood exhibits heightened viscosity on 

account of red blood cell (erythrocyte) aggregation (Wells Jr. and Merrill 1961, Brooks et 

al. 1970, Chien et al. 1970, Nichols and O’Rourke 2005). Although the notion of non-

Newtonian viscous behaviour can likely be ignored in large, healthy arteries of the central 

vasculature, it is expected that non-linear assumptions would be relevant to separated flow 

environments associated with low shear strain rates. Such flow environments would include 

recirculation zones downstream of stenotic vessels and implanted stents. Furthermore, the 

extension of non-linear viscous consideration to transitional blood flow environments has 

been limited in its scope, but should be of importance given the presence of red blood cells 

that delay transition to higher Reynolds numbers (Re) (Han et al. 2001). Despite the 

fundamental link between blood viscosity and shear strain rate, disagreement on the 

importance of non-Newtonian consideration in arterial flow modelling is ongoing in the 
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biomedical community (Tang et al. 2004, Johnston et al. 2006, Charonko et al. 2009, Mejia 

et al. 2011).   

Translation to flow measurement in vivo has been investigated using a number of 

modalities including pulse wave Doppler (PWD) and magnetic resonance imaging (MRI) 

(Borgen et al. 1995, Gnasso et al. 1996, Lotz et al. 2002, Nowak 2002, Markel et al. 2007).  

Specifically, the use of echo particle image velocimetry (Echo PIV) has presented itself as 

an attractive alternative to traditional measurement approaches that combines particle 

image velocimetry (PIV) and ultrasound techniques. Preliminary in vitro and in vivo 

measurements have been promising although measurements in stenotic environments have 

been limited in their evaluation (Kim et at al. 2004a, Kim et al. 2004b, Dobson et al. 2007, 

Dobson et al. 2009, Zhang et al. 2011). Despite stenotic induced centerline velocities 

measured by Echo PIV that were in good agreement with computational simulations, 

recirculation areas were not resolved (Qian et al. 2011, Zhu et al. 2011). This was a 

surprising result given that Echo PIV, similar to PIV, relies on the use of tracer particles 

with low settling velocities that should faithfully follow the flow. The limited scope of 

previous Echo PIV stenotic flow induced studies and the finding of unresolved 

recirculation warranted a comprehensive measurement and validation study that evaluated 

the merits of using Echo PIV in such an environment.       

 

1.2 THESIS GOALS  

This thesis is presented in the form of three projects that characterize common 

cardiovascular flow regimes using Newtonian and non-Newtonian fluids to assess the 

resulting flow behaviour on vascular pathology. The goal of these projects is to gain a 

deeper understanding on how the viscous behaviour of fluids, both those infused into the 

vascular system and of the blood itself through the use of an appropriate analog fluid affect 

hemodynamic metrics critical to vessel homeostasis and endothelial expression. This will 

be accomplished through the viscous characterization of HES fluids that are infused into 

the vascular system to correct hypovolemia and the measurement of flow patterns induced 

by stent and stenotic geometries using Newtonian and non-Newtonian fluids in vitro. 

Translation to the applicability of measuring such flow environments in vivo will be 

assessed through the use of Echo PIV.  It is expected that this work will answer important 
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questions on the hemodynamic implications of HES infusion, importance of non-

Newtonian viscous behaviour in separated flow environments and the applicability of Echo 

PIV to the measurement of in vivo separated flows.  The specific goals of this thesis are: 

- To characterize the viscosity of HES fluids available for use in Canada for acute 

volume replacement and understand how their viscous behaviour affects the 

maintenance of a stable hemodynamic environment; 

- To experimentally measure the downstream flow patterns induced by a Gianturco 

Zenith stent strut configuration; 

- To address the importance of non-Newtonian viscous considerations in flows of low 

shear strain rate and transitional behaviour and characterize the differences in 

measured flow patterns in relation to the rheological assumptions used; 

- To assess the suitability of a non-Newtonian blood analog in transitional flow; 

- To provide a comprehensive evaluation on the capabilities and limitations of using 

Echo PIV to measure in vivo stenotic-induced flow. 

 

1.3 CONTENT & LAYOUT OF THE THESIS 

This thesis will be structured in a paper-based format consisting of five manuscripts 

that have either been accepted for publication or have been submitted to scholarly journals 

for peer-review (Figure 1-1). Preceding the manuscript chapters, the motivations for this 

work and a background discussion to complement the manuscripts are presented in the 

Introduction (Chapter 1).  Specifically, Chapter 2 addresses the viscous characterization of 

HES fluids available in Canada for use in volume resuscitation in patients presenting with 

hypovolemia. Unexpected viscous behaviour provided the motivation for a more 

comprehensive evaluation of the viscous properties of HES fluids, specifically in 

concentrations with a non-Newtonian blood analog that is presented in Chapter 3.  Despite 

the non-linearity of blood viscosity in relation to shear strain rate, the importance of this 

behaviour over simple Newtonian considerations remains contentious.  Thus, the evaluation 

of non-Newtonian behaviour was incorporated into stent and stenotic-induced flows to 

experimentally measure resulting flow patterns in both low shear strain rate and transitional 

flows (Chapters 4, 5).  Translation of in vitro flow measurement using experimental optical 

methods to in vivo flow quantification of such environments was evaluated using Echo PIV 
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in Chapter 6. A final summary and conclusions chapter (Chapter 7) will serve to highlight 

the contributions of each manuscript, the main conclusions derived from each project and 

important questions that warrant consideration moving forward.  Additionally, an Appendix 

has been included to provide supplemental material on the experimental setup and pertinent 

parameters of the projects undertaken.  

 
Figure 1-1. Mind map displaying the interconnection between presented manuscript 
chapters. Solid arrows represent a direct continuation of work presented in the preceding 
chapter.  
 

1.4 BACKGROUND 

Pertinent background information to introduce the topics covered by each 

manuscript chapter will be presented in the following section. Although each manuscript 

chapter includes an introductory section, the purpose here is to provide the reader with 

expanded background material to serve as a supplement to that presented in each chapter.  

The presented background material will be delivered in three sections pertaining to the 

individual projects of HES fluids, non-Newtonian viscous consideration and the 

applicability of Echo PIV.  

 

 

Chpt. 2. HES Viscous 
Characterization 

Chpt. 3. HES Viscous 
Characterization Non-

Newtonian Analog 

Chpt. 4. Measured Stent-
Induced Flow in a Non-
Newtonian Environment 

Chpt. 5. Measured 
Stenotic Transitional 

Flow in a Non-
Newtonian Environment 

Chpt. 6. Stenotic Flow 
Quantification and 
Validation Using  

Echo PIV  
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1.4.1  Hydroxyethyl starch (HES) fluids (Chapters 2, 3) 

Hypovolemia often occurs in patients presenting with severe trauma or those who 

have undergone cardiac or vascular surgery through absolute and relative deficits in blood 

volume. During periods of hypovolemia, the body attempts to compensate for the reduction 

in blood volume through a redistribution of flow to vital organs that may compensate 

perfusion rates to other organs including the gut and kidneys (Dubniks et al. 2007).  

Effective management of blood volume replacement is thus paramount in critically ill and 

surgical patients to ensure adequate peripheral tissue perfusion and oxygenation (Haljamäe 

et al. 1997). 

Hemodilution alters the physical composition of blood that is accompanied by a 

modification of circulating viscosity and oxygen carrying capacity (Tsai et al. 1998, 

Cabrales et al. 2004, Salazar Vázquez et al. 2009). It has been suggested that lowered blood 

viscosity would benefit overall health through a reduction in peripheral resistance while 

decreasing the cardiac workload (Salazar Vázquez et al. 2009).  Indeed, plasma and blood 

hyperviscosity has been associated with increased rates of heart disease, stroke and 

cardiovascular risk factors including hypertension (Eckmann et al. 2000, Salazar Vázquez 

et al. 2009). However, as noted by Tsai and Intaglietta (2001), increased viscosity may 

serve as a protective and beneficial mechanism in certain instances as noted in patients 

presenting with severe trauma or myocardial infarction. When hematocrit is reduced to 

40% of normal, oxygen carrying capacity becomes marginal, which may impair tissue 

oxygenation (Tsai et al. 1998, Cabrales et al. 2004).  Furthermore, large drops in capillary 

pressure may fail to provide the necessary energy to deform red blood cells through the 

capillaries (Villela et al. 2009). This can be preserved through the maintenance of 

functional capillary density (FCD). FCD requires adequate capillary pressure, which is 

achieved through a redistribution of pressure from the central vasculature (Cabrales et al. 

2004, Martini et al. 2006). High viscosity resuscitation fluids provide such a means of 

redistributing pressure to the microvascular to maintain capillary pressure and FCD while 

increasing plasma viscosity. Tsai et al. (1998) showed that high viscosity Dextran 

(viscosity 6.4 centipoise (cP)) increased plasma viscosity to 2.2 cP and maintained FCD at 

close to normal values upon a hematocrit reduction to ~ 12%.  Similarly, Cabrales et al. 

(2004) used high viscosity alginate in a crystalloid to maintain whole blood viscosity 
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between 3.4 - 3.7 cP (control 4.2 cP) and elevate plasma to 2.1 - 2.6 cP (control 1.2 cP) 

upon volume resuscitation at ~ 28% hematocrit. The increase in viscosity would elevate 

WSS and promote the maintenance of hemostatic mechanisms, namely the release of shear 

stress dependent nitric oxide and prostacyclin promoting vasodilation (Malek et al. 1999, 

Topper and Gimbrone Jr. 1999, Shaaban and Duerinckx 2000, Tsai and Intaglietta 2001, 

Cunningham and Gotlieb 2005, Martini et al. 2006, Salazar Vázquez 2008). The use of low 

viscosity fluids, however, may be suitable in cases of moderate hemodilution (up to 50% 

hematocrit reduction) where decreased blood viscosity increases flow allowing for the 

maintenance of WSS (Tsai et al. 1998).  However, when hematocrit is reduced beyond 60% 

of normal values, viscosity is significantly reduced and oxygen delivery to tissues cannot 

be retained, which necessitates the infusion of a fluid that maintains FCD (Tsai et al. 1998, 

Tsai et al. 2001, Cabrales et al. 2004, Martini et al. 2006, Villela et al. 2009).            

There continues to be an on-going debate regarding the ideal fluid for effective 

volume therapy.  The use of albumin in volume expansion is well documented (Barron et al. 

2004). Albumin is a protein derived from human plasma and accounts for 60 - 80% of 

normal plasma oncotic pressure (Traylor and Pearl 1996). It has been acknowledged, 

however, that albumin does not increase or decrease patient morbidity/mortality while 

associated costs are high (Traylor and Pearl 1996). The use of crystalloids (e.g. normal 

saline) represents an economic alterative to albumin (Dubniks et al. 2007). However, the 

practice of liberal administrations of crystalloid decreases colloid osmotic pressure in the 

blood through hemodilution leading to excessive tissue edema (swelling) as only a small 

portion of the infused volume remains in the intravascular space (Dubniks et al. 2007). 

The focus of the work here is on the use of HES fluids that have been introduced to 

maintain intravascular volume, specifically the three HES fluids available for volume 

expansion in Canada: HES 130/0.4 (Voluven®), HES 130/0.4 (Volulyte®) and HES 

260/0.45 (Pentaspan®). Hydroxyethyl starches are derived from the branched 

polysaccharide polymer amylopectin upon which hydroxyethyl residues are attached to 

glucose particles within the polymer chain (Traylor and Pearl 1996). This substitution 

increases the water solubility of the polymer while inhibiting the rate at which the starch is 

broken-down by amylase, increasing intravascular retention time (James et al. 2004, 

Westphal et al. 2009). Concentrations of 6% HES have been found to induce an initial 
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volume expansion upwards of 20% while the volume expansion effects of 10% 

concentrations are assumed to be 1.45 times the infused volume (Degrémont et al. 1995, 

Westphal et al. 2009).  However, while pharmokinetics and risk/benefit profiles have been 

well established, how their infusion could affect blood viscosity is largely unknown (Treib 

et al. 1999, Jungheinrich and Neff 2005).     

   

1.4.2 Non-Newtonian Stent and Stenotic-Induced Flow (Chapters 4, 5)   

Blood displays shear thinning, non-Newtonian behaviour on account of the 

viscoelastic properties of red blood cells (Wells Jr. and Merrill 1961, Brooks et al. 1970, 

Chien et al. 1970, Nichols and O’Rourke 2005). In the large arteries of the vasculature, 

blood is often modelled as a Newtonian fluid under the assumption that the rheological 

behaviour is linear on account of high shear strain rates (Tu and Deville 1996, Mejia et al. 

2011).  As noted by Choi and Barakat (2005), the majority of in vitro studies that examined 

EC responsiveness to flow have assumed Newtonian behaviour despite the shear thinning 

property of blood, which displays a significant rise in viscosity at low shear strain rates.  It 

would be expected then that the non-Newtonian behaviour of blood would be prominent in 

flow environments of low shear strain rates including stent and stenotic induced flow 

(Berger and Jou 2000, Choi and Barakat 2005, Benard et al. 2006). However, Tu and 

Deville (1996), Cavazzuti et al. (2011) and Mejia et al. (2011) all noted that the vast 

number of studies quantifying flows in such environments have assumed linear rheological 

behaviour with viscosity representative of blood at high shear strain rates.     

 A number of stent and stenotic flow induced studies have assumed Newtonian 

behaviour despite the presence of separated flow environments (Ahmed and Giddens 

(1983), Ghalichi et al. (1998), Berry et al. (2000), Stroud et al. (2000), Benard et al. (2003), 

La Disa Jr. et al. (2003), Varghese and Frankel (2003), La Disa Jr. (2005), Varghese et al. 

(2007) and Charonko et al. (2009)).  Johnston et al. (2006) concluded that coronary artery 

flow could be adequately modelled with Newtonian assumptions. Based on this conclusion, 

Charonko et al. (2009) ignored non-Newtonian behaviour when measuring the effect of 

coronary stent design on WSS.  Tang et al. (2004) concluded that viscous non-linearity was 

a level III factor affecting computation results by less than 10%, opposed to compliance 

that could lead to solution differences between 10 - 50%.  The conclusions of Tang et al. 
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(2004) serve to highlight the inherent dangers of using computational modelling in 

combination with non-Newtonian assumptions. Razavi et al. (2011) used computational 

fluid dynamics (CFD) to model stenotic flow incorporating six non-Newtonian viscosity 

models and one Newtonian model.  Specifically, Razavi et al. (2011) found that the Carreau 

and Carreau-Yasuda models presented with moderate non-Newtonian importance factors 

suggesting them as suitable models. Conversely, the generalized power law, which 

represented the model used by Johnston et al. (2006), underestimated non-Newtonian 

behaviour. However, flow conditions and geometry investigated by Razavi et al. (2011) 

were different than in Johnston et al. (2006) 

 The study by Mejia et al. (2011) incorporated both a non-linear Carreau-Yasuda 

viscosity model and two Newtonian models representative of the high shear strain rate 

viscosity and the characteristic shear strain rate viscosity of the coronary artery to evaluate 

intra-stent flow.  Both linear models underestimated the WSS within the stented segment, 

which may falsely over-predict the risk of re-stenosis (Mejia et al. 2011). Mejia et al. 

(2011) concluded that linear models fail to accurately represent intra-stent flow as the 

shear-thinning behaviour of blood acts to elevate WSS and dampen bulk flow structures.  

Pak et al. (1990), Choi and Barakat (2005), Schirmer and Malek (2007) and Molla and Paul 

(2012) highlighted the importance of non-linear viscous behaviour in separated flow 

environments on the resulting measured flow patterns. Specifically, Choi and Barakat 

(2005) predicted non-Newtonian recirculation zone reductions of between 22 - 63% to that 

of a Newtonian fluid between Re of 50 - 400.  Pak et al. (1990) and Molla and Paul (2012) 

noted that the non-Newtonian recirculation region expanded further axially downstream in 

relation to a Newtonian fluid in transitional flow.  Enduring questions on the importance of 

non-Newtonian behaviour provided the impetus to experimentally evaluate the differences 

in measured flow patterns in separated flow environments in relation to rheological 

assumptions.  

 Ideally, whole blood would be circulated through an in vitro mock arterial flow 

loop.  However, the opaque nature of the fluid would preclude the use of high-resolution 

experimental optical imaging approaches such as PIV, which has been used previously to 

evaluate stent induced flow (Lieber et al. 2002, Benard et al. 2003, Yazdani et al. 2004, 

Charonko et al. 2009).  Also, the nature of the experimental flow loop would require large 
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volumes of blood. Brookshier and Tarbell (1993) have suggested the use of a shear-

thinning aqueous xanthan gum/glycerin solution as an appropriate blood analog fluid. In 

laminar, pulsatile flow, the proposed analog showed good agreement with the viscous and 

elastic behaviour of porcine blood (Brookshier and Tarbell 1993). Application of an 

aqueous xanthan gum analog to that of a Newtonian reference fluid in an experimental 

setting by Gijsen et al. (1999) displayed marked differences in carotid bifurcation measured 

flow patterns.  

Separated flows in this instance were initiated separately by a Gianturco Zenith 

stent wire (Z-stent) and an axisymmetric stenotic blockage.  The Z-stent configuration was 

selected on account that the evaluation of resulting flow patterns induced by the strut 

configuration has been minimal.  Berry et al. (1996) and Johnston et al. (2010) evaluated 

the elastic and mechanical behaviours of the Z-stent while studies have examined stent 

patency and efficacy upon implantation (Malina et al. 1997, Davidian et al. 1998, May and 

Ell 1998).  Cheng et al. (2008) and Guivier-Curien et al. (2009) used CFD to model fluid 

dynamics and forces acting on the Z-stent, however, fluid properties were assumed 

Newtonian.   

Following Z-stent flow evaluation, introduction of a stenosis initiated transitional 

flow downstream of the blockage to evaluate how non-Newtonian viscous properties affect 

the process of transition.  Ahmed and Giddens (1983), Ghalichi et al. (1998), Varghese and 

Frankel (2003) and Varghese et al. (2007) incorporated transitional behaviour in stenotic 

measurements; however, the rheological properties of blood were assumed linear. The 

study by Molla and Paul (2012) did incorporate both non-Newtonian considerations and 

transitional flow and showed extended non-Newtonian recirculation and damped centerline 

turbulent kinetic energy in the immediate post-stenotic region.  Given the limited literature 

on the quantification of transitional behaviour of non-Newtonian blood flow downstream of 

a stenosis, an experimental study was undertaken to measure flow patterns using the 

aqueous xanthan gum solution and a Newtonian reference fluid. Blood has been 

demonstrated to display an extension of laminar flow behaviour beyond Re commonly 

associated with transition in pipe flow (Han et al. 2001).  This presented an opportunity to 

characterize the viscous behaviour of aqueous xanthan gum in transitional flow and 
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evaluate possible mechanisms that may explain how the non-Newtonian analog affects the 

process of transition. 

 

1.4.3  Echo Particle Image Velocimetry (Echo PIV) (Chapter 6) 

The quantification of in vivo blood flow necessitates the use of imaging tools 

capable of measuring in opaque environments.  Two such approaches include pulse wave 

Doppler (PWD) and magnetic resonance imaging (MRI).  PWD has been used to measure 

local velocity profiles and shear stress (Borgen et al. 1995, Gnasso et al. 1996, Nowak et al. 

2002).  This approach measures the frequency shift of the flowing blood within a sampling 

window, which is proportional to its velocity (Nowak et al. 2002). PWD does provide good 

temporal and spatial resolution while providing a means for non-invasive flow 

quantification. However, a number of limitations preclude its applicability to the 

measurement of near wall flow. Velocity acquisition is limited to one spatial component 

where the correct estimation is reliant on the Doppler angle (Kim et al. 2004b, Liu et al. 

2008).  Small errors in Doppler angle assignment, specifically at high angles, significantly 

influences measured values.  Furthermore, measurements of centerline velocities for WSS 

calculation assume the extrapolation of a parabolic profile to the wall (Zhang et al. 2011).  

Although applicable to fully developed flow, this extrapolation becomes problematic in 

flows that deviate from a parabolic shape (Poelma et al. 2012). Multigate Doppler can be 

used whereupon multiple sample volumes are opened along a scan line allowing for the 

measurement of mean velocity within a number of gates (Reneman et al. 1986).  However, 

despite the use of multiple gates across the vessel lumen, this approach is still limited by 

one-dimensional velocity acquisition and the finite size of sample volumes. MRI is capable 

of measuring flow in multiple spatial directions with good spatial resolution (Liu et al. 

2008).  However, numerous scans are required to reconstruct the flow under investigation 

that limits temporal resolution (Kim et al. 2004b).  Furthermore, the process is expensive, 

cumbersome and requires breath holds when imaging in the thoracic and abdominal regions 

(Liu et al. 2008).   

An alternative to these techniques is the use of PIV that uses a field mapping 

technique and optical imaging to measure fluid flow (Willert and Gharib 1991).  However, 

optical imaging is not possible for opaque flows including arterial blood flow (Crapper et al. 
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2000). To combat this, the use of ultrasound brightness (B)-mode imagery and echo-

contrast containing microbubbles allows for the acquisition of images that are amenable to 

PIV analysis (Kim et al. 2004b, Venneman et al. 2007). The use of ultrasound improves the 

temporal resolution, accessibility and cost concerns associated with MRI while generating 

velocity profiles in multiple spatial directions that are not reliant on the beam/flow angle.  

Echo PIV strives to take two unconnected flow investigatory approaches (PIV and 

ultrasound) to improve upon deficiencies associated with alternative imaging techniques.  

This approach pairs PIV with the use of contrast agents and ultrasound imaging to allow for 

the investigation of opaque flow. Traditional optical PIV tracks flow through the use of 

tracer particles in which their movements are tracked between two consecutive images 

(Venneman et al. 2007). Both images are then divided into interrogation windows, which 

are subjected to a cross-correlation algorithm to determine the local tracer particle 

displacement (Keane and Adrian 1992, Liu et al. 2008). Application of the cross-correlation 

algorithm across all interrogation windows generates a velocity field map that displays 

velocity vectors of magnitude and direction (Liu et al. 2008).  

Echo PIV uses ultrasound B-mode imaging that sweeps a focused ultrasonic beam 

across a field of view (Zheng et al. 2006). A contrast agent in the form of microbubbles that 

have a large acoustic impedance disparity with the fluid is injected into the flow solution 

leading to clear B-mode images with an improved signal-to-noise ratio due to the high 

scattering properties of the bubbles (Zheng et al. 2006).  The backscattered signals from the 

contrast agent are converted to images that are subjected to PIV analysis using a cross-

correlation algorithm to track the movement of the microbubbles (Kim et al. 2004b).  

However, the time difference between the two consecutive images in this case is not 

determined by the delay between laser light pulses as in traditional PIV, but by the time 

difference between the same beam positions on two consecutive ultrasound images (Kim et 

al. 2004b).  

To date, promising in vitro and in vivo measurements have been acquired in relation 

to in vitro validation techniques and traditional in vivo measurement tools  (Kim et al. 

2004a, Kim et al. 2004b, Dobson et al. 2007, Sengupta 2007, Hong et al. 2008, Liu et al. 

2008, Dobson et al. 2009, Kheradvar et al. 2010, Zhang et al. 2011, Sengupta et al. 2012).  

However, application to stenotic flow environments has been minimal with studies 
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relegated to qualitative comparisons between Echo PIV and computer simulations or PWD 

measurements. Liu et al. (2008) measured stenotic-induced flows in relation to PWD.  

Good agreement was noted between PWD and Echo PIV peak velocity measurements; 

however, Echo PIV results were limited to velocity contour maps with no specific results 

given for near-wall flow patterns. Furthermore, Echo PIV measurements were not validated 

except for the aforementioned qualitative description of agreement to PWD centerline 

velocities.  Qian et al. (2011) and Zhu et al. (2011) both measured flow downstream of an 

axisymmetric blockage.  Qian et al. (2011) showed good inlet centerline velocity agreement 

between Echo PIV and analytical theory. However, no flow recirculation was resolved 

distal to the 50%-by-diameter stenosis. Similarly, Zhu et al. (2011) showed a close fit 

between Echo PIV measured and CFD predicted downstream velocities, but no 

recirculation was quantified. Neither study addressed possible reasons on the failure of 

Echo PIV to resolve recirculation on this particularly severe stenosis.  Zhu et al. (2011) did 

use elongated interrogation windows in the axial direction that may partially explain the 

failure to capture possible small-scale recirculation. The results of Qian et al. (2011) and 

Zhu et al. (2011) were unexpected, as the ultrasound tracer particles should have low 

settling velocities (the specific microbubbles used for theses studies were not provided).  

The limited scope of this work suggested that a more comprehensive evaluation of post-

stenotic flow, specifically near-wall flow was required.  The failure to resolve recirculation 

suggests that the accuracy of this technique in separated flows remains open for debate and 

that a detailed flow measurement study is warranted to demonstrate the reliability of this 

tool in such environments.               
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Chapter Two: The Viscous Behaviour of HES 130/0.4 
(Voluven®) and HES 260/0.45 (Pentaspan®) 
 
 

This chapter is a manuscript that has been published as: 

Walker AM, Lee K, Dobson GM, Johnston CR. The viscous behaviour of HES 130/0.4 

(Voluven®) and HES 260/0.45 (Pentaspan®). Can. J. Anesth. 2012, 59:288-294. 

Department of Mechanical and Manufacturing Engineering, University of Calgary, 

Calgary, AB T2N 1N4, Canada 

 

2.1 ABSTRACT 

 Several fluids are available for volume therapy to address hypovolemia. We focus 

on the two-hydroxyethyl starches (HES) available for volume expansion in Canada: HES 

130/0.4 (Voluven®) and HES 260/0.45 (Pentaspan®).  Although information regarding their 

pharmacokinetic and risk/benefit profiles are available, their viscous properties are 

unpublished. Dynamic viscosities of HES 130/0.4 and HES 260/0.45 were measured at 

21˚C and 37˚C using a capillary viscometer. The viscosities of the solutions were then 

measured through a closed flow loop at room temperature across physiologically relevant 

flow rates that maintained a laminar flow regime. Measured dynamic viscosity through 

capillary viscometry was 2.76 centipoises (cP) for HES 130/0.4 and 7.62 cP for HES 

260/0.45 at 21˚C decreasing to 1.74 cP and 4.25 cP at 37˚C respectively.  Pipe flow analysis 

found that HES 130/0.4 (expiry 02/13) and Pentaspan® (expiry 10/10) displayed marginal 

variation in viscosity suggesting Newtonian behaviour.  However, a sample of HES 130/0.4 

(expiry 10/10) displayed an appreciable increase in viscosity (13%) at higher flow rates 

suggesting shear thickening behaviour.  This represents the first characterization of not only 

the viscosity of two commonly utilized HES solutions, but also their viscous behaviour 

across physiologically relevant flow rates. The shear thickening behaviour of a sample of 

HES 130/0.40 (expiry 10/10) at high flow rates was not expected and what effect it may 

have on endothelial cell function is unknown. 
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2.2 INTRODUCTION 

Hypovolemia often occurs in patients presenting with severe trauma or 

postoperatively after major surgery (Verheij et al. 2006). During periods of low blood 

volume, the body attempts to compensate for this reduction through a redistribution of flow 

that may compromise perfusion rates to non-vital organs and the microvasculature (Vincent 

and Gerlach 2004, Dubniks et al. 2007). Effective management of blood volume 

replacement is thus paramount to ensure adequate peripheral tissue perfusion and 

oxygenation (Haljamäe et al. 1997, Vincent and Gerlach 2004). Although the merits of 

effective volume replacement have been well established, there continues to be on-going 

debate regarding the ideal fluid for volume therapy (Traylor and Pearl 1985, Woessner et al. 

2003, Vincent and Gerlach 2004, Verheij et al 2006, Villela et al. 2009, Westphal et al. 

2009).  

We focus here on the two-hydroxyethyl starch (HES) solutions available for volume 

expansion in Canada, 6% HES 130/0.4 (Voluven®, Fresenius Kabi, Bad Homburg, 

Germany) and 10% HES 260/0.45 (Pentaspan®, Bristol-Myers Squibb Canada, Montreal, 

Quebec, Canada). Although pharmacokinetic and risk/benefit profiles have been 

documented (Treib et al. 1999, Jungheinrich and Neff 2005), simple mechanical properties 

such as viscosity that are of critical importance to endothelial cell function and the 

microvasculature have not been published.  

 Resuscitation with HES fluids reduces hematocrit and dependent on the viscosity of 

the infused fluid, may decrease blood viscosity and lower wall shear stress (WSS) that can 

alter endothelial cell permeability, structural organization and expression (Topper and 

Gimbrone Jr. 1999, Shaaban and Duerinckx 2000, Martini et al. 2006, Salazar Vázquez et 

al. 2009, Villela et al. 2009). The critical association between viscosity, shear stress and 

endothelial function in the microcirculation and conduit arteries has been well established 

(Malek et al. 1999, Topper and Gimbrone Jr. 1999, Shaaban and Duerinckx 2000, Cabrales 

et al. 2004, Mitchell et al. 2004, Cunningham and Gotlieb 2005, Martini et al. 2006, 

Reneman et al. 2006, Salazar Vázquez et al. 2008).  Low and highly oscillatory shear stress 

patterns have been linked to intimal media thickening promoting atherogenic development 

and decreased production of vasodilators promoting increased peripheral vascular 

resistance (Shaaban and Duerinckx 2000, Martini et al. 2006).  Endothelial cells exposed to 
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a range of physiological shear stress typically between 0.5 and 2.0 Pascal (Pa) have been 

shown to elicit an atheroprotective phenotype (Cunningham and Gotlieb 2005, Reneman et 

al. 2006).  At elevated levels of shear, reorganization of endothelial cell orientation and 

shape has been observed as opposed to cells exposed to low and oscillatory patterns that 

present with a rounded shape and fail to align with the direction of flow, increasing 

permeability and enhancing atherogenic expression (Malek et al. 1999, Shaaban and 

Duerinckx 2000, Cunningham and Gotlieb 2005).  Maintenance of elevated shear through 

viscosity control enhances cytoskeleton remodelling and activates a signaling cascade 

leading to the expression of vasodilators nitric oxide (NO) and prostacyclin that ensures 

adequate blood flow is preserved and vascular resistance is decreased (Malek et al. 1999, 

Topper and Gimbrone Jr. 1999, Shaaban and Duerinckx 2000, Cunningham and Gotlieb 

2005, Martini et al. 2006, Salazar Vázquez 2008). Furthermore, flow-mediated dilation as a 

result of reactive hyperemia has been found to be proportional to levels of diastolic shear 

stress in the brachial artery whereupon diastolic flow transitions from stasis or reversal to 

continual forward flow (Mitchell et al. 2004).   

Given the critical association of viscosity with microvascular and endothelial cell 

function, this present study was undertaken to characterize the viscosity of HES 130/0.4 

(Voluven®) and HES 260/0.45 (Pentaspan®) through capillary viscometry and pipe flow 

analysis over a range of shear rates commensurate with those of the vasculature.  In light of 

recent developments that have called into the question the efficacy of HES fluids, our work 

presented here allows for an appreciation of the physico-chemical properties of these fluids 

that is critical to understanding their effects upon infusion. 

 

2.3 METHODS 

The dynamic viscosities of 6% HES 130/0.4 (mean molecular weight 130 

kilodaltons (kDa), molar substitution 0.4, expiration dates 10/10, 02/13) (Westphal et al. 

2009) and 10% HES 260/0.45 (mean molecular weight 264 kDa, molar substitution 0.45, 

expiration date 10/10) (London et al. 1989) were evaluated at room (21°C) and body 

temperature (37°C) using a Cannon-Fenske routine calibrated CFRC (9721-B50) series 

size-50 capillary viscometer (Cannon Instrument Company, College Park, PA, USA).  

Measurements at 37°C were acquired in a temperature-controlled incubator.  Samples of 
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HES were stored at room temperature as per manufacturer specifications and all 

measurements were acquired prior to date of expiration. Three measurements were acquired 

at each temperature for each HES.  The final dynamic viscosity represented the average of 

the three measurements. The dynamic viscosities of Newtonian control fluids of deionized 

water and two HES viscosity matching glycerol-water mixtures (30:70 glycerol-water, 

50:50 glycerol-water) were also measured at room temperature.  

A closed flow loop was constructed to observe the viscous behaviours of HES 

130/0.4 and HES 260/0.45 across a range of flow rates (Figure 2-1).  Fluid contained in an 

open reservoir was driven through the loop by an ISMATEC Reglo-Z Digital gear pump 

(Cole Parmer, Montreal QC, Canada) using a Micropump pump head (Cole Parmer) with a 

flow range of 16 mL/min to 4.5 L/min at room temperature (22°C). A Validyne model 

P305D differential pressure transducer (Northridge CA, USA) was calibrated for each 

working fluid prior to measurement that measured pressure drop between two locations 

spaced 167 cm apart on a 183 cm long acrylic tube.  The diameter of the tube was 0.635 

cm, representative of the brachial artery.  Despite the elastic component of arteries, a rigid 

tube was an appropriate representation of the brachial artery given its minimal relative 

distention of 1.5 +/- 0.8% and peak bluntness factor of 2.1 (value of 2.0 represents fully 

developed parabolic profile) that has allowed for close approximation in shear stress 

measurement using both the Poiseuille and Womersley equations that assume fully 

developed flow in rigid tubes (Simon et al. 1990, Dammers et al. 2003).   

Initial maximum flow was to be restricted to a Reynolds Number (Re) of 1500 to 

negate potential transitional effects in the circulating fluid (transition to turbulence often 

commencing at Re ~ 2000).  It was found however, that Re could be safely increased to 

1635 before transitional disturbances appeared.  The flow range of the pump head restricted 

the minimum flow to 240 mL/min.  These restrictions corresponded to flows between 240 

mL/min and 1.35 L/min for HES 130/0.4 and 660 mL/min and 3.72 L/min for HES 

260/0.45.  These flow rates equated to mean velocities between 12.6 cm/s and 71.1 cm/s for 

HES 130/0.4 and 34.7 cm/s and 196.1 cm/s for HES 260/0.45, with the higher velocities 

being physiologically appropriate (Gisvold and Brubakk 1982, Kilner et al. 1993, Rosenhek 

et al. 2000, Reneman et al. 2006). Deionized water and the two glycerol-water mixtures 

were also pumped through the flow loop.  The flow rate of deionized water was restricted 
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to 450 mL/min to maintain laminar flow. An inlet length of 73 cm from the pump to the 

first pressure tap ensured fully developed flow.   

 
Figure 2-1. Schematic representation of flow loop design. 

 

Pressure drop measurements were acquired at 100 Hz using custom designed 

software in NI LabVIEW 2009 Version 9.0.1 (National Instruments, Austin TX, USA, 

2009).  Four measurements were acquired and averaged at each flow rate for each fluid. 

Using appropriate pressure calibrations, pressure in Pascals (Pa) was calculated.  

Maintenance of a laminar flow regime allowed viscosity at our acquired flow rates to be 

calculated through Poiseuille’s equation (2-1): 

µ =
!R4!P
8QL

             (2-1)        

where µ is the dynamic viscosity, R is the radius, ΔP is the pressure drop, Q is the flow rate 

and L is the length between pressure taps. Shear strain rates for laminar flow were 

calculated using equation (2-2) that allowed for the derivation of WSS using the calculated 

viscosities from the above equation (2-3).   

  ! =
8V
D

             (2-2) 

  ! = " *µ              (2-3) 

where γ is the shear strain rate, V  is the average velocity, D is the diameter of tube and τ is 

the WSS.  The reported viscosity and shear stress values for HES and matching glycerol-

water mixtures represented the average of four independent pipe flow measurements.  

 

 

Reservoir Pump Acrylic Tube  

Pressure Transducer 

DAQ Voltmeter 

73 cm pump to 1st pressure tap 167cm 1st pressure tap to 2nd pressure tap  

Flow 
Meter 
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2.4 RESULTS  

Dynamic viscosities for all measured fluids are shown in Table 2-1. Figure 2-2 

displays plots of WSS versus shear strain rate for the five fluids investigated.  Calculated 

viscosities from pipe flow measurements assuming a Newtonian fit of shear stress and 

shear strain rate were 2.74 (0.13) cP, 2.58 (0.05) cP, 6.97 (0.06) cP, 7.09 (0.08) cP, 2.38 

(0.04) cP and 0.99 (0.01) cP for HES 130/0.4 (expiry 10/10), HES 130/0.4 (expiry 02/13), 

HES 260/0.45, 50:50 glycerol-water mixture, 30:70 glycerol-water mixture and deionized 

water respectively (Figures 2-2A, 2-B).  R2 values of the linear Newtonian fit ranged from 

0.9986 for water to 0.991 for HES 130/0.4 (Microsoft Excel 2007, Microsoft, Redmond, 

WA, USA, 2007).  

 
Table 2-1. Measured dynamic viscosities (cP) by capillary viscometry for HES 130/0.4, 
HES 260/0.45, mixtures of glycerol/water and deionized water at 21°C and 37°C.  
Accepted whole blood viscosity of 3.5 cP at 37°C has been added for reference. 
 Solution 

HES 

130/0.4 

HES 

260/0.45 

Whole 

Blood 

Glycerol-

Water 50:50 

Glycerol-

Water 30:70 

 Water 

Viscosity 

(21°C) 

2.76 

(0.02) 

7.62 

(0.06) 

 7.17  

(0.03) 

2.36 

(0.02) 

1.02 

(0.01) 

Viscosity 

(37°C) 

1.74 

(0.02) 

4.25 

(0.01) 

3.5  

Viscosity values reported as mean (SD) 
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A. 

 
B. 

 
 
Figure 2-2. Pipe flow measured wall shear stress (WSS) displaying Newtonian viscosity 
fitted curve. (A) HES 130/0.4 (expiry 10/10), HES 130/0.4 (expiry 02/13), glycerol-water 
mixture (30:70) and deionized water. (B) HES 260/0.45 (expiry 10/10) and glycerol-water 
mixture (50:50).   
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The viscosity of deionized water measured across the range of flow rates varied less 

than 2% from its nominal expected viscosity of 1.0 cP, while both glycerol-water mixtures 

varied less than 2% from capillary viscometer measurements (Figure 2-3A). The HES 

130/0.4 sample (expiry 10/10), displayed Newtonian behaviour from mean velocities of 

12.6 cm/s to 47.4 cm/s (Figure 2-3B). An appreciable increase in viscosity was found at 

mean velocities greater than 47.4 cm/s, increasing from 2.66 cP at 47.4 cm/s to 3.04 cP at 

71.0 cm/s (13% increase) (Figure 2-3B). The viscosity of HES 130/0.4 (expiry 02/13) 

varied between 2.67 cP and 2.53 cP (5.1%) between mean velocities of 12.6 cm/s and 22.1 

cm/s respectively (Figure 2-3B). From 31.6 cm/s to 71.0 cm/s, viscosity varied between 

2.55 cP and 2.63 cP (2.9%). HES 260/0.45 displayed Newtonian behaviour across the range 

of flow rates measured with viscosity ranging from 6.91 cP and 7.05 cP (2.0%) (Figure 2-

3A). 

A.   
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B. 

 
Figure 2-3. Pipe flow measured viscosity calculated by Poiseuille’s equation across a range 
of flow rates. (A) HES 260/0.45 (expiry 10/10), glycerol-water mixture (50:50), HES 
130/0.4 (expiry 10/10), HES 130/0.4 (expiry 02/13), glycerol-water mixture (30:70) and 
deionized water. (B) HES 130/0.4 (expiry 10/10) displaying shear thickening behaviour at 
high flow rates, HES 130/0.4 (expiry 02/13) and glycerol-water mixture (30:70). Error bars 
represent the standard deviation (SD) of the four pipe flow measurements. 
 

2.5 DISCUSSION 

This study focused on the viscous characterization of the two HES solutions 

available for volume expansion in Canada, HES 130/0.4 and HES 260/0.45.  HES products 

represent an attractive option to crystalloids or albumin due to improved plasma volume 

expansion and decreased costs. Concentrations of 6% HES have been found to induce an 

initial plasma volume expansion upwards of 20% whereas the volume expansion effects of 

concentrations of 10% HES are assumed to be 1.45 times the infused volume (Degrémont 

et al 1995, Westphal et al. 2009). This provides volume ratios that are two to six times 

greater than those achieved with crystalloid solutions (Degrémont et al. 1995). Despite 

extensive availability on pharmacokinetics and risk benefit profiles of these HES solutions, 

data pertaining to viscosity and viscous behaviour have not been published. Our findings 

represent not only the first characterization of the viscosity of HES 130/0.4 and HES 

260/0.45, but also their viscous behaviour when subjected to pipe flow analysis simulating 

an arterial flow loop.  
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 Results of capillary viscometry at 37°C showed that the viscosity of HES 130/0.4 

(1.74 cP) was less than whole blood viscosity compared to HES 260/0.45 (4.25 cP) that 

presented with a value greater than whole blood (3.5 cP). Both fluids demonstrated 

viscosity values greater than published values for 5% and 10% human serum albumin at 

37°C of 0.9 cP and 1.5 cP respectively (Monkos 2004, Salazar Vázquez 2008). Based on 

the capillary viscometry measurements at 37°C alone, we can infer that the infusion of HES 

130/0.4 will initially decrease whole blood viscosity while the addition of HES 260/0.45 

will increase blood viscosity. The clinical studies that have addressed this issue did not 

demonstrate any significant changes in plasma viscosity, but neither was designed to 

address acute changes following large volume resuscitation (Kroemer et al. 1987, Woessner 

et al. 2003).   

 Assuming a Newtonian relationship between shear stress and shear strain rate, pipe 

flow viscosities for the glycerol/water mixtures and deionized water were found to be in 

close agreement with those found through capillary viscometry (< 3%).  Any discrepancies 

between the two measurements can likely be attributed to possible dilution of the HES 

solutions during pipe flow analysis (system was flushed with water between runs), small 

deviations during the manual calibration procedure and the large pressure differences 

between the nominal pressure involved in capillary viscometry and the high pressures 

associated with pipe flow.  Pipe flow viscosities compared to capillary measured values for 

HES 130/0.4 and HES 260/0.45 were 6% – 8% lower. Room temperature at the time of 

pipe flow measurements of the HES fluids was 22°C while their capillary viscometer 

measurements were acquired at 21°C. Assuming a linear decrease in viscosity between 

21°C and 37°C, viscosities of HES 130/0.4 and HES 260/0.45 would be 2.69 cP and 7.40 

cP at 22°C or within 5% of pipe flow measured values. 

 As expected, control solutions of water and glycerol/water dilutions displayed 

Newtonian viscous behaviour.  Our initial sample of HES 130/0.4 (expiry 10/10), displayed 

Newtonian properties from a flow rate of 4 mL/s to 15 mL/s whereupon an appreciable 

increase in viscosity from 2.66 cP to 3.04 cP (13% increase) occurred between 15 mL/s and 

22.5 mL/s, suggesting fluid properties representative of a shear thickening fluid that is 

characterized by an increase in viscosity with shear strain rate. This finding was not 

expected and represents the first revelation of possible shear thickening at high flow rates.  
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Given this viscous behaviour, a second sample of HES 130/0.4 (expiry 02/13) was selected 

that demonstrated a decrease in viscosity from a flow rate of 4 mL/s to 7 mL/s after which 

viscosity demonstrated Newtonian behaviour with a variation of less than 3% up to a flow 

rate of 22.5 mL/s. Based on this behaviour, we can likely conclude that this sample displays 

Newtonian viscous behaviour with nominal fluctuations across the range of flow rates 

measured.  The only difference of note between the two HES 130/0.4 samples was the date 

of expiration (two and a half year difference).    

As mentioned by Fall et al. (2008), the mechanism under which shear thickening 

occurs has not yet been fully understood.  However, it has been suggested that thickening in 

colloidal solutions may be the result of hydrodynamic cluster formation where viscosity is 

dependent on particle configuration or the aggregation of clusters creating a jammed 

system (Fall et al. 2008). Since the majority of complex fluids are shear thinning, 

comparison between Voluven® and other solutions is limited.  One exception is cornstarch, 

of which Fall et al. (2008) note that its thickening properties are the result of dilatancy 

leading to a jammed system.   

 

2.5.1 Clinical Implications                                                                                                          

The maintenance of functional capillary density (FCD) during prolonged 

hemorrhagic shock is critical to survival that is accomplished using high viscosity plasma 

expanders that ensure appropriate levels of shear are preserved (Martini et al. 2006, 

Cabrales et al. 2007, Salazar Vázquez 2009).  Salazar Vázquez et al. (2009) demonstrated 

that the reduction in FCD associated with hemodilution using a low viscosity fluid is 

prevented when using a high viscosity expander.  Salazar Vázquez et al. (2009) and Martini 

et al. (2006) noted that increasing plasma viscosity to 2.5 cP through the use of high 

viscosity expanders reduced peripheral vascular resistance, improved cardiac output and 

allowed for a redistribution of pressure to the capillaries ensuring maintenance of red blood 

cell passage. Cytoskeletal changes in vitro have demonstrated a rapid remodelling upon 

exposure to sudden increases in shear stress that activates an atheroprotective signaling 

cascade in endothelial cells leading to the release of NO and prostacyclin that prevent 

platelet activation (Shaaban and Duerinckx 2000). Malek et al. (1999) noted that 

endothelial cell proliferation increased 18-fold upon exposure to low shear stress for 48 
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hours.  This led to alterations in endothelial cell orientation, increased monocyte attachment 

and migration across the endothelial cell wall and enhanced adhesion molecule surface 

expression (Malek et al. 1999). 

What is not currently known is whether HES 130/0.4 and/or HES 260/0.45 elicits 

appreciable alterations to blood and plasma viscosity upon infusion.  To attempt to quantify 

potential alterations, Einstein’s equation for spheres in suspension can be used.  This was 

investigated by Walker et al. (2010) who modelled predicted changes in blood and plasma 

viscosity across a range of hematocrit upon infusion of HES 130/0.4 and HES 260/0.45.  At 

low hematocrits, infusion of HES 260/0.45 was predicted to increase both blood and 

plasma viscosity whereas HES 130/0.4 was predicted to decrease blood viscosity while 

simultaneously increasing plasma viscosity (Walker et al. 2010).  It must be noted however, 

that this model did not account for the effect of acute phase reactants on viscosity or the 

effect of these fluids on red blood cell adhesiveness (Walker et al. 2010).   

Given the differences in viscosity of these fluids, variations in infusion rates can 

also be expected.  Stoneham (1995) compared the gravity-fed flow rates of 0.9% saline and 

Gelofusine, a colloid plasma substitute with a viscosity of 1.9 cP at 37°C, through a 14-

gauge cannula at room temperature.  A significantly lower flow rate was found for the more 

viscous Gelofusine fluid (Stoneham 1995). The flow rate was also lower for Gelofusine 

when pressurized to 300 mmHg, however, the difference was clinically insignificant. It 

should be noted that although the viscosity of Gelofusine is comparable to HES 130/0.4 at 

37°C, it is appreciably lower than HES 260/0.45 (Table 2-1). Given the importance of rapid 

fluid replacement in hypovolemic patients, reduction in flow rate can be minimized by 

warming the HES fluids to 37°C, the use of pressure bags and through the use of large bore 

cannulas (Stoneham 1995). 

 

2.5.2 Limitations 

In this instance, we cannot conclude for certain the precise mechanism causing the 

shear thickening observed.  Although manual calibrations of the pressure transducers were 

completed between trails, we find it difficult to believe this would be the sole reason for the 

discrepancies in viscosity patterns between these two samples.  We suggest that the dilatant 

behaviour observed is similar to that of cornstarch whereupon friction between polymers is 
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greatly increased at high shear rates.  This finding could also be the result of an isolated 

difference in fluid properties between these particular samples although we find this 

explanation to have little merit given that we observed these behaviours in two arbitrarily 

selected samples.  Whether significant alterations in whole blood viscosity and associated 

shear stress would result upon infusion of a dilatant sample is the subject of future work.   

We must also note that testing was limited to three samples.  Initially, one sample of 

each fluid was tested, however, a peculiar result was found with our initial sample of HES 

130/0.4, which prompted us to test using a second sample, which happened to be a fresher 

batch. Sampling was initially limited to single batch from each colloid, as one would expect 

marginal differences in intra-colloid viscosity. However, future investigations could include 

capillary viscosity measurements of multiple batches to confirm that differences in intra-

colloid viscosity do in fact remain trivial. 

Furthermore, we cannot say for certain if the HES solutions are undergoing changes 

to their viscosity as a function of storage time as it was simply our goal to characterize the 

viscous behaviour of these fluids in quasi-static conditions and under physiologically 

relevant flow rates. Although the issue of storage time and viscosity changes have been 

examined in the food and beverage industry (Cano-Ruiz and Richter 1998, Severa et al. 

2010), this has not been addressed in relation to HES fluids. Given the fortuitous result 

concerning HES 130/0.4, it is possible that storage life may affect the viscous behaviour of 

these fluids and has presented us with the opportunity to conduct a long-term study to 

examine viscous changes in multiple batches from date of receipt to expiration date.   

 

2.5.3 Concluding Remarks 

In summary, this study represents the first characterization of the viscous properties 

of two HES solutions available for volume expansion in Canada: HES 130/0.4 and HES 

260/0.45.  The finding of non-Newtonian viscous behaviour in a sample of HES 130/0.4 

with an expiration date of 10/10 was not expected and has presented an opportunity to 

undertake further studies to determine the mechanism involved. We plan to not only 

examine the viscous behaviours of these solutions in pipe flow at body temperature (37°C), 

but to undertake a long-term study examining the viscous properties of these solutions from 

date of receipt from distributor to their expiration date measuring viscosity at fixed monthly 
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intervals.  If viscosity profiles were found to change in response to time until expiration, a 

detailed examination into the chemical mechanism behind this would be warranted.  This 

finding would be of significant interest to health care centres with a limited turnover of in-

house volume expanders.     
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Chapter Three: The Viscous Characterization of 
Hydroxyethyl Starch (HES) Plasma Volume Expanders in a 
Non-Newtonian Blood Analog 
 
 

This chapter is a manuscript that has been accepted for publication: 

Walker AM, Xiao Y, Johnston CR, Rival DE. The viscous characterization of 

hydroxyethyl starch (HES) plasma volume expanders in a non-Newtonian blood 

analog. Biorheology. 2013, in press. 

Department of Mechanical and Manufacturing Engineering, University of Calgary, 

Calgary, AB T2N 1N4, Canada 

 

3.1 ABSTRACT 

 Although information pertaining to the viscous characterization of HES 130/0.4 

Voluven® and HES 260/0.45 Pentaspan® is available, quantification is limited to 100% 

concentrations. We focus here on the quantification of their viscous behaviour along with 

HES 130/0.4 Volulyte® in a shear thinning non-Newtonian blood analog of aqueous 

xanthan gum and glycerol. Dynamic viscosities of multiple batches of HES fluids were 

measured through capillary viscometry. The viscous behaviour of 100%, 25% and 12.5% 

concentrations were then measured through a closed flow loop across physiologically 

relevant flow rates. Measured viscosities were 2.57 centipoise (cP) 6.52 cP and 2.48 cP  for 

HES 130/0.4 Voluven®, HES 260/0.45 and HES 130/0.4 Volulyte®, respectively. Pipe flow 

analysis found that all HES fluids displayed Newtonian behaviour at 100% concentrations. 

25% concentrations of both HES 130/0.4 fluids decreased analog viscosity 23% - 29% at a 

flow rate of 1.0 mL/s and 16% - 21% at a flow rate of 22.5 mL/s. At a flow rate of 22.5 

mL/s, 25% and 12.5% concentrations of HES 260/0.45 resulted in analog viscosity changes 

of 3.9% - 4.5%. Capillary viscosity reductions of approximately 7% and 14.5% in HES 

130/0.4 Voluven® and HES 260/0.45 suggest changes in molecular composition to batches 

previously measured. Maintenance of analog viscosity suggests that HES 260/0.45 would 

be suitable as a high viscosity plasma expander in extreme hemodilution through 

preservation of microcirculatory function and wall shear stress (WSS). 
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3.2 INTRODUCTION 

 Hydroxyethyl starch (HES) products represent an attractive option for the treatment 

of hypovolemia in patients presenting with severe trauma or those undergoing major 

surgery associated with large perioperative blood loss. Numerous fluids are available for 

plasma expansion to ensure adequate peripheral perfusion, however, HES fluids have been 

associated with favourable volume expansion ratios. Infusion of 6% HES and 10% HES 

have been shown to illicit plasma volume expansion ratios of 1.2:1 and 1.45:1 times the 

infused volume and two to six times that of infused crystalloid solutions (Degrémont et al. 

1995, Westphal et al. 2009). Although pharmacokinetic and risk benefit profiles for HES 

fluids have been well documented (Treib et al. 1999, Jungheinrich and Neff 2005), until 

recently the reporting of simple mechanical properties such as viscosity has been limited 

for fluids available for use in Canada (Walker et al. 2012a).  

Walker et al. (2012a) quantified the viscous behaviour of the two HES fluids 

available for volume expansion in Canada at the time of their study: 6% HES 130/0.4 

Voluven® and 10% HES 260/0.45 Pentaspan®
 
in both quasi-static capillary and dynamic 

pipe flow experiments. Pipe flow measurements quantified their viscous behaviour across a 

range of flow rates, however, 100% concentrations of HES were run through the flow loop 

(Walker et al. 2012a). Given that volume expansion fluids are infused in whole blood, we 

focus here on the viscous characterization of 6% HES 130/0.4 (Voluven®, Fresenius Kabi, 

Bad Homburg, Germany), 10% HES 260/0.45 (Pentaspan®, Bristol Myers Squibb Canada, 

Montreal, QC, Canada) and 6% HES 130/0.4 (Volulyte®, Fresenius Kabi, Bad Homburg, 

Germany) in applicable concentration ratios (Petroianu et al. 2000, Wierenga et al. 2007) in 

a representative blood analog fluid of aqueous xanthan gum and glycerol.  

The merits of maintaining elevated wall shear stress (WSS) and functional capillary 

density (FCD) through volume expansion has been well established (Malek et al. 1999, 

Topper and Gimbrone Jr. 1999, Shaaban and Duerinckx 2000, Cabrales et al. 2004, 

Mitchell et al. 2004, Cunningham and Gotlieb 2005, Martini et al. 2006, Reneman et al. 

2006, Cabrales et al. 2007, Salazar Vázquez et al. 2009). Briefly, elevated WSS elicits an 

atheroprotective response from the endothelium, leading to flow alignment of endothelial 

cells and the expression of vasodilators (Malek et al. 1999, Shaaban and Duerinckx 2000, 

Cunningham and Gotlieb 2005) whereas maintenance of FCD through high viscosity 
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volume expanders is critical to survival during prolonged hemorrhagic shock (Martini et al. 

2006, Cabrales et al. 2007, Salazar Vázquez 2009). To gain an understanding of how 

infusion may alter blood viscosity and associated WSS, concentrations in conjunction with 

an appropriate blood analog are required. Newtonian blood analogs have a constant 

viscosity taken to represent that of blood at high shear strain rates > 100 s-1
 
(Gijsen et al. 

1999, Mejia et al. 2011). Although applicable to the largest arteries where shear strain rates 

are high, whole blood displays considerable viscosity increases at low shear strain rates 

resulting from red blood cell aggregation (Leuprecht and Perktold 2001). This relationship 

is noted by Dammers et al. (2002) who reported viscosities of 3.2 cP and 5.0 cP at mean 

shear strain rates of 400 s-1
 
and 100 s-1

 
in the carotid and brachial arteries, respectively. If 

we are to appreciate the viscous changes in whole blood upon dilution, it would be prudent 

to characterize this using a non-Newtonian analog fluid that displays representative shear 

thinning behaviour.  

This present study was undertaken to characterize the viscous behaviour of HES 

130/0.4 Voluven®, HES 260/0.45 and HES 130/0.4 Volulyte®
 

at 25% and 12.5% 

concentrations across a range of shear strain rates that encompassed the non-Newtonian 

viscous behaviour of a blood analog fluid.  The non-Newtonian analog used replicated that 

suggested by Brookshier and Tarbell (1993) consisting of aqueous xanthan gum and 

glycerol to mimic the shear thinning behaviour of whole blood at physiologically 

representative hematocrit.  This study further served to present what we believe is the first 

viscous quantification of HES 130/0.4 Volulyte®
 
and to address limitations of our previous 

study, namely potential differences in intra-colloid viscosity and changes across date of 

expiration.  

 

3.3  METHODS 

3.3.1 Capillary Viscometry  

The dynamic viscosities of 6% HES 130/0.4 (Voluven®, mean molecular weight 

130 kilodaltons (kDa), molar substitution 0.4, expiry dates 04/13, 10/14), 10% HES 

260/0.45 (mean molecular weight 264 kDa, molar substitution 0.45, expiry dates 07/12, 

03/13) and 6% HES 130/0.4 (Volulyte®, mean molecular weight 130 kDa, molar 

substitution 0.4, exp. date 03/14) were evaluated at room temperature (19°C - 21°C) using a 
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Cannon-Fenske routine calibrated CRFC (9721-B50) series size-50 capillary viscometer 

(Cannon Instrument Company, College Park, PA, USA). Batches of HES were stored as 

per manufacturer specifications and all measurements were acquired prior to the date of 

expiration. Samples were drawn from two bags from each expiration date associated with 

HES 130/0.4 Voluven® (expiry 04/13, 10/14) and HES 260/0.45 (expiry 07/12, 03/13). 

Batches of HES 130/0.4 Volulyte®
 
collected were of a common expiration date, limiting the 

measurement of samples from two bags at a single date of expiration. Three capillary 

measurements were acquired and averaged to represent the final dynamic HES viscosity. 

The dynamic viscosities of Newtonian control fluids of deionized water and 0.9% normal 

saline were also measured. All capillary measurements took greater than 230 seconds.  

Mean capillary shear strain rates were between 235 s-1 and 1500 s-1 that were dependent on 

the efflux time of the fluid.  The temperature difference between capillary measurements of 

HES bags with the same expiration date was limited to 0.7°C. 

 

3.3.2  Pipe Flow  

A closed flow loop was constructed to observe the viscous behaviours of the HES 

fluids across a range of flow rates through a 0.635 cm diameter (d), 183 cm long rigid 

acrylic tube (Figure 3-1) (Walker et al. 2012a). The diameter of the tube was representative 

of the brachial artery that is often interrogated to assess endothelial cell function (Mitchell 

et al. 2004).  Furthermore, the brachial artery flow profile is close to parabolic that suggests 

nearly fully developed flow that would permit appropriate modelling using the Poiseuille 

(steady flow) or Womersley (pulsatile) equations (Dammers et al. 2002, Dammers et al. 

2003, Reneman et al. 2006).  Fluids were contained in an open reservoir and were driven 

through the loop by an ISMATEC Reglo-Z Digital gear pump (Cole Parmer, Montreal, QC, 

Canada) using a Micropump pump head (Cole Parmer) with a flow range of 0.27 mL/sec to 

26.7 mL/sec at room temperature (19°C - 21°C). An inlet length of 115d from the pump to 

the first pressure tap ensured fully developed flow at all flow rates measured. A Validyne 

model P305D differential pressure transducer (Northridge, CA, USA) was calibrated prior 

to the measurement of pressure drop between two pressure taps spaced 167 cm apart on the 

rigid tube. 
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Figure 3-1. Schematic representation of the flow loop design. An inlet length of 115d 
ensured fully developed flow at all flow rates measured. 
 

100% concentrations (HES vol./ total vol.) of HES were initially characterized to 

compare their viscous behaviour to previously published results (Walker et al. 2012a). A 

blood analog fluid of aqueous xanthan gum and glycerol (40%) was used to mimic the non-

Newtonian viscous behaviour of whole blood (Brookshier and Tarbell 1993). 25% and 

12.5% by volume of HES were added to the analog fluid simulating reductions in 

hematocrit to 30% and 35%, respectively. The nature of the pump head rotation restricted 

the acquisition of pipe flow measurements below a flow rate of 1.0 mL/sec (wall shear 

strain rate of ~ 40 s-1) for concentrations of HES and blood analog and 2.0 mL/s (wall shear 

strain rate of ~ 80 s-1) for 100% concentrations of HES. The maximum flow rate was 

restricted to 22.5 mL/s (wall shear strain rate of ~ 925 s-1) to maintain Reynolds numbers 

(Re) < 2000, negating potential transition/turbulent effects. The upper limit wall shear 

strain rate was also selected to coincide with measured non-Newtonian viscous behaviour 

of HES 130/0.4 Voluven®
 
reported previously (Walker et al. 2012a). These flow rates 

equated to mean velocities of 3.2 cm/s and 71.1 cm/s with the highest velocities being 

physiologically representative of the large arteries (Walker et al. 2012a).  

Pressure drop measurements were acquired at 100 Hz using custom designed 

software in NI LabVIEW 2009 Version 9.0.1 (National Instruments, Austin, TX, USA, 

2009). Four measurements were acquired and averaged at each flow rate for all 

concentrations. Using appropriate pressure calibrations, pressure in Pascals (Pa) was 

calculated. In a Newtonian regime, maintenance of a steady state, laminar flow would allow 

for viscosity calculation through Poiseuille’s equation. However, non-Newtonian fluids 

Reservoir Pump Acrylic Tube  

Pressure Transducer 

DAQ Voltmeter 

pump to 1st  
pressure tap (115d)  167cm 1st pressure tap to 2nd pressure tap  
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often present with a higher shear strain rate in proximity to the wall. To account for this, the 

Weissenberg-Rabinowitsch correction as shown in equation (3-1) was applied to 25% and 

12.5% HES concentration and analog measurements (Tickner and Sacks 1969, Schram 

2000):  
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d ln#
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%
&

'

(
)

*

+
, (3-1)  

where γc is the corrected shear strain rate, Q is the flow rate, R is tube radius, γa is the 

apparent shear strain rate and τ is the stress at the wall. Final viscosities presented were 

derived through division of calculated stress at the wall by the corrected non-Newtonian 

shear strain rate shown in equations (3-2) and (3-3):  

! =
!PR
2L

 (3-2)  

µc =
!
"c

 (3-3)  

where τ is the stress at the wall, ΔP is the pressure drop, R is the radius, L is the distance 

between pressure taps, µc is the corrected viscosity and !c   is the corrected shear strain rate.  

 

3.3.3  Data Analysis  

Significance in intra-colloid dynamic viscosity (> 0.1 cP) between HES capillary 

measurements was tested using paired t-tests assuming equal variance (p < 0.05) (Microsoft 

Excel 2007, Microsoft, Redmond, WA, USA, 2007).  Initial intra-colloid comparisons were 

made between bags with the same expiration date (two bags collected per expiration date, n 

= 3 capillary measurements per drawn sample). HES bags with the same expiration dates 

were subsequently grouped (grouping of two bags of HES, n = 6 total capillary 

measurements per group) to determine if differences existed between different expiration 

dates. Common expiration dates of bags of HES 130/0.4 Volulyte® limited analysis to the 

comparison of intra-colloid dynamic viscosity at a single expiration date (two bags at 

common expiration data, n = 3 capillary measurements per bag).  
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Validation of pipe flow viscosities was assessed through the Refutas equation that is 

carried out in three steps and shown in equations (3-4, 3-5, 3-6):  

 VBI = 14.534 ln [ln(υ + 0.8)] + 10.975  (3-4)  

 VBN = [WA × VBIA] + [WB × VBIB] (3-5) 

 

! 

µblend = ee(VBN"10.975) /14.534 " 0.8  (3-6)  

where VBI is the viscosity blending index, υ is the kinematic viscosity, VBN is the 

viscosity blending number, w is the weight fraction (%/100) of each liquid component, 

µblend is the viscosity of the blended liquids and e is Euler’s number. The Refutas equation 

is applicable to single-phase fluids with several liquid constituents whereupon the final 

viscosity is dependent on the proportion and viscosities of each component (Yu et al. 

2012). Although pressure drop measurements for each liquid component were not acquired 

at precise equivalent temperatures, the marginal differences in temperatures at time of 

measurement acquisition likely had limited bearing on the resulting blended dynamic 

viscosity estimations. 

  

3.4 RESULTS 

3.4.1  Capillary Viscometry  

Dynamic viscosities for all measured fluids are shown in Tables 3-1, 3-2 and 3-3. 

Statistically significant intra-colloid viscosity differences > 0.1 cP were found between 

bags of HES 260/0.45 (expiry 07/12, p = 0.03) and HES 130/0.4 Volulyte®
 
(expiry 03/14, p 

< 0.001) see Tables 3-2, 3-3. Grouped mean dynamic viscosities of all bags of HES 130/0.4 

Voluven®
 
and HES 260/0.45 were 2.57 (0.06) cP and 6.52 (0.08) cP respectively. 

 
Table 3-1. Capillary viscometry measured dynamic viscosities (cP) of deionized water and 
normal saline at room temperature. 
 Solution 

 Water Normal Saline 

Viscosity (~ 20°C) 0.99 (0.01) 1.02 (0.02) 

Viscosity values reported as mean (SD) 
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Table 3-2. Capillary viscometry measured dynamic viscosities (cP) of HES 130/0.4 
(Voluven®) and HES 130/0.4 (Volulyte®) 
 Solution 

 HES 130/0.4 

Voluven® 

HES 130/0.4 (Volulyte®) #1 

Exp. 03/14 

HES 130/0.4 (Volulyte®) #2 

Exp. 03/14 

Viscosity 

(~ 20°C) 
2.57 (0.06)# 2.41 (0.02)* 2.54 (0.01)* 

Viscosity values reported as mean (SD) 
*Statistical significance between batches of HES 130/0.4 (Volulyte®) exp. 03/14 
#Dynamic viscosities of all samples of HES 130/0.4 (Voluven®) were combined as 
viscosity differences were < 0.1 cP 
 

Table 3-3. Capillary measured dynamic viscosities (cP) of HES 260/0.45 

 Solution 

 HES 260/0.45 #1 

Exp. 07/12 

HES 260/0.45 #2 

Exp. 07/12 

HES 260/0.45 

Exp. 03/13 

Viscosity (~ 20°C) 6.45 (0.07)* 6.63 (0.05)* 6.49 (0.04)# 

Viscosity values reported as mean (SD) 
*Statistical significance difference between batches of HES 260/0.45 exp. 07/12 
#Dynamic viscosities of samples of HES 260/0.45 exp. 03/13 were combined as viscosity 
differences were < 0.1 cP 
 

3.4.2  Pipe Flow  

All 100% HES concentrations presented a Newtonian viscous behaviour. Mean pipe 

flow dynamic viscosities were within 5% of capillary measurements. The non-Newtonian 

analog displayed shear-thinning behaviour, the dynamic viscosities decreasing by 29% 

from 7.77 cP to 5.54 cP corresponding to an increase in shear strain rate (Figure 3-2).  

Viscosity approached its asymptotic value at a shear strain rate of ~ 500 s-1 after which 

viscosity displayed a marginal decrease of 2.6% from 5.69 cP to 5.54 cP (Figure 3-2).   
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Figure 3-2. Viscous characterization of the representative shear thinning non-Newtonian 
blood analog as a function of corrected wall shear strain rate (s-1). 

 

The viscous behaviour of 25% and 12.5% HES concentrations are presented in 

Figures 3-3, 3-4 and 3-5.  Concentrations of HES 130/0.4 (Voluven®
 
and Volulyte®) 

decreased the analog dynamic viscosity at all shear strain rates (Figures 3-3, 3-4). The 

largest decreases occurred with 25% HES that lowered analog dynamic viscosities between 

22.3% and 29.1% at ~ 40 s-1 and between 15.5% and 20.5% at ~ 925 s-1 (Figures 3-3, 3-4). 

Non-Newtonian viscous behaviour in both concentrations of HES 130/0.4 transitioned to 

shear independent viscous behaviour between ~ 333 s-1
 
- 500 s-1; see Figures 3-3 and 3-4. 

At high shear strain rates, no appreciable shear thickening was observed at both 

concentrations of HES 130/0.4. In contrast, all 25% concentrations of HES 260/0.45 

increased analog dynamic viscosities with the lone exception at ~ 40 s-1 (Figure 3-5). At ~ 

925 s-1, analog viscosity increased to between 5.57 cP and 5.8 cP (Figure 3-5).  The 12.5% 

concentrations presented with an increased range of viscous values compared to 25% HES 

260/0.45 (Figure 3-5). Similar to concentrations of HES 130/0.4, non-Newtonian viscous 

behaviour transitioned to shear independent behaviour as shear strain rate increased (Figure 

3-5).  
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Figure 3-3. Pipe flow measured dynamic viscosities (cP) of 25% and 12.5% concentrations 
of HES 130/0.4 Voluven® with expiration dates of 04/13 and 10/14 in a non-Newtonian 
blood analog across a range of physiologically representative wall shear strain rates (s-1). 
 

 
Figure 3-4. Pipe flow measured dynamic viscosities (cP) of 25% and 12.5% concentrations 
of HES 130/0.4 Volulyte® with an expiration date of 03/14 in a non-Newtonian blood 
analog across arrange of physiologically representative wall shear strain rates (s-1). 
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Figure 3-5. Pipe flow measured dynamic viscosities (cP) of 25% and 12.5% concentrations 
of HES 260/0.45 with expiration dates of 07/12 and 03/13 in a non-Newtonian blood 
analog across a range of physiologically representative wall shear strain rates (s-1).  

 

For brevity, dynamic viscosity curves of 12.5% HES 130/0.4 Voluven®
 
#2 (expiry 

10/14), 25% HES 260/0.45 #1 (expiry 03/13) and HES 130/0.4 Volulyte®
 
#1 (expiry 03/14) 

are presented with comparisons to their perspective blended dynamic viscosity estimates 

(Figure 3-6). Maximum discrepancies were < 10% with the greatest divergence found at the 

lowest shear strain rates associated with maximum pressure error.  

 
3.5 DISCUSSION 

The main focus of this work was the viscous characterization of the three HES 

fluids available in Canada for volume expansion (HES 130/0.4 Voluven®, HES 260/0.45 

and HES 130/0.4 Volulyte®) at appropriate concentrations in a non-Newtonian blood 

analog fluid. Furthermore, through viscous quantification by capillary viscometry, we 

sought to determine if dynamic viscosities of the volume expansion fluids remained 

unchanged across a range of expiration dates and whether the viscosities of these samples 

varied with previously published results. Our findings represent not only the quantification 

of the viscous behaviour of these fluids in appropriate concentrations with a non-

Newtonian blood analog, but also the first characterization of intra-colloid dynamic 

viscosity across a range of expiration dates and to our knowledge the first quantification of 
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the viscous properties of HES 130/0.4 Volulyte®.  

 
Figure 3-6. HES concentration viscosity curves of 12.5% HES 130/0.4 Voluven® #2 
(expiry 10/14), 25% HES 260/0.45 #1 (expiry 03/13) and 25% HES 130/0.4 Volulyte® #1 
(expiry 03/14) and their corresponding blending dynamic viscosity (cP) estimate using the 
Refutas equation. 
 

3.5.1  Capillary Viscometry  

Mean dynamic viscosities of all samples of HES 130/0.4 Voluven®, HES 260/0.45 

and HES 130/0.4 Volulyte®
 
were 2.57 (0.06) cP, 6.52 (0.08) cP and 2.48 (0.07) cP 

respectively. Similar to HES 130/0.4 Voluven®, it can be inferred that HES 130/0.4 

Volulyte®
 
will lower blood viscosity upon infusion. Statistical significance in intra-colloid 

dynamic viscosities were noted for HES 260/0.45 (expiry 07/12) and HES 130/0.4 

Volulyte®
 
(expiry 03/14). Differences in temperature at the time of measurement could 

partially account for the differences noted here. However, all intra-colloid sample 

measurements from bags with the same expiration date were acquired with maximum 

temperature differences limited to 0.7°C. Although a temperature difference of 0.7°C was 

noted for capillary measurements of samples from bags of HES 260/0.45 (expiry 07/12), 

the highest temperature and viscosity was associated with sample two that presented with 

the highest dynamic viscosity (Table 3-3). Temperature differences between capillary 

measurements of HES 130/0.4 Voluven® and HES 130/0.4 Volulyte® samples from bags 

with the same expiration dates were limited to 0.3°C and 0.1°C respectively. Despite the 
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statistically significant differences noted, intra-colloid dynamic viscosities varied less than 

5% while sample size was limited to three for statistical analysis between bags with the 

same expiration date.   

Appreciable differences were noted in viscosities between samples quantified here 

and those previously reported (Walker et al. 2012a). HES 130/0.4 Voluven®
 
and HES 

260/0.45 presented with approximately 7% and 14.5% reductions in viscosity respectively 

despite measurements, with the exception of the second sample of HES 260/0.45 (expiry 

07/12, 21.4°C), acquired at temperatures below 21°C (Walker et al. 2012a). Capillary 

measurements of Newtonian control solutions of deionized water and normal saline were 

within approximately 2% of accepted viscosity values, confirming the reliability of our 

HES measurements (see Table 3-1). Although expired, a sample of HES 260/0.45, 

quantified previously (expiry 10/10) was measured (Walker et al. 2012a). A viscosity of 

7.58 +/-0.03 cP was obtained that was within 0.5% of the viscosity reported (Walker et al. 

2012a). Given this and the validity of the Newtonian control measurements, the findings 

presented here suggest that the molecular composition of starches between the batches 

tested here and those previously may have changed.   

HES 130/0.4 Volulyte®
 
presented with dynamic viscosities lower than HES 130/0.4 

Voluven®. The composition of the electrolytes in HES 130/0.4 Volulyte® is isotonic with 

that of normal plasma, which increases the pH of the carrier solution compared to HES 

130/0.4 Voluven®  (Fresenius Kabi Canada 2011a, 2011b). Whether the increased acidic 

content of HES 130/0.4 Voluven®
 
is responsible for the increased viscosity is not known. 

However, if the two HES 130/0.4 fluids follow the pH/viscosity relationship for blood, the 

decreased viscosity associated with HES 130/0.4 Volulyte®
 
would be expected (Rand et al. 

1968). 

 

3.5.2  Pipe Flow 

100% concentrations of HES displayed Newtonian behaviour with marginal 

variation in viscosity across the range of shear strain rates. HES 130/0.4 Voluven®
 
did not 

display the shear thickening properties measured previously at high shear strain rates 

(Walker et al. 2012a). Although discrepancies can be expected in measured viscosity 

between pipe flow and capillary methods, one would expect that if manual calibrations 
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were solely responsible for the shear thickening previously observed, a consistent offset in 

viscosity would be present across all values measured. The highlighted viscosity 

differences within and between samples measured here and those previously suggest that 

the shear thickening observed may be related to isolated fluid properties between samples.  

 The use of a non-Newtonian blood analog allowed for the characterization of HES 

fluids in appropriate concentrations when mixed with a representative shear thinning fluid. 

Although the importance of HES viscous behaviour at 100% concentration should not be 

overlooked, these fluids are administered in whole blood. A cautious approach must be 

taken in interpreting results at the lowest shear strain rates. The calibration procedure was 

associated with an error of ± 0.01 volts (V), equating to a pressure error of ± 17.2 Pa. 

Although marginal at high pressure drops, an error of ± 0.01 V does become appreciable 

for pressure measurements at shear strain rates of 40 s-1 (5% - 7.25% dependent on the 

viscosity of the diluted HES fluid).  

Concentrations of 25% HES 130/0.4 Voluven®
 

and HES 130/0.4 Volulyte® 

presented with the largest drop in analog dynamic viscosities from 7.77 cP to between 5.51 

cP and 6.05 cP (approximately 22% - 29%) at ~ 40 s-1 and from 5.54 cP to between 4.38 cP 

and 4.68 cP (approximately 16% - 21%) at ~ 925 s-1. The spread between high and low 

viscosity at low and high shear strain rates was greater for 12.5% concentrations of HES 

260/0.45 compared to 25% concentrations. This was expected as one would predict the 

concentration to tend towards the Newtonian viscosity of the HES fluid as the volume 

fraction of HES is increased (Eckmann et al. 2000). A similar pattern was noted for 25% 

and 12.5% concentrations of HES 130/0.4 Voluven®
 
and Volulyte®. Although the analog 

fluid mimicked the shear thinning behaviour of whole blood, the combined mixture of 

aqueous xanthan gum and glycerol did not account for the potential interaction of these 

fluids with acute phase reactants that could alter viscosity in vivo.  

 

3.5.3 Molecular Behaviour  

At shear strain rates lower than measured here, Neff et al. (2005) found that whole 

blood viscosity decreased in relation to HES 130/0.4 concentration at a shear strain rate of 

0.1 s-1. This suggests that HES 130/0.4 decreases erythrocyte aggregation as a result of their 

macromolecule size, whereas Neff et al. (2005) noted that HES 200/0.5 increased whole 
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blood viscosity at low shear strain rates (0.1 s-1) in relation to concentration suggesting 

enhanced erythrocyte aggregation through molecular bridging. Given the larger molecular 

weight of HES 260/0.45 compared to HES 200/0.5, a similar viscosity increase at low shear 

strain rates and concentrations tested here would be expected. This does present an area of 

future study however, as to our knowledge, erythrocyte aggregation resulting from 

concentrations of HES 260/0.45 and HES 130/0.4 Volulyte®
 
have yet to be reported. 

 

3.5.4  Carrier Solution 

Past work has also focused on the importance of the carrier solution on resulting 

patient safety (Westphal et al. 2009, Base et al. 2011). Specifically, Base et al. (2011) 

examined the efficacy and safety of HES 130/0.4 in a 0.9% saline solution (Voluven®) to 

that of HES 130/0.4 in a balanced electrolyte solution (Volulyte®). Safety and efficacy 

between the two fluids were comparable although hyperchloremic acidosis was more 

prevalent in patients infused with HES 130/0.4 Voluven® (Westphal et al. 2009). Wilkes et 

al. (2001) showed that the use of a balanced carrier dampened chloride levels and prevented 

hyperchloremic metabolic acidosis while improving gastric mucosal perfusion that reduced 

postoperative incidence of nausea and vomiting. Ondiveeran and Fox-Robichaud (2004) 

noted that 6% pentastarch in a balanced solution may suppress hepatic inflammation 

through reduced leukocyte recruitment. Base et al. (2011) concluded that the use of 

balanced solutions is likely unnecessary at moderate infusions, but could prove beneficial at 

higher doses to reduce the prospect of hyperchloremic acidosis.   

 

3.5.5  Microcirculation Considerations  

The relationship between viscosity, WSS and the maintenance of microcirculatory 

function has been discussed at length elsewhere (Walker et al. 2012a). Vascular 

compensation in response to decreased blood viscosity through moderate levels of 

hemodilution (up to 50% hematocrit reduction) is achieved through elevating cardiac 

output that increases blood flow and maintains adequate tissue oxygen perfusion (Tsai et al. 

1998, Salazar Vázquez et al. 2008). Despite the reduction in viscosity, elevated shear stress 

is maintained, permitting the continued production of vascular compensatory mechanisms 

(Tsai and Intaglietta 2001). Extreme hemodilution (> 60% hematocrit reduction) passes a 
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critical threshold where reduced cardiac output and flow decreases WSS that restricts 

compensatory mechanisms of the endothelium leading to microvascular constriction and 

reduced FCD (Tsai et al. 1998, Salazar Vázquez et al. 2008).   

Translation of findings to the microvasculature must incorporate the Fåhraeus-

Lindqvist effect. Assuming the analog mimics red cell behaviour, a cell free-layer would 

exist adjacent to the tube wall. In the vessels of the microvascular bed, the cell-free layer 

encompasses a greater portion of the lumen to that of the systemic arteries, reducing 

hematocrit and viscosity. The high shear strain rates of the peripheral vasculature and 

relative expansion of the cell-free layer suggests analog viscosity in tubing comparable to 

the arterioles would be reduced to that measured here at high shear strain rates (Lipowsky 

and Firrell 1986). Upon increasing hemodilution however, hematocrit in arterioles tends 

towards equilibrium to that of systemic vasculature leading to maintenance of viscosity in 

the peripheral network (Lipowsky and Firrell 1986, Salazar Vázquez et al. 2009). The use 

of a high viscosity expander would generate pressure redistribution that expands capillary 

diameter and maintains adequate blood flow (Tsai and Intaglietta 2001). For the starches 

evaluated here, this suggests that extreme hemodilution would be best served through the 

use of HES 260/0.45 that would preserve microcirculation function through maintenance of 

FCD and WSS (Tsai et al. 1998, Tsai and Intaglietta 2001). Consideration must also be 

given to the reduced coagulation impairment and lowered tissue accumulation associated 

with tetrastarches (HES 130/0.4) in relation to pentastarches (e.g. HES 260/0.45) despite 

the perceived benefits of FCD maintenance through high viscous HES fluids (Westphal et 

al. 2009). 

 

3.5.6 Limitations  

Although a representative non-Newtonian blood analog was used for HES 

concentrations, we were unable to incorporate the precise effect of acute phase reactants on 

resulting concentration viscosities. Furthermore, we were unable to replicate the behaviour 

of α-amylase on HES that immediately degrades starch molecules into smaller fragments 

upon infusion that restricts precise representation of in vivo metabolism of starch molecules 

(Westphal et al. 2009).  
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Gear pump and micropump head restrictions prevented the collection of data at very 

low shear strain rates where erythrocyte aggregation is accelerated (Freyburger et al. 1996, 

Neff et al. 2005). The importance of this was noted by Neff et al. (2005) where whole 

blood viscosity decreased or increased in relation to the concentrations of HES 130/0.4 and 

HES 200/0.5 respectively, suggesting opposing actions on erythrocyte aggregation. This 

poses an interesting question moving forward. Xanthan gum was unable to replicate neither 

the specific cell-cell interactions nor the zeta potential of red blood cells that is linked to 

aggregation. Salt concentration, divalent cations and ionic strength have been shown to 

inversely affect zeta potential (Jan and Chien 1973). Given the difference in electrolyte 

composition between the HES 130/0.4 fluids, namely the addition of Mg++ and acetate 

(CH3CO2
-) to Volulyte® suggests dissimilar zeta potentials and aggregations responses.  

This supports the development of a miniaturized flow loop system where only very small 

amounts of blood would be required that would permit the tracking of circulating red cells 

and subsequent cell-cell interaction with HES molecules. Furthermore, Valant et al. (2011) 

noted shear thinning of HES 130/0.4 Voluven®
 
at shear strain rates below 10 s-1. This 

warrants further investigation to determine if this represents consistent non-Newtonian 

behaviour or an isolated response.  

Ideally, pressure drop measurements would be acquired at 37°C to replicate internal 

body temperature. However, the spatial requirement for our closed flow loop necessitated 

data acquisition at room temperature. Despite this constraint, the analog presented with a 

reasonable approximation of asymptotic whole blood viscosity in patients presenting with 

elevated hematocrit at 37°C (Wells Jr. and Merrill 1961, Baskurt and Meiselman 2003). 

The plot in Figure 3-2 showing the decrease of analog fluid viscosity with increasing wall 

shear strain rate is similar to that of the decrease of the viscosity of whole human blood 

with increasing shear strain rate (Cokelet and Meiselman 2007).  Although all aggregates of 

red blood cells likely have broken up at shear strain rates > 100 s-1, the viscosity continues 

to decrease due to red cell deformation, but at a progressively decreasing rate until the 

curve flattens out at shear strain rates > 500 s-1. 

Peculiar results were noted at low flow rates for both concentrations of HES 

260/0.45 where viscosity values increased in relation to the non-Newtonian analog. Given 

the lower viscosity of HES 260/0.45 compared to the analog at these flow rates, an increase 
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in viscosity of the concentrations was not expected. As mentioned previously, precision 

error associated with the transducer could contribute to the results presented here. Despite 

this, however, the largest discrepancies between measured viscosities and Refutas 

estimated viscosities were restricted to < 10%.  

 

3.5.7 Concluding Remarks 

In summary, this study presented the viscous quantification of the three HES fluids 

available for volume expansion in Canada (HES 130/0.4 Voluven®, HES 260/0.45 

Pentaspan®, HES 130/0.4 Volulyte®) across a range of shear strain rates, at appropriate 

concentrations in a non-Newtonian blood analog. Initial capillary measurements presented 

dynamic viscosities approximately 7% and 14.5% lower than previously measured for HES 

130/0.4 Voluven®
 
and HES 260/0.45 respectively, suggesting a change in molecular 

composition between batches measured here and those measured previously. The decrease 

in viscosity would diminish the vascular and microvascular compensatory mechanisms 

associated with high viscous expanders including the maintenance of elevated WSS and 

FCD. Viscous characterization in a non-Newtonian analog showed that both HES 130/0.4 

fluids decreased analog dynamic viscosity at both concentrations across all shear strain 

rates while 25% HES 260/0.45 increased viscosity. Although the analog fluid presented 

with rheological behaviour that was not an exact replication of the non-Newtonian viscous 

behaviour of blood, our findings do provide an appreciation of resulting viscosity changes 

in patients with elevated hematocrit and within vessels associated with low shear strain 

rates.  
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Chapter Four: The Quantification of Hemodynamic 
Parameters Downstream of a Gianturco Zenith Stent Wire 
Using Newtonian and Non-Newtonian Analog Fluids in a 
Pulsatile Flow Environment 

 
 

This chapter is a manuscript that has been published as: 

Walker AM, Johnston CR, Rival DE. The quantification of hemodynamic parameters 

downstream of a Gianturco zenith stent wire using Newtonian and non-Newtonian 

analog fluids in a pulsatile flow environment. J Biomech Eng. 2012, 134:111001. 

Department of Mechanical and Manufacturing Engineering, University of Calgary, 

Calgary, AB T2N 1N4, Canada 

 

4.1  ABSTRACT 

Although deployed in the vasculature to expand vessel diameter and improve blood 

flow, protruding stent struts can create complex flow environments associated with flow 

separation and oscillating shear gradients. Given the association between magnitude and 

direction of wall shear stress (WSS) and endothelial phenotype expression, accurate 

representation of stent-induced flow patterns is critical if we are to predict sites susceptible 

to intimal hyperplasia. Despite the number of stents approved for clinical use, 

quantification on the alteration of hemodynamic flow parameters associated with the 

Gianturco Zenith (Z)-stent is limited in the literature. In using experimental and 

computational models to quantify strut-induced flow, the majority of past work has 

assumed blood or representative analogs to behave as Newtonian fluids.  However, recent 

studies have challenged the validity of this assumption. We present here the experimental 

quantification of flow through a Gianturco Z-stent wire in representative Newtonian and 

non-Newtonian blood analog environments using particle image velocimetry (PIV).  Fluid 

analogs were circulated through a closed flow loop at physiologically appropriate flow 

rates whereupon PIV snapshots were acquired downstream of the wire housed in an acrylic 

tube with a diameter characteristic of the carotid artery. Hemodynamic parameters 

including, WSS, oscillatory shear index (OSI) and Reynolds shear stresses (RSS) were 

measured.  Our findings show that the introduction of the stent wire altered downstream 
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hemodynamic parameters through a reduction in WSS and increases in OSI and RSS from 

non-stented flow. The Newtonian analog solution of glycerol and water underestimated 

WSS while increasing the spatial coverage of flow reversal and oscillatory shear compared 

to a non-Newtonian fluid of glycerol, water and xanthan gum. Peak RSS were increased 

with the Newtonian fluid, although peak values were similar upon a doubling of flow rate.  

The introduction of the stent wire promoted the development of flow patterns that are 

susceptible to intimal hyperplasia using both Newtonian and non-Newtonian analogs, 

although the magnitude of sites affected downstream was appreciably related to the 

rheological behaviour of the analog. While the assumption of linear viscous behaviour is 

often appropriate in quantifying flow in the largest arteries of the vasculature, the results 

presented here suggest this assumption overestimates sites susceptible to hyperplasia and 

restenosis in flow characterized by low and oscillatory shear. 

 

4.2 INTRODUCTION 

   Sites of intimal thickening in the vasculature are associated with specific flow 

patterns causing low wall shear stress (WSS) on the endothelium of the arterial wall. 

Balloon-expandable or self-expanding stents can be deployed within the affected vessel to 

expand vessel diameter and improve blood flow to downstream sites. Despite improved 

vessel patency compared to angioplasty, failure rates up to 30% are associated with stent 

prostheses resulting from restenosis brought upon by neointimal hyperplasia (Moore and 

Berry 2002, Benard et al. 2003). Along with the possibility of restenosis, protruding stent 

struts can alter local fluid dynamics affecting areas proximally, distally and within the stent 

itself. In turn these stents create flow separation and recirculation zones leading to 

oscillating shear gradients and reduced WSS (Moore and Berry 2002, Balakrishnan et al. 

2005).  The complex flow patterns that occur upon stent deployment are likely the result of 

compliance mismatch between the rigid stent and elastic vessel, although flow instabilities 

resultant from stent implantation has also been found in models incorporating rigid test 

sections (Berry et al. 2000, Yazdani et al. 2004, Duraiswamy et al. 2007). 

Given the association between magnitude and direction of WSS on endothelial 

phenotype expression, accurate representation of stent-induced flow patterns is critical if 

we are to predict sites susceptible to neointimal hyperplasia. Although quantification of 
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stent-induced changes to flow patterns and WSS has been well documented, past work has 

almost exclusively relied on Newtonian assumptions to model circulating fluids (Berry et 

al. 2000, Benard et al. 2003, LaDisa Jr. et al. 2003, LaDisa Jr. et al. 2005).  Charonko et al. 

(2009) assumed that non-Newtonian behaviour could be neglected when quantifying the 

effect of stent design on WSS based on past work by Johnston et al. (2006) who concluded 

that a low non-Newtonian importance factor was associated with a large portion of the 

coronary artery flow cycle.  However, while remaining constant at high shear strain rates (> 

100 s-1), blood viscosity displays an appreciable increase at low shear strain rates resulting 

from red blood cell aggregation. Despite appropriate use of this assumption in the large 

arteries of the vasculature where blood is modelled using an often-cited viscosity of 3.5 cP, 

translation of this to low shear may grossly distort the behaviour of the flow (Mejia et al. 

2011).  In one of the few studies to incorporate non-Newtonian behaviour in the modelling 

of stent-induced flow, Mejia et al. (2011) used computational fluid dynamics (CFD) to 

predict a damping of large bulk flow structures and increased WSS compared to Newtonian 

models. Similarly, Cavazzuti et al. (2011) in their investigation of stented intra-cranial 

aneurysms predicted that average WSS was higher and mass flow rate lower in the upper 

aneurysm area in the non-Newtonian case. However, Benard et al. (2006) did not predict 

appreciable differences in cellular surface exposed to low WSS between non-Newtonian 

and characteristic viscosity models. As noted by Mejia et al. (2011), the differences were 

likely related to the use of steady flow conditions as opposed to a physiologically relevant 

coronary artery pulse. 

As of 2007, 21 balloon-expandable and 28 self-expanding stents were approved for 

clinical use by the Food and Drug Administration (FDA) (Duraiswamy et al. 2007). 

However, quantification on the alteration of hemodynamic flow parameters related to 

neointimal hyperplasia and restenosis, associated with the Gianturco Z-stent configuration 

is limited in the literature.  Past work has focused on their elastic and mechanical behaviour 

(Berry et al. 1996, Johnston et al. 2010), renal artery patency and renal function in arteries 

covered by Gianturco Z-stents (Malina et al. 1997), efficacy in malignant 

esophagorespiratory fistulas (May and Ell 1998), management of superior vena cava 

obstruction (Gaines et al. 1994) and treatment of a subclavian artery aneurysm (Davidian et 

al. 1998).  Guivier-Curien et al. (2009) used CFD to model fluid dynamics and drag forces 
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involved with custom made stent grafts composed of 25 mm long Gianturco Z-stents 

covered in polyester.  Similarly, using CFD, Cheng et al. (21) studied the forces acting on 

thoracic stent grafts in patient derived Zenith TX2 proximal endograft models. Although 

flow patterns susceptible to thrombus development were predicted, the use of CFD is 

challenging given associated complex stent geometries and the advent of transitional flows 

that can be associated with prosthesis implantation (Charonko et al. 2009).   

Through the use of particle image velocimetry (PIV), our aim was to acquire high 

spatial resolution images of flow induced by the introduction of a Gianturco Z-stent wire 

into an acrylic tube representative of the carotid artery. Given the limited literature on flow-

induced changes to hemodynamic parameters downstream of a deployed Z-stent wire, we 

sought to experimentally quantify WSS, oscillatory shear index (OSI) and Reynolds shear 

stress (RSS) when exposed to physiologically appropriate flow. With differing opinions 

presented in the literature on the importance of non-Newtonian blood behaviour 

consideration, two blood analog fluids are used, encompassing both Newtonian and non-

Newtonian fluid behaviour, to assess the importance of non-linear viscosity in quantifying 

flow parameters critical to the promotion of intimal hyperplasia. 

 

4.3 METHODS 

A closed flow loop with optical access was constructed to simulate pulsatile flow 

conditions (Figures 4-1A, 4-1B).  The test section consisted of a 0.625 cm diameter (0.158 

cm wall thickness) extruded acrylic tube (Laird Plastics, Calgary, AB, Canada) housed in 

an acrylic flow chamber filled with 100% glycerol that provided a close refractive index 

match. The viscous behaviour of the two analog fluids were characterized through an 

acrylic tube in a steady flow environment that allowed for the quantification of their 

viscosity across a range of shear strain rates using the Poiseuille equation (Figure 4-2).  The 

circulating Newtonian fluid was a mixture of glycerol and water that presented with an 

average dynamic viscosity of 5.39 +/- 0.06 cP across the shear strain rates measured.  The 

non-Newtonian analog followed that suggested by Brookshier and Tarbell (1993), 

consisting of an aqueous xanthan gum (0.04 weight percent) and glycerol (40% by weight) 

solution representative of a physiologically appropriate hematocrit.  Due to refraction index 

(n) differences between the circulating fluids (n ~1.43) and surrounding acrylic (n ~ 1.49), 
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quantification of flow parameters was restricted to the center axis of the tube to the near 

wall. Furthermore, potential light reverberations and wall artifacts also necessitated the 

removal of the first point radially from the wall where relative errors become very large 

(Hochareon et al. 2004, Kähler et al. 2006, Peterson and Plesniak 2008). 

A. 

 
B. 

 
Figure 4-1. (A) Schematic representation and (B) oblique angle view of experimental 
closed flow loop setup to simulate pulsatile arterial blood flow conditions (flow direction 
indicated by arrows).  
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Figure 4-2. Viscous behaviour characterization of Newtonian and non-Newtonian blood 
analog fluids through steady pipe flow across a range of shear strain rates.  
 

PIV was used to acquire images of the velocity field immediately downstream of 

the stent wire where fluid flow was orthogonal to the wire. Our field of view (FOV) was 

4.54 mm x 3.175 mm equating to a resolution of 5.01 µm/pixel.  Circulating analog fluids 

contained in an open reservoir were driven through the loop by an ISMATEC Reglo-Z 

Digital gear pump (Cole Parmer, Montreal, QC, Canada) using a GJN-23 Micropump pump 

head (Cole Parmer).  Entrance length from the proximal end of the acrylic tube to the FOV 

was 75 cm. The fluids were seeded with 15 µm silver coated hollow glass sphere tracer 

particles (Potters Industries Inc., Carlstadt, NJ, USA) that were illuminated with a 15 Hz 

Solo PIV Nd:YAG laser system (New Wave Research Inc., Fremont, CA, USA). Laser 

firing and image acquisition was synchronized using the peak of the flow waveform 

measured using an ultrasonic flow sensor (Transonic Inc., Ithaca, NY, USA) and read in NI 

LabVIEW 2011 (National Instruments, Austin, TX, USA). For each analog fluid, initial 

non-stented measurements were acquired at steady flow rates representative of the 

minimum and maximum flow rates of the pulsatile waveform. Pulsatile conditions were 

simulated using a 1.0 Hz flow waveform (Re ~ 384, α ~ 3.5 based on mean Newtonian 

viscosity of 5.39 cP) generated using custom designed software in NI LabVIEW 2011 

(Figure 4-3): 
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Re = !VD
µ

                (4-1) 

! = R "#
µ

                (4-2) 

where Re  is the Reynolds number, ! is the fluid density, is the average velocity, ! is the 

tube diameter, µ is the Newtonian dynamic viscosity, !  is the Womersley number, R is the 

radius and !  is the angular frequency. PIV snapshots were acquired at ten time points 

between 0 ≤ t/T ≤ 1.0 spaced equally throughout the pulsatile cycle where T is the period of 

the flow cycle. Given the fluctuating velocity profile on either side of peak flow, PIV 

measured values were compared to analytical theory (Poiseuille in steady and Womersley 

in pulsatile) using a single vector row at x/R = 0.4, instead of averaging all vector rows 

within our FOV (Schlichting and Gersten 2000).   

 
Figure 4-3. Representative 1 Hz pulsatile flow waveform as measured by the ultrasonic 
flow sensor (similar to Buchmann and Jermy (2008) and Geoghegan et al. (2011). 
 

A wire from a Cook Gianturco Zenith stent graft (Cook Medical Inc., Bloomington, 

IN, USA) was removed from the surrounding Dacron® cover and inserted into the test 

section (Figure 4-4). Similar measurements to that of non-stented flow in both steady and 

pulsatile flow conditions were acquired. We also obtained measurements upon a doubling 

V

0 0.2 0.4 0.6 0.8 1

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

t/T

Q
/Q
m
ax



	  

	   52	  

of the flow rate (Re ~ 768) corresponding to velocities associated with exercise conditions.  

PIV snapshots were limited to the peak of the flow waveform for the Re ~ 768 case.  

 
Figure 4-4. Gianturco Z-stent wire housed in a 0.635 cm diameter acrylic tube.  
Approximate laser beam plane and thickness of 0.15 cm is shown for reference. 
 

 One hundred image pairs were acquired in double frame/double pulse mode using a 

FlowMaster 3S CCD camera (LaVision GmbH, Goettingen, Germany) at a 4 Hz repetition 

rate.  Image pair separation was 100 µs and 50 µs at Re ~ 384 and Re ~ 768, respectively. 

PIV analysis through a multi-pass, iterative cross-correlation algorithm with 50% window 

overlap and a final interrogation window size of 32 x 32 pixels resulted in a grid of 55 x 39 

vectors (LaVision GmbH). At each time point, the instantaneous velocity vector fields were 

ensemble averaged to obtain the final vector map. Smoothing was not applied to the 

resultant vector fields. The PIV algorithm was found to bias displacement within the first 

two rows of interrogation windows downstream of the wire outlet similar to that expected 

of PIV measurements near interfaces (Theunissen et al. 2008). As a consequence, the first 

two vector rows were omitted for all results displayed.  

Flow parameters including velocity, WSS, OSI and RSS were quantified offline 

using MATLAB R2011 software (MathWorks, Natick, MA, USA). For the Newtonian 

analog, WSS was defined as the product of the measured viscosity and the local shear strain 

rate:  

! = " *µ                 (4-3) 

where µ is the dynamic viscosity and γ is the shear strain rate.  Assuming a linear slope to 

zero at the wall, the second vector at a radial distance of approximately 0.16 mm from the 

wall was used for the calculation of shear strain rate to account for the removal of the first 
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vector column. Viscosity of the non-Newtonian fluid was calculated using the Carreau-

Yasuda estimation with the corresponding non-Newtonian WSS equal to the product of the 

Carreau-Yasuda estimated viscosity and local shear strain rate:  

µy = µ! + µ° "µ!( )* 1+ !"( )a#
$

%
&
b
                        (4-4) 

where µy is the apparent viscosity, µ° is the viscosity at zero shear strain rate,µ! is the 

viscosity at infinite strain rate, λ is a time constant, γ is the shear strain rate and a and b are 

parameters linking the minimum and maximum viscosity limits. Concerns have been raised 

over the use of a linear approximation to estimate WSS (Masaryk et al. 1999). However, 

the linear derivative provided a suitable estimation in this case given the high spatial 

resolution of our measurement system, low y+ value and the relatively low Womersley 

number of our pulsatile flow (Lou et al. 1993). Quantification of WSS allowed for the 

calculation of OSI, proposed by Ku et al. (1985) as a measure to quantify the deviation of 

WSS from its average direction: 
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where ! dt
0

T
!  equals the total WSS (sum of negative and positive) and ! dt

0

T
! the sum of 

all absolute values. A value of zero indicates unidirectional shear throughout the pulse 

cycle while values greater than zero to a maximum of 0.5 imply an alternating shear 

gradient.  RSS represented the product of the fluid density and velocity fluctuations in the 

axial and radial directions. Critical values of RSS for erythrocyte damage are 150 to 400 

Pa, however, in the presence of foreign surfaces, lethal or sub-lethal damage can occur at 

stresses between 1.0 ≤ Pa ≤ 10 Pa while platelet function can be compromised at values 

between 10 ≤ Pa ≤ 50 (Yoganathan et al. 1986, Nygaard et al. 1994).  RSS is defined as:                    

RSS = ! * !u !v                 (4-6) 

where ρ is density and !u !v  are the axial and radial velocity fluctuations, respectively. 
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4.4 RESULTS 

PIV results are presented by flow-measured parameters (velocity, WSS, OSI, RSS) 

with Newtonian and non-Newtonian findings embedded within each section. Comparisons 

to accepted, analytical steady and pulsatile flow theory are included for velocity and WSS 

measurements in non-stented conditions.     

 

4.4.1 Velocity 

Prior to wire introduction, PIV measured steady flow velocities were in close 

agreement with the Poiseuille estimation. Peak centerline velocities across the pulse were 

found to be within 8.5% of the estimated Womersley solution (Figure 4-5). 

  
Figure 4-5. Measured PIV centerline velocities in non-stented and Gianturco stented flow 
at measured pulse cycle locations in comparison to the Womersley estimation using a 
Newtonian analog fluid at x/R = 0.4 from stent outlet. Error bars represent the normalized 
standard deviation of the one-hundred ensemble averaged velocity measurements. 

 

Stent wire introduction increased centerline velocity between 12-18% at the ten 

measured locations across the pulse cycle (Figure 4-5).  Specifically, at peak pulsatile flow, 

centerline velocity increased 15% compared to non-stented conditions at x/R = 0.4.  The 

stent wire caused a reduction in velocity close to the wall and induced a reversal of flow 

between the wall and r/R = 0.85 (Figure 4-6).  This reduction was complemented by an 

accelerated core flow with an abrupt rise in velocity between 0.5 ≤ r/R ≤ 0.7.  Flow reversal 

0 0.2 0.4 0.6 0.8 10.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

t/T

V/
Vm

ax
 W

om
er

sle
y

 

 

No Stent
Gianturco Stent
Womersley Estimation



	  

	   55	  

was predicted extending downstream of the wire to x/R = 1.0 (Figure 4-7A).  

Reestablishment of a positive axial velocity near the wall was noted from x/R = 1.0 

downstream through x/R = 1.4 (Figure 4-7B). Use of the non-Newtonian fluid quickly 

established a positive axial velocity with flow reversal confined within x/R = 0.25 

downstream of the wire (Figure 4-7B). 

  
Figure 4-6. Measured PIV velocities in non-stented and Gianturco stented flow from the 
near wall to centerline in comparison to the Womersley estimation at peak pulsatile flow 
using a Newtonian analog fluid at x/R = 0.4 from stent outlet. Error bars represent 
normalized standard deviation of velocity measurements. 

 

Doubling of flow from a Re ~ 384 to a Re ~ 768 resulted in expansion of flow 

reversal in the Newtonian fluid from the outlet past x/R = 1.0 (Figure 4-7C). Pockets of 

flow reversal were noted downstream through x/R = 1.2 with the non-Newtonian fluid, 

although spatial coverage of reversal was reduced compared to the Newtonian analog 

(Figure 4-7D).  Peak measured reverse axial velocities were 4.34 cm/s and 2.35 cm/s for 

the Newtonian and non-Newtonian analogs, respectively. 
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A.      B. 
    

C. 
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Figure 4-7. Negative axial velocity contour plots (cm/s) of fluid flow downstream of the 
Gianturco Z-stent wire from the near wall to r/R = 0.5 at peak pulsatile flow ((A, B) Re ~ 
384 and (C, D) Re ~ 768) for (A, C) Newtonian and (B, D) non-Newtonian analog fluids.  
 

 

 



	  

	   57	  

4.4.2 WSS and OSI 

Measured WSS (2.68 Pa) at a steady flow rate equivalent to peak pulsatile flow 

prior to stent introduction was within 4.3% of the Poiseuille estimation (2.57 Pa). PIV 

measured WSS across the pulse at x/R = 0.4 was found to be within 10% of the Womersley 

estimation (Figure 4-8).  The lone outlier of 20% occurred at 0 t/T at the onset of flow wave 

acceleration.  

 
Figure 4-8. Measured PIV WSS in non-stented and Gianturco stented flows at measured 
pulse cycle locations in comparison to the Womersley estimation using a Newtonian  
analog fluid at x/R = 0.4 from stent outlet. 
 

Wire introduction resulted in a drop of WSS across the pulse cycle ranging from      

-0.25 Pa to 0.18 Pa, equating to a phase averaged wall shear stress of -0.05 Pa (Figure  4-8).  

The lowest and highest WSS occurred during the deceleration and acceleration phases at 

approximately 0.5 t/T and 0.1 t/T respectively (Figure 4-8). 

Estimation of the non-Newtonian fluid viscosity with the Carreau-Yasuda model 

resulted in peak predicted OSI that was similar to the Newtonian fluid at 0.48 and 0.49 

respectively (Figure 4-9). However, the peak value occurred at x/R = 0.22 for the non-

Newtonian fluid, approximately x/R = 0.55 closer to the stent outlet compared to the 

Newtonian fluid (Figure 4-9). Newtonian OSI displayed a bi-modal distribution with an 

initial peak at x/R = 0.18 followed by a second peak at x/R = 0.78 (Figure 4-9).  
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Reestablishment of an OSI of 0 occurred at x/R = 1.1 from the stent outlet for the 

Newtonian fluid, double the distance downstream from the outlet measured for the non-

Newtonian analog (Figure 4-9).   

  
Figure 4-9. OSI in Gianturco stented flow for Newtonian and non-Newtonian analog 
fluids. 
 

WSS values between -0.4 ≤ Pa ≤ 0.4 represent an often-cited critical range that has 

been correlated to sites prone to atherosclerotic development (Reneman et al. 2006, 

Nordgaard et al. 2010). Non-Newtonian cycle averaged WSS recovered to values above 0.4 

Pa at x/R = 0.72 and remained above this threshold, plateauing near 0.7 Pa through x/R = 

1.4 (Figure 4-10). Newtonian WSS reached a maximum of 0.47 Pa in close proximity to the 

wire and remained below 0.4 Pa through x/R = 1.35, reaching 0.45 at x/R = 1.4 (Figure 4-

10).     

 

4.4.3 Reynolds Shear Stress 

 At peak pulsatile flow, a maximum Newtonian RSS of 4.53 Pa was measured in 

close proximity to the wire (Figure 4-11A). Sites of Reynolds shear bursts near 3.0 Pa were 

found to propagate downstream through x/R = 1.4 (Figure 4-11A). The non-Newtonian 

fluid damped velocity fluctuations, as noted by a reduction in peak RSS to 2.82 Pa that was 
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measured downstream between 0.6 ≤ x/R ≤ 0.8.  Reynolds shear bursts above 2.0 Pa did not 

propagate beyond x/R = 1.0 (Figure 4-11B). 

 
Figure 4-10. Cycle averaged WSS (Pa) in Gianturco stented flow for Newtonian and non-
Newtonian analog fluids. Critical WSS values of -0.4 Pa and 0.4 Pa are shown with the 
dashed line for reference. 
 

  Doubling of the flow rate to a Re ~ 768 increased peak Newtonian RSS to 12.63 

Pa, 2.75 times greater than at a Re ~ 384 (Figure 4-11C). Sites of Reynolds shear bursts 

above 10 Pa were predicted as far as x/R = 1.0 downstream of the wire (Figure 4-11C).  

Similar to the Newtonian analog, a peak RSS of 12.71 Pa was measured for the non-

Newtonian fluid representing a 4.5 times increase from that measured at Re ~ 384  (Figure 

4-11D).  Furthermore, bursts of Reynolds shear approaching 10 Pa were found to propagate 

through x/R = 1.4 with a noted second maximum near 12 Pa occurring at x/R = 1.05 

downstream of the wire (Figure 4-11D). 
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A.      B.    
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Figure 4-11. Measured RSS (Pa) downstream of the Gianturco stent wire at peak pulsatile 
flow ((A, B) Re ~ 384 and (C, D) Re ~ 768) for (A, C) Newtonian and (B, D) non-
Newtonian analog fluids. 
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4.5 DISCUSSION 

Although past work has investigated flow through a Gianturco Zenith stent 

configuration, results have been focused on resulting drag forces with limited quantifiable 

data on downstream flow patterns that are critical to restenosis (Cheng et al. 2008, Guivier-

Curien et al. 2009).  Furthermore, findings were based on CFD modelling where accurate 

representation of complex stent geometries and transitional flows are difficult to model 

(Charonko et al. 2009).  The majority of past stent flow studies, whether computational or 

experimental, have assumed Newtonian behaviour for the circulating fluid (Berry et al. 

2000, Benard et al. 2003, Yazdani et al. 2004, LaDisa Jr. et al. 2005, Charonko et al. 2009).  

The use of Newtonian and non-Newtonian analog fluids has allowed us to deduce whether 

the inclusion of non-linear viscous behaviour is an important consideration when modelling 

blood in complex flow environments that may be associated with stasis and low shear strain 

rates. As has been established in the results presented, assumptions regarding the 

rheological properties of blood can appreciably alter the quantification of important 

hemodynamic metrics linked to intimal hyperplasia.  

 

4.5.1 Newtonian Analog 

The stent strut height was 0.4 mm or approximately 1/8th of the tube radius.  

Referring to Figure 4-5, reduced velocity in proximity to the wall increased velocity in the 

core of the tube in association with the conservation of mass (Mejia et al. 2011). Flow 

reversal was measured at both Re ~ 384 and Re ~ 768 while cycle averaged WSS 

remained within the atherogenic regime from x/R = 0.075 through x/R = 1.35 (Figures 4-

7A, 4-7C, 4-10).  Measured Newtonian flow patterns here would be conducive to in vivo 

neointimal hyperplasia given the association between low and oscillatory WSS and 

preferred sites of intimal thickening (Malek et al. 1999, Yazdani et al. 2004, LaDisa Jr. et 

al. 2005, Schirmer et al. 2007). Endothelium exposed to values of WSS measured (-0.4 ≤ 

Pa ≤ 0.4) would exhibit altered morphology, enhanced permeability and increased 

monocyte attachment (Hemlinger et al. 1991). The oscillatory nature of shear would 

decrease production of nitric oxide; compromising vessel homeostasis involved with 

smooth muscle relaxation and associated vasodilation (Malek et al. 1999).  The measured 

flow patterns and resulting effect on the endothelium would be similar to that along the 
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outer wall of the carotid sinus where oscillating shear and low mean WSS lead to increased 

hyperplasia and altered cell morphology, opposed to sites along the inner wall that 

experience high WSS (Ku and Giddens 1983, Ku et al. 1985, Hemlinger et al. 1991).  

Reversed flow, reduced velocity and low WSS in proximity to the wall as measured would 

enhance platelet activation and particle residence time increasing the likelihood of platelet 

accumulation and possible thrombus formation (Liepsch 1986, Chong et al. 2005). 

 

4.5.2 Non-Newtonian Considerations 

Our results, through the use of a non-Newtonian blood analog as suggested by 

Brookshier and Tarbell (1993) agree with the CFD findings of Mejia et al. (2011) 

whereupon velocity fields and resultant shear stress were distinctly different from 

Newtonian measurements.  Conversely, Charonko et al. (2009) suggested that that use of a 

Newtonian blood analog was reasonable based on previous findings by Johnston et al. 

(2006) who showed marginal differences in WSS between Newtonian and non-Newtonian 

simulations in transient flow.  Johnston et al. (2006) showed that the importance of non-

Newtonian blood was limited throughout most of the cardiac cycle in the right coronary 

artery with its significance restricted to periods of decelerating and stagnant flow.  

However, Razavi et al. (2011) noted that the generalized power-law used by Johnston et al. 

(2006) led to low global non-Newtonian importance factors at all time points in their model 

of a 60% stenosis and concluded that the generalized power-law model under predicts non-

Newtonian behaviour.   

As noted by Razavi et al. (2011), several models are available to approximate the 

non-Newtonian behaviour of blood and comparable to Benard et al. (2006) and Mejia et al. 

(2011), the Carreau-Yasuda approximation was used here. The use of this specific model 

was justified based on the findings of Razavi et al. (2011) who suggested the Carreau-

Yasuda approximation was suitable given its moderate global non-Newtonian importance 

factor.  Our findings are noteworthy as past work that have relied exclusively on the use of 

Newtonian assumptions may have over-represented stent-induced flow patterns including 

flow reversal, recirculation zones and sites of low WSS that are conducive to restenosis.    
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In characterizing intra-stent WSS, Benard et al. (2003) through use of a Newtonian 

analog, measured recirculation zones associated with low WSS that could be favourable to 

in-stent restenosis through intimal hyperplasia. Similarly, Berry et al. (2000) predicted 

vorticity formation between stent struts using CFD and Newtonian modelling. Given our 

findings that show dampened flow reversal, it is suggested that sites exposed to atherogenic 

WSS with Newtonian estimations may be over-represented as the increased viscosity of the 

non-Newtonian analog at low shear acts to dampen flow disturbances (Benard et al. 2006).  

This was further supported whereupon cycle averaged WSS exceeded 0.4 Pa downstream at 

x/R = 0.72 while predicted Newtonian WSS remained within the atherogenic regime 

through x/R = 1.35 with the exception of sites immediately downstream of the wire. Past 

studies that incorporated non-Newtonian considerations predicted similar findings noting 

elimination of Newtonian flow reversal and absence of large bulk flow structures between 

stent struts (Gijsen et al. 1999, Mejia et al. 2011).     

Difference in measured flow fields between the two fluids was further demonstrated 

in the reduction in spatial coverage of non-zero OSI. Although peak OSI were similar, 

resumption of unidirectional shearing strain through the pulse cycle occurred closer to the 

wire when incorporating non-Newtonian behaviour suggesting a damping of predicted 

Newtonian flow reversal. The consequences of this are numerous. According to Chien 

(2008), steady or pulsatile unidirectional shear results in only transient activation of pro-

inflammatory phenotypes whereas regions of disturbed flow associated with alternating 

shear gradients promote a persistent inflammatory response compromising regulatory 

function to maintain vascular homeostasis. Given the association between low and 

oscillatory shear stress and neointimal hyperplasia, our finding provides further credence 

that a Newtonian approximation may not be appropriate to predict sites of restenosis.  The 

Newtonian fluid predicted a nearly doubling of wall surface area downstream of the wire 

that would be exposed to alternating shear gradients, promoting intimal thickening.   

However, in vivo, the length of endothelium downstream of the wire exposed to alternating 

shear may be substantially reduced given the non-linear viscous properties of blood at low 

shear. Our findings agreed in part with Razavi et al. (2011) who predicted a more 

precipitous decline to low OSI downstream of a 60% stenosis assuming non-Newtonian 

behaviour, however, two OSI maxima were predicted in contrast to a single maximum 
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measured here. This suggests the non-Newtonian fluid experiences re-attachment of flow in 

close proximity to the stent outlet (x/R = 0.25) and that inclusion of a second maximum in 

the findings of Razavi et al. (2011) was likely related to the severe stenotic flow generated 

by the 60% area reduction that delayed reattachment further downstream. 

 

4.5.3 Reynolds Shear Stress 

Often applied to aortic valve prosthesis induced flow, the quantification of RSS to 

stent-induced flow has been minimal despite its association with platelet aggregation and 

thrombus development on or in close proximity to foreign surfaces (Nygaard et al. 1994).  

The critical level of RSS inducing irreversible erythrocyte and thrombocyte damage ranges 

from 150 to 400 Pa, although it has been suggested to be as high as 800 Pa (Yoganathan et 

al. 1986, Nygaard et al. 1994, Lu et al. 2001). However, in the presence of foreign surfaces, 

erythrocyte destruction and platelet damage can occur at shear stresses between 1.0 - 10 Pa 

and 10 - 50 Pa respectively (Yoganathan et al. 1986, Slack and Turitto 1993, Nygaard et at. 

1994).  Although not of sufficient magnitude to cause endothelial damage, Newtonian RSS 

measured at peak flow (Re ~ 384) were of high enough magnitude to potentially cause sub-

lethal or lethal red blood cell damage. The non-Newtonian fluid predicted a nearly 60% 

reduction in peak RSS from 4.53 Pa to 2.82 Pa. Although still within the range of potential 

erythrocyte destruction resultant from foreign surfaces, this finding suggests reduced axial 

and radial transient velocity fluctuations. 

Doubling of flow to Re ~ 768 increased Newtonian peak RSS from 4.53 Pa to 

12.63 Pa.  Although an increase in RSS was induced by the wire at Re ~ 384 compared to 

non-stented conditions, the non-linear increase in stress with a doubling of flow and 

accompanying downstream bursts of RSS, does suggest the presence of transitional flow.  

Moore Jr. and Berry (2002) noted that flow disturbances were absent under resting 

conditions in Palmaz and coil wire stents while exposure to exercise conditions resulted in 

turbulent bursts. Although not representative of a true exercise simulation as frequency was 

maintained at 1.0 Hz, the increase of peak velocity to near 1.3 m/s was physiologically 

appropriate to exercise induced flow in the common carotid artery (Jiang et al. 1995).  

Although the doubling of flow maintained a Re below accepted values of transitional or 

turbulent pipe flow, the presence of altered flow paths around stent wires infers that 
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transition to turbulence could be produced at both Re ~ 384 and Re ~ 768 (Slack and 

Turitto 1993).   

Doubling of flow increased non-Newtonian peak RSS to match Newtonian values 

(Figures 4-11C, 4-11D).  This result was surprising given the dampening of flow reversal in 

the non-Newtonian regime. Differences in viscosity between the two fluids at Re ~ 768 

were likely marginal while reduced shear strain at a Re ~ 384 may have been low enough 

to promote the non-linear viscous behaviour of the non-Newtonian analog. The relationship 

between shear strain rate, RSS and the two fluids is clearly demonstrated in Figures 4-6, 4-

11C, 4-11D.  Although Figure 4-6 pertains to peak flow at Re ~ 384, it can be inferred that 

highest shear strain rates at Re ~ 768 would be found between 0.6 ≤ r/R ≤ 0.7 

corresponding to sites where similar peak RSS in both Newtonian and non-Newtonian 

fluids coincided (Figures 4-11C, 4-11D).  However, the precipitous decline in shear strain 

rate between x/R = 0.7 and the wall was associated with a sharper decline of non-

Newtonian RSS, likely attributed to non-linear viscous behaviour at low shear strain. 

Peak RSS at Re ~ 768 were high enough to induce platelet activation given the 

presence of the foreign surface of the stent wires (Yoganathan et al. 1986, Guivier-Curien 

2009). Additionally, Guivier-Curien et al. (2009) noted that activation is also associated 

with WSS < 0.15 Pa. This is particularly noteworthy when comparing non-Newtonian cycle 

averaged WSS that was predicted to remain above -0.15 ≤ Pa ≤ 0.15 from x/R = 0.38 

through x/R = 1.4 while remaining between -0.15 ≤ Pa ≤ 0.15 from approximately 0.25 ≤ 

x/R ≤ 0.92 with the Newtonian analog. This suggests two mechanisms of platelet activation 

and aggregation for each analog fluid.  In the Newtonian case, high stress near the struts 

would promote activation whereupon mainstream flow would circulate platelets towards 

the wall with deposition occurring at sites of reduced WSS and flow stasis (Moore Jr. and 

Berry 2002, Robaina et al. 2003, Guivier-Curien et al. 2009).  Dampening of flow reversal 

by the non-Newtonian fluid would reduce platelet transport to the wall while activated 

platelets at sites of low WSS would move radially outwards from the wall to the main flow 

stream potentially stimulating enhanced blood component aggregation and adhesion 

(Sukavaeshvar et al. 2000). 

Given the presence of RSS of 10 Pa beyond x/R = 1.0 in Figures 4-11C, 4-11D and 

the findings of Peacock et al. (1995), who noted disturbance dissipation within 5 cm 



	  

	   66	  

downstream of a coronary stent outlet, suggests the incorporation of an expanded FOV in 

future work to determine if elevated levels of RSS propagate to downstream locations. 

Damage induced on cells by RSS is also a function of exposure time (Nygaard et al. 1994, 

Lim et al. 2001).  Although RSS magnitudes measured at a Re ~ 768 were high enough to 

induce erythrocyte damage and platelet aggregation in the presence of a foreign surface, 

whether RSS remains above these thresholds throughout the entire pulse cycle remains 

unknown and represents an area for future investigation. As mentioned by Lim et al. 

(2001), moderate shear stress at long exposure times may be more closely related to blood 

damage than high shear stress at short exposure. 

  

4.5.4 Comparison to Slotted Tube Design 

A Palmaz GenesisTM Transhepatic Biliary Stent (Cordis Corporation, Bridgewater, 

NJ, USA) was introduced into the acrylic tube for comparison to the Z-wire and translation 

of non-Newtonian viscous behaviour to an additional wire configuration. Although not an 

endovascular stent per se, the slotted tube configuration is similar to the modelled Palmaz-

Schatz design used by LaDisa Jr. et al. (2003). Centerline velocity at peak pulsatile flow 

(x/R = 0.4) increased 10% from non-stented condition although this represented a 5% 

reduction compared to the Z-wire (Figure 4-12).  This result was not surprising on the basis 

of conservation of mass given the reduced strut height of the slotted tube design compared 

to the Z-wire. Lowest WSS occurred immediately distal to the stent outlet and remained 

above 0.4 through x/R = 1.4 (Figure 4-13). No recirculation zones were predicted with 

either fluid while OSI was zero from the outlet to x/R =1.4. Cycle averaged non-Newtonian 

WSS was found to be similar to Newtonian values from approximately x/R = 0.5 through 

x/R = 1.4, peaking near 1.4 Pa. This contrasted with measured WSS downstream of the Z-

wire where non-Newtonian cycle averaged WSS was greater than measured Newtonian 

values (Figure 4-10). This can likely be explained by the decreased shear strain rate 

measured downstream of the Z-wire that correlated with the non-linear viscous behaviour 

of the non-Newtonian analog.  
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Figure 4-12. Measured velocity profiles with Gianturco and Palmaz GenesisTM 
Transhepatic Biliary stents and for non-stented flow from the near wall to centerline in 
comparison to the Womersley estimation using a Newtonian analog fluid at x/R = 0.4 from 
stent outlet.  Error bars represent normalized standard deviation of velocity measurements. 
 

Differences between the two stents can largely be attributed to strut design and 

experimental setup.  Increased strut height associated with the Z-wire configuration alone 

would naturally expand the length of flow separation while influencing fluid streamlines 

with higher velocities at a greater distance from the wall. Flow proceeding through the 

slotted tube design traversed several struts prior to measurement whereas flow downstream 

of the Z-wire was exposed to a single strut.  Although it was our intention to illuminate and 

image downstream flow that was orthogonal to the slotted stent struts, reduced strut 

thickness, stent geometry and laser beam thickness may have prevented precise acquisition 

on this plane, leading to higher WSS than would be expected if measured on a true 

orthogonal plane. This was predicted by LaDisa Jr. et al. (2003) where lowest WSS at the 

outlet of their modelled Palmaz-Schatz stent was confined to sights immediately 

downstream where flow was orthogonal to strut orientation.  
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Figure 4-13. Cycle averaged WSS for Newtonian and non-Newtonian analog fluids for a 
Palmaz GenesisTM Transhepatic Biliary stent. Critical values of WSS of -0.4 Pa and 0.4 Pa 
have been presented with dashed lines. 
 

4.5.5 Limitations 

Our artery model was represented by a rigid acrylic tube, neglecting the natural 

compliancy of the arterial wall. Use of Newtonian and non-Newtonian analogs through 

rigid and compliant tubes in pulsatile flow was investigated by Liepsch (1986).  Centerline 

velocity associated with the Newtonian analog was higher in both instances and although 

no quantified data was given, the non-Newtonian velocity profile bluntness appeared to be 

slightly reduced with WSS approaching Newtonian values within the elastic tube (Liepsch 

1986).  Despite these findings, we feel this inclusion was justified. Use of acrylic allowed 

for good optical clarity and ensured consistent dimensional tolerances that could not be 

achieved through custom-designed silicone tubing (Peterson and Plesniak 2008). Arterial 

compliance decreases with age and given that it is the elderly who are most susceptible to 

cardiovascular disease necessitating stent implantation, we felt that this inclusion did not 

diminish the validity of our results (Bortolotto et al. 1999, Peterson and Plesniak 2008). It 

should be noted that the effect of fluid behaviour dependent on tube compliancy was found 

to deviate greatly for a non-Newtonian analog through a 90° bifurcation model (Ku and 

Liepsch 1986). Although Ku and Liepsch (1986) cautioned against the interpretation of 
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their results, it does suggest the inclusion of compliant models is important when 

quantifying flow in complex geometries. Past work has also commented on flow 

disturbances created both proximal and distal to the stent as a result of compliance 

mismatch between the rigid stent and elastic vessel (Rhee and Tarbell 1994, Moore Jr. and 

Berry 2002, Duraiswamy et al. 2007). Although we cannot comment for certain on the 

precise changes to our measurements that would result, inclusion of a compliant vessel 

should be considered in future studies. 

Both the mean Newtonian and non-Newtonian asymptotic viscosities of near 5.4 cP 

and 5.3 cP respectively were greater than the commonly represented viscosity of 3.5 cP for 

whole blood when assuming Newtonian behaviour. Dammers et al. (2002) measured a 

whole blood viscosity of 5.0 cP in the brachial and 3.2 cP in the carotid arteries at mean 

shear strain rates of 100 s-1 and 400 s-1 respectively, demonstrating the shear thinning 

behaviour of blood.  Our non-Newtonian analog followed that suggested by Brookshier and 

Tarbell (1993) to replicate whole blood at 46% hematocrit. However, their solution was 

prepared and tested at 25°C while room temperature for our measurements was 21 - 22°C 

(1993). Although it is not known if this solution displays a similar viscosity/temperature 

relationship to that of blood, the lowered temperature for our measurements suggests that 

the viscosity of our non-Newtonian fluid is higher than the comparable fluid used 

previously (Brookshier and Tarbell 1993, Cinar et al. 2001). Despite the use of higher 

viscous fluids at respective shear strain rates compared to whole blood measured in vivo, 

our findings do not diminish the importance of non-Newtonian viscous behaviour 

consideration in quantifying vascular flows (Dammers et al. 2002).   

Thrombus deposition begins almost immediately following implantation, thus the 

representation of a backward facing step of full strut protrusion into the flow domain is 

limited in its applicability (Moore Jr. and Berry 2002, Duraiswamy et al. 2007).  However, 

according to Mejia et al. (2011), stents elicit their greatest influence on WSS during the 

period immediately following implantation. Also, flow quantification was limited to one 

stent wire in the absence of the surrounding Dacron® graft. The results presented are 

nonetheless noteworthy given the limited quantitative studies that have been completed on 

this specific configuration. Future work will incorporate the use of multiple Z-wires in 

multiple orientations to investigate how specific configurations can alter downstream flow 
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patterns. This is of great interest given that Peacock et al. (1995) commented that a 7 - 17% 

restenosis rate was associated with single slotted tube stents, increasing to 45 - 63% when 

multiple slotted tube stents were used. Furthermore, inclusion of the Dacron® graft 

covering is warranted to characterize its specific contribution to RSS in relation to findings 

presented here.     

When acquiring PIV snapshots in complex flow environments, the likelihood of 

loss of particle pairs due to out of plane motion in a two-dimensional imaging environment 

is enhanced where particle movement normal to the light sheet would reduce both the 

signal to noise ratio and the correlation coefficient. PIV also assumes that all particles 

within an interrogation window travel uniformly leading to an inherent bias in velocity 

estimates at locations of high flow gradients (Kähler et al. 2012a).  This is of importance 

since the highest bias errors are found near the wall where velocity and subsequent WSS 

measurements would be over-estimated (Schlüter and Merzkirch 1996, Kähler et al. 

2012b). Interrogation window size can be reduced to minimize bias and improve resolution, 

but maintenance of an adequate number of particle pairs must be considered (Hochareon et 

al. 2004). 

 

4.5.6 Concluding Remarks 

Results presented here represent to our knowledge the first experimental in vitro 

quantification of resultant flow in Newtonian and non-Newtonian environments in the 

presence of a Gianturco Zenith stent wire.  Although the introduction of the wire was found 

to alter flow patterns and downstream WSS in relation to non-stented flow, similar to 

findings by Mejia et al. (2011), the degree of alteration differed greatly between the 

Newtonian and non-Newtonian analogs. Spatial coverage of flow reversal and OSI 

downstream of the wire were appreciably reduced with use of the non-Newtonian fluid 

while Newtonian WSS remained within the range of the atherogenic regime from x/R = 

0.075 through x/R = 1.35 reaching a maximum of 0.47 Pa. These findings suggest past 

work that relied upon the use of Newtonian viscosity assumptions may have overestimated 

negative implications associated with stent-induced flow including low and oscillatory 

WSS when predicting sites susceptible to intimal hyperplasia. This supports the 
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consideration of non-Newtonian rheological behaviour in models quantifying 

hemodynamic parameters in flows characterized by low shear strain rates. 
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Chapter Five: On the Characterization of a Non-Newtonian 
Blood Analog and its Response to Physiological Flow 
Downstream of an Idealized Stenosis 

 
 

This chapter is a manuscript that has been submitted as:  

Walker AM, Johnston CR, Rival DE. On the characterization of a non-Newtonian blood 

analog and its response to physiological flow downstream of an idealized stenosis.  

Submitted to Annals of Biomedical Engineering. 

Department of Mechanical and Manufacturing Engineering, University of Calgary, 

Calgary, AB T2N 1N4, Canada 

 

5.1 ABSTRACT 

Particle image velocimetry (PIV) was used to investigate the influence of a non-

Newtonian blood analog of aqueous xanthan gum on flow separation in laminar and 

transitional environments and in both steady and pulsatile flow.  Initial steady pressure drop 

measurements across a range of Reynolds numbers (Re) representing laminar and 

transitional flow for a Newtonian analog showed an extension of laminar behaviour to Re ~ 

2900 for the non-Newtonian case. On a macroscale level, this behaviour showed good 

agreement with porcine blood. Subsequently, PIV was used to measure resulting flow 

patterns and turbulent statistics downstream of an axisymmetric stenosis in the aqueous 

xanthan gum solution and for a standard Newtonian analog at Re ~ 520 and Re ~ 1250.  

The recirculation length for the non-Newtonian case was reduced at Re ~ 520 resultant 

from increased viscosity at low shear strain rates.  At Re ~ 1250, peak turbulent intensities 

and turbulent shear stresses were dampened by the non-Newtonian fluid in close proximity 

to the blockage outlet. Although the non-Newtonian case’s recirculation length was 

increased at peak pulsatile flow, turbulent shear stress was found to be elevated for the 

Newtonian case downstream from the blockage, suggesting shear layer fragmentation and 

radial transport.  The behaviour of the Newtonian analog would promote platelet activation 

and transport to the wall, favouring enhanced thrombus development. In contrast radial 

expansion of high turbulent shear stress was absent in the non-Newtonian fluid. Our 

findings conclude that the xanthan gum elastic polymer dampens high velocity fluctuations 
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leading to prolonged flow stabilization, which in turn emphasizes the importance of non-

Newtonian blood characteristics on the resulting flow patterns and vascular pathologies in 

such cardiovascular environments. 

 

5.2 INTRODUCTION 

Accurate near wall flow assessment is critical if we are to understand endothelial 

cell (EC) response to local shear stress patterns that has direct consequences on resulting 

homeostatic mechanisms and development of atherosclerotic lesions (Hemlinger et al. 

1991, Malek et al. 1999, Topper and Gimbrone Jr. 1999, Shaaban and Duerinckx 2000, 

Choi and Barakat 2005, Chiu and Chien 2011). Although numerical and experimental 

quantification of blood flow is extensive, many studies have assumed Newtonian viscous 

behaviour as an appropriate representative of whole blood. Arteries of the central 

vasculature often operate with shear strain rates that support the assumption of Newtonian 

behaviour with viscosity taken as the high shear strain rate asymptotic value of 

approximately 3.5 centipoise (cP) (Pedley 1980, Gijsen et al. 1999, Mejia et al. 2011).  

However, blood shows marked viscosity increases at low shear strain rates on account of 

red blood cell aggregation (Wells Jr. and Merrill 1961, Brooks et al. 1970, Chien et al. 

1970, Nichols and O’Rourke 2005). This suggests that translation of Newtonian 

assumptions to slower recirculating flow of low shear strain rates may poorly represent the 

true flow behaviour. Given the inherent link between viscosity and wall shear stress (WSS), 

the consequences of this consideration could have important manifestations on measured 

hemodynamic metrics, turbulence development and unsteady flow phenomena in critical 

cardiovascular flows induced by stent implantation and stenotic development. 

However, the importance of non-Newtonian viscous behaviour remains contentious 

within the scientific community. Tang et al. (2004) suggested that Newtonian assumptions 

in computational modelling are of the lowest order of importance, affecting measured 

output by less than 10%. Charonko et al. (2009) neglected non-Newtonian behaviour in 

computational fluid dynamics (CFD) modelling of coronary artery stent-induced flow 

based on findings of Johnston et al. (2006) who suggested that Newtonian assumptions 

provided an adequate representation of coronary blood flow. However, the choice of 

numerical modelling parameters has been found to greatly influence the flow dynamics 
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(Razavi et al. 2011).  Choi and Barakat (2005) showed that the axial extent of recirculation 

zones were 22-63% longer downstream of a backward facing step for Newtonian fluids for 

specific Reynolds numbers (Re) = 50 - 400, while the non-Newtonian fluid presented with 

increased spatial gradients of shear stress. Mejia et al. (2011) predicted dampening of 

vortices and increased WSS in stent-induced flow while Cavazzuti et al. (2011) predicted 

increased average WSS in stented cranial aneurysms. Schirmer and Malek (2007) reached 

similar conclusions suggesting that Newtonian assumptions would underestimate both 

WSS, its gradient and resulting wall forces. Molla and Paul (2012) computationally 

quantified transition-to-turbulence of non-Newtonian stenotic induced blood flow. The 

non-Newtonian model expanded the length of post-stenotic separation while damping 

turbulent kinetic energy. This agreed with Pak et al. (1990) who measured an increased 

recirculation length in turbulent flow for a viscoelastic polymer.  Experimentally, Gijsen et 

al. (1999) noted an absence of flow separation at the carotid bifurcation while Walker et al. 

(2012b) measured reduced negative axial velocity propagation downstream of a Gianturco 

stent using non-Newtonian blood analogs of xanthan gum.  In the current study, we focus 

on experimental quantification of Newtonian and non-Newtonian blood analogs in both 

laminar and transitional flow downstream of an axisymmetric blockage to assess the 

importance of non-linear viscous consideration in such environments. 

Similar to past experimental work (Gijsen et al. 1999, Walker et al. 2012b), xanthan 

gum will be added to aqueous glycerol to replicate whole blood. Aqueous xanthan gum 

analogs have been shown to provide a good approximation of red blood cell viscoelastic 

behaviour and hematocrit matching corresponding to the concentration of polymer added 

(Brookshier and Tarbell 1993, Gijsen et al. 1999).  Brookshier and Tarbell (1993) showed a 

good fit to porcine blood flow and wall shear strain rate waveforms at a number of 

hematocrit levels in both straight and curved artery sections. However, evaluation was 

restricted to laminar flow conditions (max Re = 1600) and no bulk flow reversal was 

induced. Han et al. (2001) examined the rheology of porcine blood and concluded that 

turbulence in porcine blood was delayed to Re ~ 3000 whereas aqueous glycerol displayed 

transitional behaviour at Re ~ 2300. This suggests that red blood cell viscoelastic behaviour 

is responsible both for non-Newtonian behaviours at low shear strain rates and delayed 

onset of turbulence (Han et al. 2001).  
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Although the behaviour of xanthan gum blood analogs has been documented in 

laminar flow (Brookshier and Tarbell 1993, Gijsen et al. 1999), to our knowledge, 

evaluation of its response in transitional flow has yet to have been established.  Inclusion of 

non-Newtonian viscous assumptions has been minimal in its application to stenotic vessels, 

specifically in transitional regimes, despite associated distal flow patterns of recirculation 

and vorticity (Varghese and Frankel 2003, Molla and Paul 2012). This work aims to 

address these shortcomings by experimentally investigating how non-Newtonian viscous 

behaviour in the form of a xanthan gum blood analog affects the process of transition 

through an idealized stenotic geometry. We expect this work will show that consideration 

of non-Newtonian behaviour will serve as a necessary parameter to be included in stenotic 

flow modelling so as to accurately assess resulting flow patterns and vascular pathologies 

in both laminar and transitional regimes.  Particle image velocimetry (PIV) will be used to 

acquire high spatial resolution images to quantify the behaviour of circulating Newtonian 

and non-Newtonian analog fluids downstream of an axisymmetric blockage in both laminar 

and transitional flow. We seek to experimentally quantify axial and radial turbulent 

intensities and turbulent shear stresses that may assist in the elucidation of the 

mechanism(s) responsible for delayed turbulence onset in non-Newtonian analog fluids.  

Furthermore, measurement of post-blockage recirculation length will assess the importance 

of non-linear viscous assumptions on EC response. 

 

5.3 METHODS 

5.3.1 Blood Analog Fluids 

The non-Newtonian behaviour of blood is brought upon by shear thinning and 

viscoelasticity of red blood cells through aggregation and deformation (Gijsen et al. 1999). 

Solutions of aqueous xanthan gum proposed by Brookshier and Tarbell (1993) have been 

shown to replicate these non-Newtonian properties and serve as an appropriate analog fluid.  

An aqueous solution of (0.025 wt. %) xanthan gum and glycerol (30% by weight) was used 

to replicate non-Newtonian viscous behaviour while the Newtonian control fluid was a 

mixture of glycerol (40% by weight) and deionized water. The viscous behaviour of the 

analog fluids was characterized by steady state pressure drop measurements in an acrylic 

tube across a range of shear strain rates (Figure 5-1).   
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Figure 5-1. Schematic of flow loop for steady flow pressure drop measurements. 
 

 On account of increased shear strain rate in proximity to the wall, the Weissenberg-

Rabinowitsch correction for the Poiseuille equation, as shown in equation (5-1), was 

applied to the non-Newtonian analog fluid (Tickner and Sacks 1969, Schram 2000): 
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where !c  is the corrected shear strain rate, Q  is the flow rate, R  is tube radius, !a  is the 

apparent shear strain rate and !  is the shear stress at the wall.  Final viscosities presented 

were derived through division of calculated stress at the wall and corrected non-Newtonian 

shear strain rate shown in equations (5-2) and (5-3): 

! =
!PR
2L

             (5-2) 

µc =
!
"c

             (5-3) 

where !  is the stress at the wall, !P  is the pressure drop, R  is the radius, L is the distance 

between pressure taps, µc is the corrected viscosity and !c  is the corrected shear strain rate.  

The Newtonian analog had an average viscosity (µ) of 3.8 cP and the non-Newtonian fluid 

also demonstrated an appropriate shear thinning behaviour representative of whole blood 

(Figure 5-2). Wall shear strain rates presented for the viscous behaviour of the non-

Newtonian analog fluid (Figure 5-2) represent corrected values based on the Weissenberg-

Rabinowitsch equation (Equation 5-1). 
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Figure 5-2. The dynamic viscosity of Newtonian and non-Newtonian analog fluids across a 
range of wall shear strain rates normalized to the mean Newtonian viscosity. Wall shear 
strain rates presented for the non-Newtonian analog have been corrected using the 
Weissenberg-Rabinowitsch (Equation 5-1). 

 

To our knowledge, the response of xanthan gum blood analogs in transitional flow 

has not yet been characterized in the literature. Using the closed flow loop setup in Figure 

5-1 both fluids were circulated through the loop at a Re, defined in equation 5-4, ranging 

from Re ~ 1000 - 3400 whereupon pressure drop measurements were acquired.  Both fluids 

were subjected to matching flow conditions: 

Re = !VD
µ

             (5-4) 

where ! is the density, is the average velocity, ! is the diameter and µ is the Newtonian 

dynamic viscosity. 

 

5.3.2 Experimental Setup 

A closed flow loop permitting optical access was constructed to mimic the arterial 

circulation (Figure 5-3). The test section consisted of a 0.635 radius (R) extruded acrylic 

tube (Laird Plastics, Calgary, AB, Canada) contained in an acrylic flow chamber filled with 

deionized water. Analog fluids contained in an open reservoir were circulated through the 

loop by a ISMATEC Reglo-Z digital gear pump (Cole Parmer, Montreal, QC, Canada) 
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using a GJN-25 Micropump pump head (Cole Parmer).  An entrance length of 144 R from 

the proximal end of the acrylic tube to the area of flow interrogation ensured fully 

developed flow.  

 
Figure 5-3. Closed flow loop schematic of particle image velocity (PIV) setup. 

 

A 50% by area axisymmetric stainless steel blockage was introduced into the 

acrylic tube at a distance of 144 R from the proximal end (Figure 5-4). The inlet of the 

blockage was beveled to reduce upstream flow effects and prolong flow separation until the 

expansion region immediately downstream (Figure 5-4).  PIV was used to acquire images 

of the velocity field immediately downstream of the blockage.  Images were acquired using 

a Fastcam SA-4 camera (Photron, San Diego, CA, USA, 1024 x 1024 full pixel resolution) 

resulting in a field of view (FOV) of 21.6 mm x 6.35 mm. The circulating fluids were 

seeded with 15 µm silver coated hollow glass sphere tracer particles (Potters Industries Inc., 

Carlstadt, NJ, USA) that were illuminated with a continuous wave 532 nm 1-Watt laser 

(Dragon Lasers, Changchun, Jilin, China). Measurements were acquired in steady flow 

conditions at inlet Re ~ 520 (flow rate = 17.8 mL/s, γ ~ 90 s-1) and inlet Re ~ 1250 (flow 

rate = 42.3 mL/s, γ ~ 215 s-1) that allowed for the approximate matching of inlet γ to that of 

Gijsen et al. (1999) and the initiation of transition based on blockage geometry respectively 

(Ghalichi et al. 1998). At an inlet Re ~ 1250, assuming conservation of mass, local Re 

(Equation 5-5) at the stenosis outlet was ~ 1750 based on: 

Res =
!VsD
µ

              (5-5) 

where Res is the local stenotic Re, Vs  is the average velocity at the blockage outlet and D is 

the diameter of the blockage lumen.  
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Initial measurements were obtained prior to blockage introduction, which allowed 

for direct comparison to theory. Both fluids were subjected to identical flow rate 

conditions. Two thousand snapshots in single frame mode were acquired at frame rates 

(FR) of 3600 Hz and 6000 Hz at Re ~ 520 and Re ~ 1250 respectively.  Pulsatile conditions 

at matching Re were simulated using a ~ 0.27 Hz sinusoidal flow waveform generated 

using a custom designed program in NI LabVIEW 2011 (National Instruments, Austin, TX, 

USA) (Figure 5-5) equating to a Womersley number (α) ~ 4.4 (assuming µ = 3.8 cP).  One 

hundred PIV paired single frame snapshots were acquired and ensemble averaged at three 

time points between 0 ≤ t/T ≤ 1.0 spaced equally throughout the pulse cycle where T is the 

pulse period.  Fastcam SA-4 firing and image pair acquisition was synchronized using the 

peak of the flow waveform measured using an ultrasonic flow sensor (Transonic In., Ithaca, 

NY, USA) and read in NI LabVIEW 2011.  

  
Figure 5-4. Schematic representation of the PIV interrogated flow field. The field of view 
(FOV) extended immediately downstream from the 30% R blockage to a distance of x/R = 
3.4. The FOV for PIV measurement was restricted from the tube centerline axis to the far 
wall represented by the grey shaded region.    

 

Acquired images were then imported to DaVis 8.1.3 (LaVision GmbH, Goettingen, 

Germany) for PIV quantification using a multi-pass, iterative cross-correlation algorithm 

with 75% window overlap and a final interrogation window size of 32 x 32 pixels. Images 

were masked to restrict analysis from the centerline to the far wall resulting in 31 radially 

spaced vectors. Smoothing was not applied to the vector fields. All instantaneous vector 
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fields and final time averaged vector fields were exported to MATLAB R2011a 

(Mathworks, Natick, MA, USA) for post-processing.     

 
Figure 5-5. Measured pulsatile waveform (~ 0.27 Hz, α ~ 4.4) by the ultrasonic flow sensor 
generated by the digital gear pump using a custom designed program in NI LabVIEW 
2011.  

 

Bias error at the wall necessitated the removal of the first measurement point 

radially from the wall (Hochareon et al. 2004, Kähler et al. 2006, Peterson and Plesniak 

2008). Furthermore, air bubble deposition immediately downstream of the blockage 

required the removal of measurement points between the blockage and x/R = 0.15.  Flow 

metrics including negative axial velocity, axial ( Ia ) and radial turbulent intensities ( Ir ) 

(Equations 5-6, 5-7; see Trip et al. 2012) and turbulent shear stresses (Tss ) (Equation 5-8) 

were quantified. These properties have been associated with adverse vascular pathologies: 
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1
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!v 2               (5-7) 

Tss =
1
n

!u 2 !v 2                         (5-8) 

where n is the number of acquired images and !u 2 and !v 2  are the time-average axial and 

radial velocity fluctuations.  
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5.4 RESULTS 

The characterization of transitional flow behaviour of the two analog fluids is 

presented first showing the variation in measured pressure drop as a function of Re (Figure 

5-6). Quantified flow parameters of the Newtonian and non-Newtonian analog fluids are 

presented in steady state (Figures 5-7, 5-8, 5-9, 5-10, 5-11) and pulsatile flow sections 

(Figures 5-12, 5-13). Presented pulsatile flow measurement were focused on t/T = 0.3 

corresponding to the peak of the sinusoidal pulse (see Figure 5-5).  All presented values 

with the exception of pressure drop have been normalized to the pre-blockage centerline 

Poiseuille estimated velocity (UP ) for the Newtonian analog at each respective Re.  

 

5.4.1 Xanthan Gum Characterization 

 Pressure drop displayed a linear trend to Re ~ 2200 for both fluids (Figure 5-6).  At 

Re ~ 2300, the Newtonian case displayed a pressure drop that deviated from the laminar 

relationship through Re ~ 3400 (Figure 5-6).  Onset of transitional behaviour of the non-

Newtonian analog fluid was delayed to Re ~ 2900 (Figure 5-6).  

 
Figure 5-6. Measured pressure drop as a function of Reynolds number (Re) for the 
Newtonian and non-Newtonian analogs in laminar and transitional flow. 
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5.4.2 Steady State 

Newtonian and non-Newtonian inlet radial velocity profiles prior to blockage 

introduction are presented in Figure 5-7.  The Newtonian velocity profile showed a good fit 

with the Poiseuille estimation confirming fully developed parabolic flow (Figure 5-7).  The 

largest difference between PIV measurements and Poiseuille was < 5% while near wall 

velocities showed close agreement (Figure 5-7). As expected, the non-Newtonian fluid 

displayed a flattened velocity profile in the core of the tube and an elevated near wall 

velocity gradient (Figure 5-7). Non-Newtonian centerline velocities were ~ 7.5% lower 

than Newtonian centerline velocities at both Re (Figure 5-7). 

A. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

1.2

r/R

u/
U

P

 

 

Newtonian
Non Newtonian
Poiseuille Estimation



	  

	   83	  

B. 

 
Figure 5-7. Pre-blockage steady flow for Newtonian and non-Newtonian cases based on 
PIV measurements with radial velocity profiles at (A) Re ~ 520 and (B) Re ~ 1250 in 
relation to the Poiseuille estimation.  

 

At Re ~ 520, propagation of Newtonian negative axial velocities extended 

downstream to x/R = 2.1 with a maximum negative velocity of u/UP = -0.07 (Figure 5-8A).  

Non-Newtonian negative axial velocity propagation and maximum negative velocity was 

restricted to x/R = 1.2 and u/UP  = -0.026 (Figure 5-8B).  Newtonian negative axial velocity 

propagated downstream through the FOV at Re ~ 1250 with a maximum negative axial 

velocity of u/UP  = -0.104 (Figure 5-8C).  Non-Newtonian propagation extended to x/R = 

3.3 with a maximum negative velocity of u/UP  = -0.083 (Figure 5-8D).  

Maximum Newtonian axial turbulent intensity (Ia) at Re ~ 1250 was 0.1 at x/R = 

0.35 but then decreased to 0.089 for the non-Newtonian analog. Highest radial turbulent 

intensities (Ir) at Re ~ 1250 for both fluids extended between 1.0 ≤ x/R ≤ 2.5 with 

maximum values of 0.095 and 0.087 for Newtonian and non-Newtonian fluids respectively. 

Peak turbulent shear stress (Tss) measured along r/R = 0 was dampened in the non-

Newtonian fluid near the blockage outlet (Figure 5-9). From x/R = 0.7 through the FOV, 

Tss of the two fluids fluctuated about each other (Figure 5-9). Similar patterns were 

measured for Ia and Ir that were dampened by the non-Newtonian fluid in proximity to the 

blockage outlet (Figure 5-10). Radial profiles showed that the non-Newtonian fluid reduced 
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Tss in the core of the flow at x/R = 0.3 (Figure 5-11). Turbulent shear stress magnitude 

became comparable moving from the shear layer towards the wall (Figure 5-11).   

A.  B.        C.         D. 

   
Figure 5-8. Time averaged negative axial velocity contour plots (u/UP) at Re ~ 520 ((A) 
Newtonian, (B) non-Newtonian) and Re ~ 1250 ((C) Newtonian, (D) non-Newtonian). 
 

 
Figure 5-9. Turbulent shear stress (Tss) measured along the centerline (r/R = 0) extending 
downstream through the field of view (FOV) at Re ~ 1250. 
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Figure 5-10. Axial (Ia) and radial (Ir) turbulent intensities measured along the centerline 
(r/R = 0) extending downstream through the field of view (FOV) at Re ~ 1250. 
 

 
Figure 5-11. Radial profiles of turbulent shear stress (Tss) measured at a distance of x/R = 
0.3 downstream from the blockage outlet at Re ~ 1250. The radial extent of the blockage at 
r/R = 0.7 is represented by the dashed line. 
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5.4.3 Pulsatile Flow 

Presented pulsatile flow quantification was focused at peak pulsatile flow (t/T = 

0.3).  Measured Newtonian negative axial velocities at t/T = 0.3 extended to x/R = 3.1 with 

a maximum value of u/UP  = -0.111 at Re ~ 520 (Figure 5-12A).  Non-Newtonian negative 

axial velocities were restricted to a maximum extent of x/R = 1.8 and a maximum velocity 

of u/UP  = -0.062 (Figure 5-12B).  At t/T = 0.3 at Re ~ 1250, peak inlet Re was ~ 1800 that 

corresponded to a stenotic peak Re ~ 2500 based on conservation of mass. Downstream 

propagation of negative Newtonian axial velocities extended to x/R = 2.75 (Figure 5-12C).  

Non-Newtonian negative axial velocities extended through the FOV (Figure 5-12D). 

Newtonian Tss was found to increase at sites downstream from the blockage peaking at 74% 

of UP.  When looking along the streamwise portion of r/R = 0.7, corresponding to the extent 

of the blockage radius, at the cross section x/R = 0.3, Tss was found to be 0.027 and 

increased to 0.74 at x/R = 3.4 (Figure 5-13A).  Low values of Tss between the shear layer 

and the wall progressively increased from the blockage outlet through the FOV (Figure 5-

13A). Peak non-Newtonian Tss was 40% of UP (Figure 5-13B). Turbulent shear stress 

between r/R = 0.7 and the wall remained below 0.13 from the blockage through the FOV 

(Figure 5-13B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	   87	  

A.             B.                    C.                 D. 

   
Figure 5-12. Ensemble averaged post-blockage negative axial velocity contour plots (u/UP) 
at t/T = 0.3 measured at Re ~ 520 ((A) Newtonian, (B) non-Newtonian) and Re ~ 1250 ((C) 
Newtonian, (D) non-Newtonian). 
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B. 

 
Figure 5-13. Radial profiles of turbulent shear stress (Tss) ((A) Newtonian, (B) non-
Newtonian) measured at distances of x/R = 0.3, x/R = 1.0, x/R = 2.0, x/R = 3.0 and x/R = 
3.4 downstream from the blockage outlet at peak pulsatile flow at Re ~ 1250. The radial 
extent of the blockage at r/R = 0.7 is represented by the dashed line. 
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incorporating transitional and non-Newtonian flow environments through the use of a blood 

analog of aqueous xanthan gum and glycerol.  The findings of this work are noteworthy as 

to our knowledge this represents the first detailed flowfield characterization of the 

behaviour of an often-used blood analog fluid in the transition flow regime. This work 

addressed how non-Newtonian viscous effects alter the process of transition in a 

generalized stenotic geometry and its resulting effect on vascular pathologies. Based on 

initial steady flow pressure drop measurements, aqueous xanthan gum was found to closely 

represent macroscale whole blood behaviour in transitional flow. Application of the non-

Newtonian analog to stenotic flow provided insight into the physics of the underlying flow 

through the evaluation of turbulent intensities and shear stresses. Measured flow patterns 
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turbulent shear stresses at peak pulsatile flow at Re ~ 1250 that would have important 

consequences on resulting vascular pathologies.   

 

5.5.1 Xanthan Gum Characterization 

Blood demonstrates shear-thinning, viscoelastic properties resulting from red blood 

cell deformation (Wells Jr. and Merrill 1961, Brooks et al. 1970, Chien et al. 1970, Nichols 

and O’Rourke 2005). Although consideration of this viscous behaviour can largely be 

ignored in large, healthy arteries, non-Newtonian effects become important in separated 

flows associated with local low shear strain rates (Mejia et al. 2011).  Ideally, blood would 

be circulated in an in vitro setup that replicates such flow environments. However, 

obtaining large quantities is difficult while proper safety and handling procedures must be 

considered.  Furthermore, blood is opaque, which precludes the use of optical measurement 

techniques, supporting the use of a transparent analog fluid that mimics the viscoelastic 

behaviour (Brookshier and Tarbell 1993). Mann and Tarbell (1990) reported on the use of 

aqueous xanthan gum and polyacrylamide. The polyacrylamide fluid was found to exhibit 

highly elevated normal stresses that produced abnormal WSS waveforms compared to 

xanthan and bovine blood (Mann and Tarbell 1990, Brookshier and Tarbell 1993).  

Conversely, xanthan displayed reduced elasticity suggesting its use as a more suitable 

analog fluid (Mann and Tarbell 1990, Brookshier and Tarbell 1993). However, to our 

knowledge, characterization of aqueous xanthan has been restricted to laminar flow.  

As an initial characterization approach, steady pressure drop measurements of the 

non-Newtonian analog showed prolonged laminar behaviour (see Figure 5-6). The delay of 

this transition from a laminar relationship at a Re ~ 2900 is in good agreement with the 

findings of Han et al. (2001) who suggested a critical Re of ~ 3000 in porcine blood.  Han 

et al. (2001) attribute this damping behaviour to the viscoelastic nature of erythrocytes that 

likely reduce turbulent drag. Xanthan gum has been reported to display comparable viscous 

and elastic responses to porcine blood across a range of shear strain rates in laminar flow 

while exhibiting turbulent drag reduction when mixed with water (Bewersdorff and Singh 

1988, Brookshier and Tarbell 1993). Friction factor (f, Equation 5-9) plotted as a function 

of Re confirmed drag reduction and prolonged laminar behaviour compared to the 

Newtonian analog (Figure 5-14): 
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f = 2!PD
!LV 2              (5-9) 

where f  is the friction factor,!P  is the pressure drop, D is the diameter, !  is the density 

L  is the length and V  is the average velocity. This would suggest that the viscous losses in 

turbulent flows are damped by the addition of the deformable, viscoelastic polymer.    

 
Figure 5-14. Friction factor (f) as a function of Reynolds number (Re). The laminar 
relationship for the Darcy friction factor and Re has been plotted for reference (f = Re/64). 
 

5.5.2 Flow Behaviour in Steady and Pulsatile Flow 

Axial and radial turbulent intensities and turbulent shear stresses were measured to 

provide insight into the physics of the measured non-Newtonian flow patterns of the 

xanthan gum fluid.  In steady flow at Re ~ 1250, measured turbulent intensities and shear 

stress were reduced by the non-Newtonian analog in close proximity to the blockage outlet 

along r/R = 0 (Figures 5-9, 5-10).  These findings agree with that of Molla and Paul (2012) 

who showed elevated Newtonian turbulent kinetic energy in the immediate post-stenotic 

region compared to damped non-Newtonian values. The behaviour response of xanthan 

attributable to centerline damping is likely comparable to red blood cells that show 

migration towards the freestream.  The blunt velocity profile between the centerline and the 

shear layer is associated with low shear strain rates and likely a greater accumulation of 

xanthan gum than found closer to the wall.  Indeed, Agarwal et al. (1994) noted past work 
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that showed an expansion of the near wall xanthan gum depletion layer in relation to the 

shear strain rate with associated viscosities that were lower than bulk values. The exact 

degree to which xanthan gum radial migration mimics that of red blood cells is not 

immediately known, but does present an interesting question moving forward. Given the 

differences in molecule shape, it is suggested that the behavioural responses will not be 

identical (Vlastos et al. 1997). 

Radial profiles of turbulent shear stress at x/R = 0.3 displayed non-Newtonian 

reductions from the centerline to the shear layer at r/R ~ 0.6, which further suggests that the 

damping behaviour of xanthan gum in the core of the flow serves to reduce high velocity 

fluctuations.  In the shear layer, however, turbulent shear stresses between the two fluids 

are comparable as the higher shear strain rates diminish the low shear strain rate influence 

on the rheological behaviour of xanthan. These findings agree with Chung and Graebel 

(1972) who measured decreased non-Newtonian axial turbulent intensities in 

polyacrylamide in the freestream that became comparable to water in closer proximity to 

the tube wall. However, polyacrylamide has a higher elasticity than xanthan (Mann and 

Tarbell 1990, Sousa et al. 2011) that restricts direct translation to findings presented here.   

Amplification of Newtonian turbulent shear stresses at downstream sites from the 

blockage at peak pulsatile flow is in agreement with the CFD findings of Varghese et al. 

(2007).  Varghese et al. (2007) noted that peak streamwise root mean square error (RMS) 

was 40% of the mean inlet velocity beyond x = 8R downstream of a 75% by area stenotic 

blockage. Our measurements resulted in a peak turbulent shear stress of 74% of the peak 

steady flow Poiseuille velocity at the distal end of the FOV. Given that turbulent shear 

stress was increasing with axial distance from the blockage, highest values would likely be 

found beyond the FOV.  Highest turbulent shear stresses immediately post blockage were 

found in the centerline with low values confined between the shear layer and the wall (see 

Figure 5-13). At downstream sites, the radial expansion of elevated Newtonian turbulent 

shear stress towards the wall was likely the result of shear layer breakup leading to fluid 

entrainment from flow in the core of the tube towards the wall, shortening recirculation 

length. The presence of elevated non-Newtonian turbulent shear stress in the shear layer 

was expected given the reduced contribution of viscosity damping at increased shear strain 
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rates. The reduction of turbulent shear stress in the freestream near the blockage outlet 

corresponded to steady flow findings and the turbulent drag reducing behaviour of xanthan.  

Comparison of downstream recirculation propagation at Re ~ 520 (steady flow) 

showed a 42% reduction in the non-Newtonian fluid.  This aligned closely with the findings 

of Choi and Barakat (2005) at comparable inlet shear strain rates.  Increase in Re to ~ 1250 

extended recirculation through the FOV and to x/R = 3.3 for the Newtonian and non-

Newtonian fluids respectively. Choi and Barakat (2005) show a decreasing percentage 

difference in recirculation zone length between Newtonian and non-Newtonian fluids as a 

function of Re. Although FOV restrictions prevent a definitive conclusion, based on the 

findings of Choi and Barakat (2005) we can induce that recirculation length differences 

between the two fluids are substantially reduced to that measured at Re ~ 520.  The finding 

of reduced Newtonian negative axial velocity propagation at peak pulsatile flow (Re ~ 

1250) to that of the non-Newtonian fluid is supported by the findings of Ahmed and 

Giddens (1983), Pak et al. (1990) and Molla and Paul (2012).  Pak et al. (1990) commented 

that the elasticity of polyacrylamide was suggested to suppress radial eddy motion in 

turbulent flow that led to a near tripling of recirculation length compared to water. Despite 

the reduced elasticity of xanthan, comparable behaviour is suggested here where enhanced 

entrainment shortens recirculation length while the deformable xanthan acts to dampen 

viscous losses and maintain a laminar shear layer (Pak et al. 1990). The exact mechanism 

that expands the laminar shear layer is not immediately known, but it is suggested that this 

may not be a viscous response as the high shear strain rates in the shear layer would 

correspond to negligible viscosity differences between the two fluids. 

 

5.5.3 Physiological Implications 

Blood can often be treated as a Newtonian fluid at shear strain rates above 100 s-1 

that are associated with the large arteries of the vascular system (Pedley 1980). However, 

results presented here have demonstrated the importance of non-linear viscous 

consideration in flows of low shear strain rate and transitional behaviour typical of stenotic 

flows. Extension of Newtonian negative axial velocities at peak flow for Re ~ 520 (low 

shear strain rate) suggests an increased area of endothelium exposed to oscillating shear 

stress gradients. Furthermore, the inverse relationship between shear strain rate and 
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viscosity for shear-thinning fluids suggests that Newtonian models likely underestimate 

WSS, which potentially has a far-reaching consequence on endothelial phenotype 

expression and homeostatic mechanisms (Walker et al. 2012b).  Low and oscillating shear 

is associated with altered endothelial cell morphology and decreased nitric oxide 

production that compromises important homeostatic mechanisms (Hemlinger et al. 1991, 

Malek et al. 1999).  This suggests past work that has relied on Newtonian assumptions in 

laminar-separated flows may have overestimated the extent of detrimental flow patterns on 

downstream endothelium. 

The elevation of Newtonian turbulent shear stress at peak pulse flow and resulting 

expansion towards the vessel wall has important consequences on platelet activation and 

deposition. Platelets can be activated through mechanical stimulation by high shearing 

stresses leading to a shape change that permits binding with other platelets (Bluestein et al. 

1999).  In a separated flow environment, activated platelets would be radially transported to 

the vessel wall where they may adhere to the endothelial surface. High Newtonian turbulent 

shear stresses at downstream locations suggests breakdown of the shear layer and radial 

transport of fluid from the core of the flow to the wall.  This flow pattern would enhance 

movement of activated platelets towards the endothelium promoting elevated risks of 

thrombus development.  The damped turbulent shear stress of the non-Newtonian fluid may 

serve to mitigate potential activation and resulting consequences on downstream vascular 

pathology that would be predicted by Newtonian models. 

 

5.5.4 Limitations 

Owing to the complexity of blood rheology, xanthan gum does not provide a 

complete replication of all rheological properties such as relaxation time of the fluid and 

particle aggregation (Vlastos et al. 1997, Sousa et al. 2011). However, based on findings 

presented here and previously, xanthan gum does provide a good macroscale representation 

displaying appropriate shear thinning and viscoelastic behaviour while reducing turbulent 

drag (Mann and Tarbell 1990, Brookshier and Tarbell 1993, Gijsen et al. 1999).  The goal 

of the xanthan gum characterization for this work was not to understand its microscale 

structure, but to evaluate macroscopic flow behaviour to ensure suitability in replicating 

transitional blood flow.  We feel that our initial findings support the use of aqueous xanthan 
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gum to replicate transition flow through noted reductions in transitional drag and prolonged 

laminar flow behaviour. A more comprehensive evaluation of xanthan gum in transitional 

flow is currently being undertaken to understand its behaviour in pulsatile flows as a 

function of Re and pulse frequency.  Concern has also been raised in the past regarding the 

onset of polymer degradation. Chung and Graebel (1972) noted a substantial decrease in 

the critical Re of polymer solutions resting longer than one day. Brookshier and Tarbell 

(1993) commented that no degradation of the viscous or elastic component of aqueous 

xanthan gum was noted after 280 hours of continual pipe flow. However, no mention is 

made as to whether the solution was used immediately after preparation. To account for 

possible degradation, our non-Newtonian measurements were acquired immediately after 

analog preparation. 

Our stenotic geometry was represented in the most idealized form by a straight rigid 

pipe with an axisymmetric blockage, when in vivo, arteries display compliant behaviour.  

Although past work has commented on the resulting differences between flow patterns in 

compliant and rigid vessels (see Perktold et al. 1994), we feel that the use of a rigid acrylic 

tube does not diminish the validity or importance of our results.  Furthermore, it would be 

expected that stenotic pathologies would be associated with the elderly that show reduced 

arterial compliance while the calcified plaque would serve to dampen vessel wall motion 

(Bortolotto et al. 1999, Stroud et al. 2000, Peterson and Plesniak 2008).  Stenoses are rarely 

present with axisymmetric geometry in vivo.  The consideration of eccentric geometries and 

surface roughness in accordance with non-Newtonian flow regimes warrants consideration 

based on the work of Stroud et al. (2000) and Varghese et al. (2007) who showed 

noteworthy differences in flow patterns between models with different geometries.        

 

5.5.5 Concluding Remarks 

Our findings have served to provide insight into the suitability of aqueous xanthan 

gum solutions as an appropriate blood analog in transitional flow environments. To our 

knowledge, this work represented the first characterization of such analogs for transitional 

flow conditions. Steady flow pressure drop measurements demonstrated an extension of 

laminar behaviour to Re ~ 2900 that closely agreed with previous work on porcine blood 

transitional flow behaviour. The addition of xanthan gum reduced turbulent drag as a 
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consequence of the added elastic polymer that likely simulates the damping behaviour of 

red blood cells. Based on our initial macroscale characterizations, results suggest that 

aqueous xanthan gum solutions serve as an appropriate whole blood mimicking fluid in 

transitional environments.  

In steady flow, xanthan gum dampened peak turbulent shear stresses in the 

freestream with comparable values to the Newtonian analog in the shear layer. The added 

polymer reduces high velocity fluctuations in the core of the flow where shear strain rates 

are low in contrast to the shear layer where high shear strain rates would suggest 

comparable viscosities. Past work using xanthan gum has demonstrated a near wall 

depletion layer with reduced viscosities to that of the bulk flow. Whether xanthan displays 

comparable radial migration behaviour to that of red blood cells is not immediately known, 

but does present an interesting question moving forward. 

At peak pulsatile flow, Newtonian turbulent shear stresses increased moving axially 

downstream from the blockage, peaking near the distal end of the FOV. High turbulent 

shear stresses were also found to expand radially towards the wall suggesting shear layer 

fragmentation that was absent in the non-Newtonian fluid. Although the Newtonian 

recirculation length was reduced at peak pulsatile flow, measured turbulence statistics 

imply enhanced radial transport that would move activated platelets by high turbulent shear 

stress to the endothelium.  
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Chapter Six: In Vitro Post-Stenotic Flow Quantification and 
Validation Using Echo Particle Image Velocimetry (Echo 
PIV) 

 
 

This chapter is a manuscript that has been submitted as: 

Walker AM, Scott J, Rival DE, Johnston CR. In vitro post-stenotic flow quantification 

and validation using echo particle image velocimetry (Echo PIV). Submitted to 

Ultrasound in Medicine & Biology.  

Department of Mechanical and Manufacturing Engineering, University of Calgary, 

Calgary, AB T2N 1N4, Canada 

 

6.1 ABSTRACT 

Echo particle image velocimetry (Echo PIV) presents itself as an attractive in vivo 

flow quantification technique to traditional approaches. Promising results have been 

acquired; however, limited quantification and validation is available for post-stenotic flows.  

We focus here on the comprehensive evaluation of in vitro downstream stenotic flow 

quantified by Echo PIV and validated in relation to particle image velocimetry (PIV). A 

Newtonian blood analog was circulated through a closed flow loop and quantified 

immediately downstream of a 50% by area axisymmetric blockage at two Reynolds 

Numbers (Re) using time-averaged Echo PIV and PIV. Centerline velocities were in good 

agreement at all Re, however, Echo PIV measurements presented with elevated standard 

deviation (SD) at all measurements points. Standard deviation was improved using 

increased line density (LD), however, frame rate (FR) or field of view (FOV) is 

compromised. Radial velocity profiles showed close agreement with PIV with largest 

disparity in the shear layer and near wall recirculation. Downstream recirculation zones 

were resolved by Echo PIV at both Re, however, magnitude and spatial coverage was 

reduced compared to PIV that coincided with reduced contrast agent penetration beyond the 

shear layer. Our findings support the use of increased LD at a cost to FOV and highlight 

reduced microbubble penetration beyond the shear layer. High local SD at near wall 

measurements suggests that further refinement is required before proceeding to in vivo 

quantification studies of WSS in complex flow environments.    
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6.2 INTRODUCTION 

Accurate quantification of arterial near wall flow patterns and wall shear stress 

(WSS) is critical if we are to predict sites susceptible to intimal thickening and 

atherosclerotic development.  Once thought to be associated with high WSS, sites prone to 

hyperplasia have been linked to low and oscillating WSS corresponding with complex flow 

patterns at vessel bifurcations and downstream of stenotic vessels (Malek et al. 1999, 

Wootton and Ku 1999, Stroud et al. 2002). Although several diagnostic approaches are 

available for the quantification of in vivo flows, precise evaluation of near wall flow and 

WSS remains a challenging endeavour (Zhang et al. 2011). 

Pulse wave Doppler (PWD) allows for quantification of flow within a measured 

sample volume. However, this is limited to centerline velocity acquisition that necessitates 

extrapolation of a parabolic velocity profile to the wall for WSS calculation. Along with an 

oversimplification of the velocity profile, PWD is restricted by one-dimensional velocity 

extraction, high angle dependence and spectral broadening. Phase-contrast magnetic 

resonance imaging (PC-MRI) provides high spatial resolution imagery, however, in vivo 

application is restricted by poor temporal resolution, long scan times, high costs and breath 

holds. Ultrasound based approaches have also been developed including plane wave 

excitation (PWE) (Udesen et al. 2008), ultrasound speckle velocimetry (USV) (Bohs et al. 

1995, Bohs et al. 2000) and ultrasonic perpendicular velocimetry (UPV) (Beulen et al. 

2010a, Beulen et al. 2010b).  Ultrasound speckle velocimetry tracks speckle patterns within 

the interrogated flow field. Although removing the constraint of angle dependence, this 

approach does require the use of high seeding density to induce strong scattering that 

restricts in vivo application (Bohs et al. 1995, Bohs 2000, Kim et al. 2004a, Beulen 2010a).  

Ultrasonic perpendicular velocimetry cross-correlates speckles from ultrasound radio 

frequency (RF) data to quantify velocity perpendicular to the beam (Beulen et al. 2010a).  

Although yet to be applied to in vivo flows, UPV is a potential attractive approach that does 

not necessitate contrast agent infusion and provides for excellent radial resolution (Beulen 

et al. 2010a). However, interrogation window size is large in the axial direction reducing 

axial resolution while the low echogenicity of red blood cells may degrade the signal to 

noise ratio (Zhang et al. 2011). 
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Echo particle image velocimetry (Echo PIV) has presented itself as an attractive 

diagnostic alternative for in vivo flow quantification. Echo PIV strives to take two 

unconnected flow investigatory approaches (particle image velocimetry (PIV) and 

ultrasound) to improve upon the above-mentioned deficiencies using relatively low cost 

equipment in a high spatial and temporal resolution imaging environment. This approach 

pairs PIV with the use of contrast agents and ultrasound imaging to allow for the 

investigation of opaque flows. To date, promising in vitro results have been acquired by 

Kim et al. (2004a), Kim et al. (2004b), Zheng et al. (2006), Liu et al. (2008) and Zhang et 

al. (2008) in comparison to PIV, PWD and computational fluid dynamics (CFD) models.  

Furthermore, this approach has been applied in vivo to the investigation of rotational flow 

in a stented thoracic aorta (Dobson et al. 2007, 2009), left ventricular flow (Sengupta et al. 

2007; Hong et al. 2008; Kheradvar et al. 2010) and a validation of carotid artery flow with 

PC-MRI (Zhang et al. 2011). However, application to complex flow environments, 

specifically, stenotic induced flow has been minimal. Qian et al. (2011) and Zhu et al. 

(2011) quantified flow downstream of an axisymmetric blockage to PWD and CFD 

respectively. Close agreement was found for Echo PIV to the validation approaches; 

however, quantification was limited strictly to maximum centerline velocity comparison 

and velocity vector and contour maps. Liu et al. (2008) commented on good agreement 

between Echo PIV and PWD measured centerline velocities; however, no quantitative 

comparison was presented. Although PWD is appropriate for centerline validation, reliance 

on a parabolic velocity profile extrapolation renders this approach unsuitable as a gold 

standard for near wall flow and WSS quantification. Additionally, the use of CFD is 

challenging in transitional/turbulent environments that can be associated with separated 

flows (Charonko et al. 2009). Although the qualitative merits of Echo PIV can be well 

appreciated, a comprehensive analysis of its capabilities and limitations in complex flow is 

required before endorsing its use as an effective quantitative tool in these environments 

(Poelma et al. 2012). 

We present an experimental comparison of downstream stenotic induced flow 

through a 50% by area axisymmetric blockage at two Reynolds numbers (Re) using Echo 

PIV and PIV. Our aim was to comprehensively quantify downstream flow through 

comparison of axial velocity and negative axial velocity profiles, centerline velocities and 
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radial velocity profiles that are important predictors in resulting WSS patterns. The 

measurable dynamic range of Echo PIV is inherently linked to frame rate (FR), field of 

view (FOV) and beam line density (LD) (Liu et al. 2008). Acquiring high velocities 

requires a high FR that comes at a cost of reduced FOV or LD that represent the number of 

vertical scan lines that comprise the FOV (Curry et al. 1990). We sought to determine if 

increased LD while maintaining FR at a cost to FOV resulted in improved agreement with 

PIV measurements. Given the small diameter and favourable density matching of the 

contrast agent in relation to the circulating fluid, it was expected that added microbubbles 

would faithfully follow the flow allowing complex patterns induced by the blockage to be 

resolved by Echo PIV.   

 

6.3 METHODS 

6.3.1 Flow Loop Setup 

A closed flow loop permitting ultrasound interrogation and optical access was 

constructed to mimic the arterial circulation (Figures 6-1, 6-2).  The test section consisted 

of a 0.635 cm radius (R) (0.158 cm wall thickness) extruded acrylic tube (Laird Plastics, 

Calgary, AB, Canada) housed in an acrylic flow chamber filled with deionized water. A 

Newtonian blood analog of glycerol and deionized water (viscosity (µ) ~ 3.8 cP, density (ρ) 

= 1070 kg/m3) was driven through the loop in steady state conditions by a ISMATEC 

Reglo-Z digital gear pump (Cole Parmer, Montreal, QC, Canada) using a GJN-25 

Micropump pump head (Cole Parmer). Flow rates of 10.6 mL/s and 17.8 mL/s were 

investigated that corresponded to Reynolds Numbers (Re) of ~ 320 and 520, representative 

of the carotid artery and the abdominal aorta respectively (Fung 1997, Ku 1997). An 

entrance length of 144 R from the proximal end of the acrylic tube to our area of flow 

interrogation ensured fully developed flow at all Re. 
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A. 

B.

 

 

Figure 6-1. Schematic representation of (A) echo particle image velocimetry (Echo PIV) 
and (B) particle image velocimetry (PIV) experimental closed flow loop setups. 
 

6.3.2 Pre-Blockage Measurement 

Initial Echo PIV and PIV measurements were acquired prior to blockage 

introduction for comparison to known analytical theory. One hundred ultrasound brightness 

(B)-mode time-averaged images at FR of 203 Hz and 340 Hz corresponding to Re ~ 320 

and Re ~ 520 were acquired using Sonix MDP hardware with an L 14-5/38 linear probe at 

10 MHz (Ultrasonix, Richmond, BC, Canada). Definity® ultrasound contrast agent 

(Lantheus Medical Imaging, N. Billerica, MA, USA, mean microsphere diameter of 1.1 – 

3.3 µm) was diluted in normal saline and injected into the reservoir upstream of our arterial 

model. Microbubble seeding concentrations followed that described previously (Liu et al. 
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2008). Transmit acoustic power was reduced to a setting of -2 to reduce potential bubble 

cavitation. One hundred PIV time-averaged images were acquired using a Fastcam SA-4 

camera (Photron, San Diego, CA, USA, 1024 x 1024 pixel full resolution) of the circulating 

fluid seeded with 15 µm silver coated hollow glass sphere tracer particles (Potters 

Industries Inc., Carlstadt, NJ, USA) and illuminated using a continuous wave 532 nm 1- 

Watt laser (Dragon Lasers, Changchun, Jilin, China).  Images were acquired in single frame 

mode at FR of 1500 Hz and 2500 Hz for Re ~ 320 and Re ~ 520 respectively to obtain 

suitable particle displacement. 

 
Figure 6-2. Experimental closed flow loop setup demonstrating ultrasound and particle 
image velocimetry (PIV) interrogation (arrows indicate flow direction). 

 

6.3.3 Downstream Blockage Measurement 

A 50% by area axisymmetric stainless steel blockage was introduced into the 

acrylic tube at a distance of 144 R from the proximal inlet.  The inlet of the blockage was 

beveled in order to reduce upstream flow effects and delay flow separation until the 

expansion region at the blockage outlet. B-mode images were acquired at each Re in steady 

flow immediately distal to the outlet at two LD.  Frame rates of 303 Hz and 308 Hz at LD 

64 and LD 128 were used to acquire images at Re ~ 320. The inherent link between FR, 
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FOV and LD necessitated a reduction in sector size and resulting downstream FOV x/R = 

5.0 for LD 64 and x/R = 2.35 for LD 128. Frame rates were increased to 505 Hz and 520 

Hz for LD 64 and LD 128 at Re ~ 520.  Subsequent sector sizes were reduced to x/R = 2.8 

and x/R = 1.3 respectively. Similarly, for PIV flow interrogation, one hundred time-

averaged single frame images were acquired at FR of 2000 Hz and FR 3600 Hz at Re ~ 320 

and Re ~ 520 respectively. Resulting downstream FOV extent was x/R = 3.4 at both 

interrogating FR. 

 

6.3.4 Vector Field Extraction 

Sets of B-mode files at each LD and Re were transferred to MATLAB R2011a 

software (Mathworks, Natick, MA, USA) for image generation. Generated images were 

imported to DaVis 8.1.3 software (LaVision GmbH, Goettingen, Germany) for PIV 

quantification using a multi-pass, iterative cross correlation algorithm with 75% window 

overlap and a final interrogation window size of 32 x 32 pixels.  Near field reverberations 

necessitated image subtraction prior to PIV quantification that was subsequently restricted 

from the tube centerline to the far wall. The resulting velocity fields presented with 19 

radially spaced vectors at all LD and Re and where axial vector extent was dependent on 

sector size.  Fastcam acquired images were imported into DaVis 8.1.3 and subjected to an 

equivalent cross-correlation procedure. Images were masked to enable vector quantification 

from the centerline to the far wall to match Echo analysis resulting in 31 radially spaced 

vectors.  Smoothing was not applied to Echo or PIV vector fields.  Both Echo PIV and PIV 

individual vector fields and the final time-averaged vector fields were exported for analysis 

in MATLAB R2011a. 

 

6.3.5 Data Analysis 

The temporal separation of successive B-mode images is a function of both FR and 

horizontal displacement as scan lines encompassing the FOV are not acquired 

simultaneously (Poelma et al. 2011).  As such, all acquired Echo PIV axial velocities were 

subjected to a sweep correction (Equation 6-1) as detailed by Poelma et al. (2011): 

Ux =
M!x
1
FR

+
!x
!

                         (6-1) 
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where Ux  is the corrected axial velocity, M  is a scaling factor converting pixels to 

distance, !x  is axial pixel displacement, FR  is frame rate and !  is sweep speed.  Wall 

noise and light reverberations necessitated the removal of the first axial measurement 

radially from the wall where relative errors become large (Hochareon et al. 2004, Kähler et 

al. 2006, Peterson and Plesniak 2008). Echo PIV and PIV measurements from the blockage 

outlet to x/R = 0.2 and x/R = 0.15 respectively were omitted on the account of correlation 

degradation due to air bubble deposition immediately downstream of the blockage. Both 

Echo PIV and PIV were compared to known steady flow analytical theory using a single 

vector row instead of averaging all vector rows within our FOV.  Specifically, centerline 

velocities and WSS quantified using the quadratic method (Equation 6-2, Lou et al. 1993) 

were compared to Poiseuille: 

 ! = µ
Ux3dr2

2 !Ux2dr3
2

dr3dr2
2 ! dr2dr3

2

"

#
$

%

&
'                   (6-2) 

where ! 	  is the WSS, µ  is the dynamic viscosity,	  Ux2  and Ux3  are the second and third 

axial velocity measurement radially from the wall and dr2  and dr3  are their corresponding 

distances from the wall. Flow downstream of the blockage was quantified through axial, 

negative axial, centerline and radial velocity profile comparisons that are critical predictors 

of resulting WSS patterns and in vivo stenosis severity. Velocities (u) and standard 

deviations (SD) were normalized to the peak inlet pre-blockage centerline velocity (U) 

corresponding to each Re.    

 

6.4 RESULTS 

Echo PIV results are presented as a comparison to PIV measurements at each Re.  

Comparison of Echo PIV and PIV measurements to known steady flow analytical theory 

prior to blockage introduction is presented first followed by a comprehensive evaluation of 

downstream flow patterns. Measured post-blockage axial velocities, extent of negative 

axial velocities, centerline velocities and radial velocity profiles are compared and 

presented.  Error bars presented for centerline and radial velocity measurements represent 

±SD of the 100 measurements acquired at each point.  
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6.4.1 Pre-Blockage Measurement 

Prior to blockage introduction, Poiseuille predicted radial velocity profiles were in 

close agreement with Echo PIV and PIV measurements (Figure 6-3A, 6-3B). Echo PIV 

measured centerline velocities at Re ~ 320 and Re ~ 520 were within 1% of PIV (Re ~ 320, 

U = 15.62 cm/s; Re ~ 520, U = 26.02 cm/s) and displayed good agreement extending from 

the centerline to the wall (Figure 6-3A, 6-3B).  Time-averaged was elevated for all echo 

PIV measurements with a near order of magnitude increase in close proximity to the wall.  

Both Echo PIV and PIV measured WSS were within 5% of Poiseuille at Re ~ 320 and Re ~ 

520 (Figure 6-3A, 6-3B). Integrated Echo PIV flow rates were within 4% of PIV at both 

Re. 
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B. 

 
Figure 6-3. (A) Echo particle image velocimetry (Echo PIV) and particle image 
velocimetry (PIV) normalized radial velocity (± SD) profiles at Reynolds Number (Re) ~ 
320 and (B) Re ~ 520 prior to axisymmetric blockage insertion. Velocities were normalized 
to the peak centerline value at each Re. 
 

6.4.2 Post-Blockage Measurement 

6.4.2.1 Axial Velocities 

Downstream axial contour plots are presented in Figures 6-4 and 6-5 at Re ~ 320 

and Re ~ 520 respectively. Presented values of axial extent represent the furthest 

downstream propagation of negative axial velocities despite discontinuities in recirculation 

zones. The extent of negative axial velocity propagation increased in relation to Re (Figures 

6-6, 6-7). Echo PIV measured negative axial velocities were found in discrete recirculation 

regions compared to PIV (Figures 6-6, 6-7).  Echo PIV measured negative axial velocities 

at Re ~ 320 extended to x/R = 2.05 and x/R = 1.43 with maximum negative velocities of 

u/U = -0.056 and u/U = -0.036 at LD 64 and LD 128 respectively (Figures 6-6A, 6-6B).  

Measured PIV negative axial velocities propagated downstream to x/R = 1.58 with a 

maximum of u/U = -0.082 while expanding radially to r/R = 0.833 (Figure 6-6C). Length of 

Echo PIV measured negative axial velocity propagation increased at Re ~ 520 to x/R = 2.45 

and x/R > 1.2 (maximum extent of FOV) with maximum velocities of u/U = -0.043 and u/U 

= -0.047 at LD 64 and LD 128 (Figures 6-7A, 6-7B).  PIV measured reattachment length 
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was x/R = 2.58 at Re ~ 520 with maximum negative axial velocities and radial propagation 

of u/U = -0.108 and r/R = 0.833 respectively (Figure 6-7C). 

A.    B.        C.  
 

   

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 6-4. Normalized axial velocity contour plots for echo particle image velocimetry 
(Echo PIV) line densities (LD) of (A) 64, (B) 128 and (C) particle image velocimetry (PIV) 
extending downstream from a 50% reduction by area axisymmetric blockage at Reynolds 
Number (Re) ~ 320. Velocities were normalized to the peak inlet pre-blockage centerline 
value. Dashed blue line represents a distance of x/R = 0.3 from blockage outlet whereupon 
subsequent radial velocity profiles were compared (see Figure 6-9, 6-10). 
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A.    B.                   C. 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 6-5. Normalized axial velocity contour plots for echo particle image velocimetry 
(Echo PIV) line densities (LD) of (A) 64, (B) 128 and (C) particle image velocimetry (PIV) 
extending downstream from a 50% reduction by area axisymmetric blockage at Reynolds 
Number (Re) ~ 520. Velocities were normalized to the peak inlet pre-blockage centerline 
value. Dashed blue line represents a distance of x/R = 0.3 from blockage outlet whereupon 
subsequent radial velocity profiles were compared (see Figure 6-9, 6-10). 
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A.    B.                   C. 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 6-6. Echo particle image velocimetry (Echo PIV) line densities (LD) of (A) 64, (B) 
128 and (C) particle image velocimetry (PIV) negative axial velocity propagation 
downstream of a 50% reduction by area axisymmetric blockage at Reynolds Number (Re) 
~ 320. Velocities were normalized to the peak inlet pre-blockage centerline value. Dashed 
line represents downstream extent of ultrasound field of view (FOV) at LD 128. 
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A.               B.        C. 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 6-7. Echo particle image velocimetry (Echo PIV) line densities (LD) of (A) 64, (B), 
128 and (C) particle image velocimetry (PIV) negative axial velocity propagation 
downstream of a 50% reduction by area axisymmetric blockage at Reynolds Number (Re) 
~ 520. Velocities were normalized to the peak inlet pre-blockage centerline value. Dashed 
line represents downstream extent of ultrasound field of view (FOV) at LD 64 and 128. 
 

Maximum centerline velocities of u/U = 1.44 and u/U = 1.51 at LD 64 and LD 128 

respectively were measured by Echo PIV downstream of the blockage at Re ~ 320 (Figure 

6-8A). Corresponding maximum PIV measured centerline velocity was u/U = 1.42 at x/R = 

0.19 (Figure 6-8A).  Standard deviations were noticeably reduced at LD 128 (Figure 6-8A).  

At Re ~ 520, maximum echo measured centerline velocities were u/U = 1.4 and u/U = 1.51 

at x/R = 0.19 for LD 64 and LD 128 respectively (Figure 6-8B). PIV measured maximum 

centerline velocity was u/U = 1.35 at x/R = 0.19 (Figure 6-8B).  Similar to Re ~ 320, LD 64 

centerline velocity SD was elevated at all measurements downstream of the blockage 

(Figure 6-8B). 
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6.4.2.2 Radial Velocity Profiles 

Integrated post-blockage Echo PIV flow rates showed good agreement with both 

pre- and post-blockage PIV values. Echo PIV measured radial velocity profiles at Re ~ 320 

displayed good agreement with PIV at x/R = 0.3 from the blockage outlet (Figure 6-9A).  

Centerline velocities were within 1% of PIV at 64 LD and 128 LD (Figure 6-9A).  

Divergence from PIV measurements were noted moving towards the shear layer where 

peak negative axial velocities at LD 64 and LD 128 were u/U = -0.04 and u/U = -0.01, that 

were u/U = 0.03 and u/U = 0.06 lower than measured by PIV respectively (Figure 6-9A).  

Similar to centerline SD, SD was reduced at LD 128, specifically near the centerline and 

wall when normalized to local mean (Figure 6-9B).  At Re ~ 520, centerline velocities were 

within 1% and 8% of the PIV measurement at LD 64 and LD 128 respectively (Figure 6-

10A).  Maximum negative axial velocities of u/U = -0.01 and u/U = -0.02 were measured at 

LD 64 and LD 128 that were u/U = 0.07 and u/U = 0.06 lower than PIV respectively 

(Figure 6-10A). Local SD was reduced using LD 128 with largest local SD for all 

measurements occurring in the shear layer and recirculation region (Figure 6-10B).  
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B. 

 
Figure 6-8.  (A) Echo particle image velocimetry (Echo PIV) line densities (LD) of 64, 128 
and particle image velocimetry (PIV) normalized centerline velocities (±SD) extending 
downstream from a 50% axisymmetric blockage at Reynolds Number (Re) ~ 320 and (B) 
Re ~ 520. Velocities were normalized to the peak inlet pre-blockage centerline value for 
each Re. 
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B. 

 
Figure 6-9. (A) Echo particle image velocimetry (Echo PIV) line densities (LD) of 64, 128 
and particle image velocimetry (PIV) normalized radial velocity (± SD) profiles at a 
distance of x/R = 0.3 downstream of a 50% reduction by area axisymmetric blockage at 
Reynolds Number (Re) ~ 320. Velocities were normalized to the peak inlet pre-blockage 
centerline value. (B) Standard deviation of radial measurements were normalized as a 
function of local post-blockage mean value (u). Values with a ratio less than SD/u = 1.0 are 
displayed. 
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B. 

 
Figure 6-10. (A) Echo particle image velocimetry (Echo PIV) line densities (LD) of 64, 
128 and particle image velocimetry (PIV) normalized radial velocity (±SD) profiles at a 
distance of x/R = 0.3 downstream of a 50% reduction by area axisymmetric blockage at 
Reynolds Number (Re) ~ 520. Velocities were normalized to the peak inlet pre-blockage 
centerline value. (B) Standard deviation of radial measurements were normalized as a 
function of local post-blockage mean value (u). Values with a ratio less than SD/u = 1.0 are 
displayed. 
 

6.5 DISCUSSION   

Although past work has quantified post-stenotic flow using Echo PIV, results were 

limited to centerline velocity and vector and contour map comparisons (Qian et al. 2011, 

Zhu et al. 2011).  Additionally, Echo findings were compared to PWD and CFD that have 

important considerations when measuring complex flows, namely reliance on parabolic 

velocity profile extrapolation and accurate modelling of transitional/turbulent flows 

(Charonko et al. 2009). The comprehensive evaluation of post-blockage induced flow has 

allowed us to demonstrate that Echo PIV does provide good quantitative centerline velocity 

agreement with PIV, but that accurate characterization of recirculation zones is difficult due 

to reduced bubble penetration beyond the shear layer (see Figure 6-11B). Caution must also 

be taken when using points near the wall for WSS quantification that show large SD in 

relation to their mean values. This can be remedied to an extent using ultrasound images 

with greater LD at a cost of reduced FOV. 
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6.5.1 Centerline Velocity 

Echo PIV presents itself as an attractive tool for in vivo flow measurement that uses 

readily available, affordable technology to characterize the flow under investigation. 

Centerline velocities measured prior to and post-blockage introduction showed good 

agreement with PIV at both Re and LD. However, noticeable reductions in SD at all 

measurement points at both Re were apparent using increased LD.  Although decreased LD 

permits the use of high FR through an increase in sweep speed, lateral resolution is 

compromised degrading the presentation of ultrasound echoes. This was readily apparent 

through enhanced smearing and elongation of microbubbles that traversed the FOV at LD 

64. Furthermore, increased particle diameter is associated with a degradation of PIV 

measured displacement through a broadening of the cross-correlation peak (Kähler et al. 

2005).  Visual comparison of correlation peaks between LD 64 and LD 128 confirmed this 

with reduced correlation coefficients, broadening of the peak and enhanced secondary 

peaks at low LD. The reduced correlation quality through increased particle image diameter 

is likely responsible for the high SD of LD 64 measurements (Raffel et al. 2007). Line 

densities could be further increased than values here, but this does restrict the dynamic 

range of measurements through a reduction in FR.  These findings do suggest however, that 

Echo PIV flow quantification warrants the consideration of increased LD at a cost to FOV. 

   

6.5.2  Near Wall Flow Patterns   

Zhang et al. (2011) showed a good fit of in vitro wall shear rate measurements to 

PIV at both near and far walls of a carotid artery model using a spatially averaged three-

point polynomial fit. Large SD and overestimation compared to PIV measurements were 

noted however, at the near wall during diastolic deceleration (Zhang et al. 2011). Similarly, 

Poelma et al. (2012) found close agreement assuming Poiseuille flow and a parabolic fit, 

but cautioned against this approach in complex flows where reliable WSS measurement 

requires the use of points in close proximity to the wall. If using a three-point quadratic 

approach (Equation 6-2), measurements between r/R = 0.8 and the wall would be used for 

WSS estimation (Figures 6-9, 6-10).  Although close agreement was found in non-blockage 

flow (Figures 6-3A, 6-3B), failure of Echo to capture the full extent of negative axial 

velocity magnitude would underestimate negative WSS (Figures 6-6, 6-7, 6-9, 6-10).  Most 
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concerning is the high SD as a function of local mean velocity for measurements between 

r/R = 0.6 and the wall (Figures 6-9B, 6-10B). This suggests that the use of instantaneous 

velocities for WSS calculation could greatly deviate from true values. The high near wall 

SD does support the use of measurements towards the centerline (< 0.6 r/R) for WSS 

estimation. However, in this scenario near wall values would contribute little to WSS 

resulting in an oversimplification of near wall flow in complex environments. Further 

refinement in near wall measurement is required before proceeding to in vivo quantitative 

studies of WSS in complex flow environments. 

Correlation errors are heightened within interrogation windows that envelope high 

velocity gradient flow. PIV algorithms assume uniform particle displacement within 

interrogation areas, which becomes problematic in the shear layer (see Figures 6-9A, 6-

10B). This translates into correlation peak broadening that increases the likelihood of 

spurious vectors and measurement bias (Meunier and Leweke 2003, Raffel et al. 2007).  

This can be remedied to a degree through the use of a multi-grid-iterative correlation 

algorithm as was used here (Raffel et al. 2007, Theunissen et al. 2007, Xiong and Chong 

2007). Window size could also be reduced improving the likelihood of homogenous 

velocity; however, maintenance of an adequate number of particles must be considered 

(Hochareon et al. 2004).  The reduced spatial resolution compared to PIV necessitates the 

use of interrogation windows that envelop a larger lumen area that would preclude 

achieving the assumption of flow homogeneity and is likely the cause of shear layer 

velocity disparities.  

Both Echo PIV and PIV resolved post-blockage recirculation zones and strong shear 

layers that are commonly associated with in vivo stenotic plaques (Varghese and Frankel 

2003).  Flow patterns measured would be conducive to neointimal hyperplasia, possible 

thrombus formation and WSS patterns that would compromise local vessel homeostatic 

mechanisms (Malek et al. 1999, Berger and Jou 2000, Schirmer and Malek 2007).  

However, magnitude and extent of recirculation quantified by Echo were reduced compared 

to PIV that would marginalize near wall flow patterns associated with potential 

atherosclerotic development. Similar underestimation of reversed flow was measured by 

Zhang et al. (2011) during flow deceleration in a model of the carotid bifurcation. This 

becomes particularly problematic as Re is increased and unsteady phenomena such as 
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vortex shedding appear that alter local platelet kinetics and apply an additional force to the 

vessel wall that may contribute to plaque fatigue (Bluestein et al. 1999, Stroud et al. 2002, 

Varghese and Frankel 2003).   

Although resolution differences likely contributed to the recirculation discrepancies, 

it was visually observed that microbubble penetration beyond the shear layer to the 

recirculation zone was limited.  To quantify this, Echo and PIV images were imported to NI 

LabView IMAQ 4.6.4. (National Instruments, Austin, TX), filtered and thresholded to 

generate well-contrasted images that were subsequently quantized into discrete bins 

centered at x/R = 0.3. The number of particles counted in each bin were summed for all 

image frames and averaged to produce an average particle count per bin that was 

normalized to the bin with the highest average count for each respective measurement 

approach.  Prior to blockage introduction, a relatively uniform seeding concentration was 

noted from the wall to r/R = 0.2 (Figure 6-11A). Both tracer particles displayed similar 

behaviour in the freestream velocity downstream of the blockage where low seeding 

numbers were found (Figure 6-11B). Average tracer particle count increased radially 

moving towards the wall, peaking near the shear layer (Figure 6-11B).  Although average 

PIV hollow glass sphere count decreased in the recirculation region, counts remained 

appreciably higher than freestream values.  Alternatively, average Echo PIV contrast agent 

count decreased markedly in the recirculation region to counts lower than the freestream 

(Figure 6-11B).  

This response was surprising as it was expected that added microbubbles would 

faithfully follow the flow given the reduced diameter and improved density matching of 

Definity® (Raffel et al. 2007).  It is suggested that the observed behaviour results from body 

and dissimilar lift forces experienced by the particles brought upon by their outer shell 

construction. Definity® is composed of a flexible bilipid shell surrounding a 

perfluoropropane microbubble (Becher and Burns 2000). Strong lift forces resulting from 

the velocity gradient in the shear layer act upon the particles in the radial direction towards 

the freestream (Merzkirch 1987, Tropea et al. 2007). Deformable particles are subjected to 

an additional lift forces due to their flexibility that may explain the decreased Definity® 

particle migration across the shear layer in relation to the rigid spheres (Eckstein et al. 

1977, Hur et al. 2011). Additionally, Hur et al. (2011) commented that lift forces increase 
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in relation to deformability. This presents an area for future work to measure if alternative 

ultrasound contrast agents (e.g. OptisonTM) that present with different outer shell properties 

respond with similar behaviour.  Swirling flows are also associated with a centrifugal force 

that radiates particles outward from the vortex core (Melling 1997). Lecuona et al. (2002) 

noted that inner zones of strong vortices showed reduced particle concentration that is 

subsequently heighted at radii outward from the vortex, limiting the integrity of 

measurements in these regions. It should be noted that seeding density of Echo PIV was 

reduced to that of PIV, suggesting that increased seeding of Definity® may lead to enhanced 

penetration through the shear layer. Although a possibility, the goal of Echo PIV is to 

reduce seeding that is associated with conventional contrast imaging and speckle tracking 

techniques (Liu et al. 2008).  
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B. 

 
Figure 6-11. Average number of particles (p) within respective radial bin locations (A) pre 
and (B) post blockage introduction centered at x/R = 0.3. Number of particles was 
normalized to the bin with the highest average number of particles (Pmax) for each 
respective measurement approach. (B) Radial extent of blockage in tube lumen represented 
by dashed line at r/R = 0.7. 

 

6.5.3 Limitations 

Our arterial blockage was represented by a simplified axisymmetric geometry in a 

rigid tube that neglected the natural compliancy of in vivo vessels. We felt that these 

simplifications did not serve to diminish the validity of our results. Compliance does 

decrease with age while the use of rigid acrylic tubing ensured appropriate clarity and 

consistent dimensional tolerances (Peterson and Plesniak 2008, Walker et al. 2012b).   

Measurement planes differed between the two approaches with Echo PIV and PIV data 

captured on sagittal and coronal planes respectively.  The deviation in measurement planes 

could be responsible for differences in the quantified flow fields; however, the use of an 

axisymmetric blockage was intended to remedy this issue. The necessity of two 

measurements planes prevented simultaneous acquisition of Echo PIV and PIV images.  

This should have had limited bearing on our final results as pump performance and 

temperature were consistent across all trials. 
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Blood was represented by a Newtonian analog. Although an appropriate assumption 

in the largest arteries of the vasculature where shear strain rates are high, the consideration 

of non-linear viscous behaviour is warranted in separated flows (Walker et al. 2012b).  

Based on flow patterns measured here, we would expect a dampening of recirculation 

length and subsequent reductions in peak centerline velocities (see Walker et al. 2012b).  

Whether Echo PIV would accurately resolve the reduced recirculation zones is the subject 

of future work, but based on findings presented here, accurate quantification may be 

difficult due to poor bubble penetration beyond the shear layer in close proximity to the 

blockage outlet. 

Two-dimensional Echo PIV and PIV image snapshots acquired in separated flow 

environments are subjected to enhanced signal degeneration from out of plane motion.  

Although not of major concern at Re measured here, use of two-dimensional Echo PIV and 

PIV does become problematic as Re is increased and three-dimensional flow becomes more 

prevalent (Choi and Barakat 2005). This advocates for the use of three-dimensional Echo 

PIV; however, current three-dimensional ultrasound probes are cumbersome and associated 

with low FR. With that in mind, stereoscopic Echo PIV does present itself as an attractive 

direction for immediate development. 

 

6.5.4 Concluding Remarks 

Results presented here represent a comprehensive evaluation of downstream 

blockage flow patterns quantified by Echo PIV and PIV interrogation. Echo PIV measured 

centerline velocities were found to be in good agreement with PIV although SD was 

elevated at all measurement points. Standard deviations decreased when using higher 

ultrasound LD that improves lateral resolution, however, maintenance of FR at high LD 

requires a reduction in FOV. Similarly, radial velocity profiles showed close agreement to 

PIV with the largest discrepancies confined to the shear layer and recirculation zone.  Most 

concerning was the large SD as a function of local mean velocity at radial points near the 

wall. This suggests that instantaneous measurements of near wall velocity used for WSS 

calculation may deviate largely from true values and supports the use of velocity 

measurements towards the freestream of the flow.  However, WSS measurements reliant on 

velocities towards the freestream would oversimplify near wall flow patterns in complex 
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environments. It is suggested that further refinement in near wall measurement is required 

before proceeding to in vivo quantification of complex flow. 

Echo PIV and PIV quantified negative axial velocities, however, spatial extent and 

magnitude was reduced in Echo PIV measurements. Past Echo PIV work on distal blockage 

flow commented on the lack of resolved recirculation although no precise reason for this 

behaviour was presented. Visual observations of our flow noted a lack of Definity® echo 

contrast penetration beyond the shear layer radially towards the wall that was confirmed 

through an average particle count. It is suggested that lift and centrifugal forces associated 

with the strong velocity gradient in the shear layer and recirculation region respectively are 

likely partially responsible for this observed behaviour with a heightened response in 

deformable particles. Lift force is related to deformability that suggests a detailed separated 

flow evaluation is warranted of multiple contrast agents that present with different 

magnitudes of shell flexibility. 
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Chapter Seven:  Summary & Conclusions  
The work presented in this thesis was undertaken to characterize common 

cardiovascular flow regimes using Newtonian and non-Newtonian fluids. This was 

addressed through three projects to gain a deeper understanding of how the viscous 

behaviour of fluids and their rheological assumptions affect hemodynamic metrics related 

to vessel homeostasis and pathology. First, the viscous characterization of hydroxyethyl 

starch (HES) fluids available for use in Canada that are infused to correct hypovolemia was 

undertaken in both quasi-static and under physiologically-relevant flow rates. The literature 

has shown that although risk/benefit profiles on HES fluids are well documented, simple 

mechanical properties such as viscosity remain unavailable. Given the inherent link 

between viscosity and wall shear stress (WSS), the infusion of fluids that alter blood and 

plasma viscosities can be expected to illicit changes in the expression of homeostatic 

mechanisms and microvascular function. Specifically, the goal of this work was:    

• To characterize the viscosity of HES fluids available for use in Canada for acute 

volume replacement and understand how their viscous behaviour affects the 

maintenance of a stable hemodynamic environment. 

Secondly, despite the relationship between viscosity and WSS, the literature clearly 

demonstrated that questions remain regarding the importance of non-Newtonian viscous 

behaviour in cardiovascular flow modelling. The assumption of linear rheological 

behaviour is usually applicable to the large, healthy arteries of the central vasculature on 

account of high shear strain rates. However, blood shows marked viscosity increases at low 

shear strain rates that would be associated with in vivo separated flow environments 

induced by stent deployment and stenosis development. Thus, the discrepancy in the 

literature on non-linear rheological assumptions in such environments is surprising based 

on the known shear-thinning behaviour of blood. Specifically, the goals of this work were: 

• To experimentally measure the downstream flow patterns induced by a Gianturco 

Zenith stent strut configuration that to-date has been minimal in its evaluation; 

• To address the importance of non-Newtonian viscous considerations in flows of 

low shear strain rate and transitional behaviour and characterize the differences in 

measured flow patters in relation to the rheological assumptions used; 

• To assess the suitability of a non-Newtonian blood analog in transitional flow. 



	  

	   122	  

Finally, although a high-resolution optical technique was used to elucidate the 

differences in separated flow characteristics dependent on rheological assumptions in vitro, 

translation to in vivo cardiovascular flow measurements requires the use of imaging tools 

that can accurately measure in opaque environments. Echo particle image velocimetry 

(Echo PIV) has presented itself as an attractive option to traditional measurements 

approaches. However, the limited literature devoted to separated flow quantification has 

demonstrated that a comprehensive evaluation and validation on the suitability of using 

Echo PIV to measure such flows was justified. This specific study therefore sought: 

• To provide a comprehensive evaluation on the capabilities and limitations of using 

Echo PIV to measure in vivo stenotic-induced flow. 

 

7.1 VISCOUS CHARACTERIZATION OF HES FLUIDS 

 Initially, the viscous behaviour of 100% concentrations of the two HES fluids 

available for volume expansion in Canada were evaluated through both capillary 

viscometry and pressure-drop measurements at physiologically relevant flow rates. Simple 

mechanical properties such as viscosity had yet to be reported while recent developments 

questioned the efficacy of the fluids upon infusion. Findings from this work were published 

as: 

• Walker AM, Lee K, Dobson GM, Johnston CR. The viscous behaviour of HES 

130/0.4 (Voluven®) and HES 260/0.45 (Pentaspan®). Can. J. Anesth. 2012, 

59:288-294. 

Specifically, the contributions from this manuscript were: 

• The dynamic viscosities of HES 130/0.4 (Voluven®) and HES 260/0.45 

(Pentaspan®) at 21°C and 37°C were found to be less than and greater than whole 

blood respectively; 

• The characterization of the viscous behaviour of the two HES fluids across 

physiologically-relevant flow rates. HES 260/0.45 was found to demonstrate 

Newtonian behaviour across all flow rates measured; 

• The revelation of HES 130/0.4 non-Newtonian shear thickening behaviour at high 

flow rates; 
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• The disparity in viscous response between two bags of HES 130/0.4 whereupon a 

second sample displayed Newtonian behaviour. 

The finding of non-Newtonian behaviour in HES 130/0.4 was unexpected and to the 

author’s knowledge represents the first revelation of possible shear thickening behaviour. 

The precise mechanism responsible for the shear thickening observed is not immediately 

known, but it may be similar to that observed in cornstarch whereupon friction between 

polymers leads to a jammed system (Fall et al. 2008). Whether this would be relevant to a 

biologically-compliant system such as the human vasculature is debatable. However, to 

predict what the resulting interactions between non-linear systems, in this instance, the non-

Newtonian viscous behaviour of HES 130/0.4, the shear-thinning nature of blood and the 

compliancy of the vessel wall would be difficult. The goal of this work was to simply 

characterize the viscous behaviour of the HES fluids. No evidence was observed in the 

literature with regards to possible shear thickening and one would expect intra-colloid 

viscosity differences to be marginal. Thus, initially one bag of each HES fluid was 

characterized.  The fortuitous finding of non-Newtonian behaviour prompted the evaluation 

of a second bag that presented with expected Newtonian behaviour. The lone difference 

between samples to the author’s knowledge was the date of expiration. This would suggest 

that HES fluids may undergo molecular change as a function of storage time. Indeed, if 

HES fluids degrade over time, this would have important implications for health care 

centers with a limited turnover of in-house HES expanders.    

The finding of competing viscous behaviours in HES 130/0.4 presented interesting 

questions moving forward, namely whether the non-Newtonian behaviour was an isolated 

response, whether the colloids presented with intra-colloidal viscosity differences and 

whether viscosity changed as a function of storage time. This prompted the undertaking of 

an expanded supplemental study to address these outstanding questions. Although the 

previous work presented the viscous behaviour of these fluids in both quasi-static 

conditions and across physiological flow rates, findings were limited to 100% 

concentrations. Volume resuscitation fluids are infused in whole blood, thus this work 

served to quantify the viscous behaviours of HES 130/0.4 (Voluven®) and HES 260/0.45 

(Pentaspan®) in appropriate concentration ratios. Furthermore, an additional HES fluid was 

made available for resuscitation in Canada:  HES 130/0.4 (Volulyte®), which this study, to 
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the author’s knowledge, served to provide the first quantification of its viscous properties.  

The results from this study have been accepted for publication: 

• Walker AM, Xiao Y, Johnston CR, Rival DE. The viscous characterization of 

hydroxyethyl starch (HES) plasma volume expanders in a non-Newtonian 

blood analog. Biorheology. 2013, in press. 

Specifically, the contributions from this manuscript were: 

• The evaluation of the dynamic viscosity of the three HES fluids available for 

volume expansion in Canada at different expiration dates; 

• Capillary viscometry measurements of HES 130/0.4 Voluven® and HES 260/0.45 

that were ~ 7% and 14.5% lower than previously reported; 

• Significant differences in intra-colloid viscosity from samples of the same 

expiration were measured for HES 130/0.4 (Volulyte®) and HES 260/0.45; 

• HES 130/0.4 fluids and HES 260/0.45 decreased and increased analog viscosity 

respectively. This suggests that HES 260/0.45 would be best served for use as a 

high viscous expander in patients presenting with severe levels of hematocrit 

reductions. 

Of most concern is the variability in the viscous behaviour of these fluids. Initial 

assumptions of a consistent HES viscous response may not be plausible given the 

variability within quasi-static and pipe-flow measurements. In order for the practitioner to 

maintain a stable hemodynamic environment in patients presenting with hypovolemia, it 

would be practical that the infused fluid present with a consistent behavioural response.  

Despite a limited sample size, results presented here suggest otherwise. Along with the 

previous non-Newtonian response of HES 130/0.4 Voluven®, decreases of ~7% and 

~14.5% in viscosities of HES 130/0.4 Voluven® and HES 260/0.45, respectively, when 

compared to previous measurements, suggests changes in the molecular composition of the 

fluids. The added colloid to the carrier solution represents a polydisperse system 

whereupon the quoted molecular weight is simply an average of all particles.  As noted by 

Westphal et al. (2009), more molecules of lower molecular weight will be present in the 

solution than molecules of higher molecular weight. The differences in viscosity between 

samples measured here and those previously measured suggest variability in mean 

molecular size and/or molecular size distribution. The viscosity between batches with 
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different expiration dates did not show significant differences in viscosity. However, testing 

was limited to batches from two expiration dates based on fluid availability that limits a 

definitive conclusion on viscous changes in relation to storage time. A prudent approach 

moving forward would be the acquisition of several bags with a common expiration date 

and the subsequent measurement of viscosity at fixed intervals from the date of receipt to 

the date of expiration. This will address two unresolved questions. First, increased sample 

size will better address if significant variations in intra-colloid viscosities do exist. 

Secondly, assuming fluids are stored as per the manufacturers specifications, fixed interval 

sampling will allow for the assessment of possible fluid degradation as a function of 

storage time. If viscosities change from that measured at the date of receipt, a chemical 

analysis to assess the dispersity of the HES molecules would be warranted.   

The addition of HES 130/0.4 fluids and HES 260/0.45 decreased and increased 

baseline aqueous xanthan gum viscosities, respectively. In relation to the literature, the use 

of HES 130/0.4 would be appropriate for volume replacement in patients presenting with 

moderate levels of systemic hematocrit reductions (< 50%). Despite the reduced 

hematocrit, decreased blood viscosity would permit enhanced cardiac output and blood 

flow allowing for the maintenance of WSS and functional capillary density (FCD). This 

was demonstrated by Tsai et al. (1998) up to reductions of 60% of baseline hematocrit 

through low viscosity Dextran 70. Upon further decreases in hematocrit, continued 

hemodilution with a low viscosity expander reduced FCD to less than 60% of baseline 

(Tsai et al. 1998). This advocates for the use of a high viscous expander (e.g. HES 

260/0.45) to elevate plasma viscosity, initiate vasoactive production and maintain CFD that 

was demonstrated by Tsai et al. (1998) at hematocrit reductions of 75%.   

The use of aqueous xanthan gum prevented the incorporation of acute phase 

reactants and α-amylase and their corresponding effects on HES viscosities and starch 

metabolism.  Equipment restrictions prevented measurement acquisition at low shear strain 

rates where erythrocyte aggregation is accelerated and recent shear thinning in HES 130/0.4 

(Voluven®) has been demonstrated (Valant et al. 2011).  HES fluids have shown opposing 

behaviour on erythrocyte aggregation as noted by Neff et al. (2005). This poses an 

interesting question for future research.  To the author’s knowledge, xanthan gum is unable 

to replicate the specific cell-cell interactions of erythrocytes.  The different compositions of 
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HES 130/0.4 carrier fluids would suggest dissimilar red blood cell aggregation behaviour.  

Investigation of this would support the development of a miniaturized flow loop 

necessitating only small amounts of blood that would permit the tracking of circulating red 

blood cells and cell-cell interactions with HES molecules.   

 

7.2 NEWTONIAN AND NON-NEWTONIAN FLOW QUANTIFICATION 

This work examined downstream separated flow patterns to emphasize the 

differences in measured flow metrics and the resulting implications on vascular expression 

dependent on the rheological assumption of the circulating fluid. The limited inclusion of 

non-linear viscous behaviour in vascular separated flow modelling is surprising given the 

shear strain rate dependence of blood viscosity. Specifically, the resulting flow downstream 

of a Gianturco Zenith (Z)-stent wire was characterized using an aqueous xanthan gum, 

shear-thinning fluid and a characteristic Newtonian fluid taken to represent the asymptotic 

viscosity of whole blood at high shear strain rates. The results from this study were 

published as: 

• Walker AM, Johnston CR, Rival DE. The quantification of hemodynamic 

parameters downstream of a Gianturco zenith stent wire using Newtonian and 

non-Newtonian analog fluids in a pulsatile flow environment. J Biomech Eng. 

2012, 134:111001. 

  Specifically, the significant findings from this manuscript were: 

• To the author’s knowledge, the first experimental in vitro quantification of 

downstream flow patterns induced by a Z-stent wire in a non-Newtonian flow 

environment. Measured flow patterns included recirculation, oscillatory shear and 

reduced WSS.  Measured flow patterns were dependant on the rheology of the fluid. 

• Assumptions regarding the rheological properties of blood substantially alter flow 

patterns that was noted through non-Newtonian reductions in the axial propagation 

of recirculation and oscillatory shear and elevation of WSS; 

• Findings suggest past work on stent-induced flow that was reliant on Newtonian 

assumptions to predict sites susceptible to intimal thickening may require revision. 

To the author’s knowledge, the work presented here represents the first 

quantification of flow patterns induced by a Z-stent in both Newtonian and non-Newtonian 
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environments. Particle image velocimetry (PIV) measurements of stent-induced flow 

displayed non-Newtonian reductions in negative axial velocity propagation, oscillatory 

shear, Reynolds shear stress (RSS) and elevation of WSS. Thus, reliance on Newtonian 

assumptions suggest an elevated risk of intimal hyperplasia in accordance with measured 

flow patterns as linear assumptions serve not only to alter measured WSS, but the presence 

of bulk flow structures. This agreed with the findings of Mejia et al. (2011) on intra-stent 

flow through a modelled Symbiotech stent. Upon a doubling of flow, the influence of non-

Newtonian behaviour was reduced in the high-gradient shear layer; however, near wall 

recirculation magnitude and RSS remained below that measured for the Newtonian fluid.  

Based on these results, the conclusions of low non-Newtonian importance by Tang et al. 

(2004) and Charonko et al. (2009) are surprising. Johnston et al. (2006) concluded that 

transient coronary flow could be adequately modelled with Newtonian assumptions.  

Indeed, the coronary flow profile is different than the carotid profile used here; however, to 

neglect non-Newtonian considerations when experimentally evaluating coronary intra-stent 

flow (Charonko et al. 2009) based on findings from computational modelling through 

unblocked vessels (Johnston et al. 2006) appears unjust. The findings of Johnston et al. 

(2006) and Razavi et al. (2011) did serve to highlight the inherent dangers of computational 

modelling combined with non-linear rheological assumptions. A large spread in non-

Newtonian importance was noted across rheological models used to model the respective 

flows where incorporation of one model over another can elevate or diminish the relative 

importance of non-linear considerations (Johnston et al. 2006, Razavi et al. 2011). 

Thrombus deposition on the stent wires begins immediately upon implantation, thus 

the use of a full protruding strut wire in the tube lumen may be limited in its applicability.  

However, it is during the first few weeks post-implantation that the stent elicits its greatest 

effect on WSS that has been linked to restenosis (Mejia et al. 2011).  Furthermore, only a 

single stent wire was inserted into the acrylic tube. A full-length Z-stent contains a 

minimum of three stent wires. The inclusion of additional wires to provide a more realistic 

interpretation of full Z-stent induced flow is warranted and will be incorporated into future 

studies. Despite these simplifications, this evaluation provided a good first approximation 

of resulting flow patterns induced by this specific geometry.  
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While this work emphasized the importance of non-Newtonian behaviour in low 

Reynolds number (Re) separated flow environments, how blood may affect the process of 

transition remains largely unknown. This served as the impetus for a study to extend the 

understanding of non-linear viscous assumptions to transitional flow. However, 

characterization of aqueous xanthan gum and glycerol has been restricted to the laminar 

flow regime. Blood has demonstrated an extension of laminar flow behaviour beyond Re 

associated with transition in pipe flow (Han et al. 2001). Therefore, this study provided an 

opportunity to assess both the suitability of the aqueous xanthan gum analog in replicating 

blood behaviour in the transitional regime and to understand how a non-Newtonian blood 

mimicking fluid affects the process of transition. 

 To initiate transition, an idealized stenotic blockage was introduced to quantify 

Newtonian and non-Newtonian axial and radial turbulent intensities and turbulent shear 

stresses in an attempt to elucidate mechanism(s) responsible for delayed transitional 

behaviour. Furthermore, the measurement of negative axial velocities assessed recirculation 

length propagation and the resulting influence on endothelial cell (EC) expression. A 

manuscript of this study has been submitted to:   

• Walker AM, Johnston CR, Rival DE. On the characterization of a non-

Newtonian blood analog and its response to physiological flow downstream of 

an idealized stenosis. Submitted to Annals of Biomedical Engineering. 

The significant findings of this study were: 

• The characterization of an aqueous xanthan gum blood analog in transitional flow 

that displayed extended laminar flow behaviour in accordance with whole blood; 

• Extended Newtonian recirculation that became comparable in length to the non-

Newtonian fluid as a function of increasing Re in laminar flow; 

• Elevated Newtonian turbulent shear stress in the shear layer at peak pulsatile flow 

that suggested shear-layer breakup in contrast to reduced non-Newtonian turbulent 

shear stress as a result of the damping behaviour of the added polymer; 

• Shortened Newtonian recirculation in comparison to the non-Newtonian fluid at 

peak pulsatile flow that induced radial entrainment of fluid from the freestream to 

the wall. 
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Pressure-drop measurements in an unobstructed tube showed an extension of 

laminar flow behaviour in close accordance to that of blood (Han et al. 2001).  Conversely, 

the Newtonian fluid displayed transitional onset as expected in pipe flow at Re ~ 2300.  

This suggests that the added polymer served to reduce turbulent drag and agreed with 

previous findings of xanthan gum and water mixtures (Bewersdorff and Singh 1988).  

Based on the characterization presented here and past findings that displayed good 

agreement with the viscous and elastic properties of blood (Brookshier and Tarbell 1993), it 

can be concluded that xanthan gum provides a good macroscopic agreement with blood in 

transitional flow. However, it can be appreciated that owing to the complexity of blood 

rheology and differences in polymer geometry, xanthan gum will not provide a complete 

replication of all rheological properties. Thus, the extent to which xanthan gum mimics 

erythrocyte behaviour on a microscale level is not immediately known and was beyond the 

scope of this work.    

 Initial measurements in laminar flow agreed with previous work whereupon 

differences in recirculation extent between the two fluids was a function of Re (Choi and 

Barakat 2005). Recirculation extent and magnitude became comparable as Re was 

increased where shear strain rates marginalized viscosity differences between the two 

fluids. The extension of recirculation and comparable magnitude in relation to Re in 

laminar flow demonstrated the inherit dependence of measured non-Newtonian flow in 

relation to shear strain rate. Upon initiation of transitional flow at peak pulsatile flow, the 

Newtonian fluid exhibited elevated turbulent shear stress at the distal end of the field of 

view (FOV) suggesting shear-layer breakup. In accordance with pipe-flow measurements, 

non-Newtonian turbulent shear stress was reduced confirming the damping nature of the 

added polymer. Although Newtonian axial recirculation extent was reduced to that of 

aqueous xanthan gum, shear-layer breakup and the expansion of elevated turbulent shear 

stress towards the wall increased radial transport and entrainment (Pak et al. 1990).  This 

would transport platelets activated in high turbulent shear stress flow towards the 

endothelium elevating the risk of thrombus development. Although blood was not used 

here, it can be concluded that rheological assumptions in transitional flow have a large 

bearing on resulting cardiovascular measured flow patterns. In generating models that are 

representative of in vivo flow, it has been established that non-Newtonian assumptions are 
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of importance in flows of low shear strain rate. The significance of non-linear rheological 

inclusion becomes less so as shear strain rate is increased in laminar flow. However, as 

demonstrated, the assumption of linear viscous behaviour becomes tenuous upon initiation 

of transition. 

For the purpose of this study, pulsatile flow was simulated at a single Womersley 

number representative of the carotid artery. This has presented an opportunity for future 

work to address non-Newtonian transition in relation to pulsating frequency.  In Newtonian 

flow, Trip et al. (2012) demonstrated that Womersley numbers greater than 10 had limited 

influence on critical Re.  However, past work has shown that Womersley numbers between 

four and eight suppressed transition (Trip et al. 2012).  This regime represents the focus of 

work currently under investigation to understand the process of non-Newtonian transition 

as a function of Re and Womersley number. 

A number of liberties were taken with the experimental approach to model carotid 

flow, namely the use of a rigid vessel and idealized geometry.  If one is to fully-replicate in 

vivo cardiovascular flow, a number of pertinent variables must be considered. Applying 

simplifications for each variable does incorporate a degree of error into the model. The 

focus of these studies was on the inclusion of non-linear viscous behaviour to emphasize its 

importance in separated cardiovascular flow environments. To speculate on changes to the 

measurements from the incorporation of two non-linear systems (e.g. non-Newtonian fluid 

and compliant wall) or the exact error introduced between the incorporation of a compliant 

wall as opposed to a non-Newtonian fluid would be difficult. Furthermore, the use of a 

specific bifurcating geometry, although attractive, does not necessarily imply that measured 

flow patterns for that specific geometry would be transferable to others. For the purposes of 

this work, an iterative approach was taken to model cardiovascular flows through the 

investigation of a single flow parameter to better define its specific contribution to 

measured flow patterns. With an improved understanding on the contribution of non-linear 

rheological assumptions, additional metrics can now be incorporated into future models to 

quantify their specific influence on flow behaviour. Initially, it would appear that the 

simplified, rigid models would have limited relevance to actual flow patterns downstream 

of stent and stenotic geometries in vivo. However, the use of these simplified assumptions 

generated results more amenable to interpretation than could be fostered from complex 
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models and hence served as an ideal first approximation on the representation of in vivo 

separated flows.   

 

7.3 ECHO PIV SEPARATED FLOW QUANTIFICATION 

While the preceding two studies have emphasized the differences in measured flow 

patterns as a consequence of viscous assumptions, translation to the in vivo measurement of 

separated flows requires imaging in opaque environments. Echo PIV, which combines the 

use of PIV and ultrasound, has presented itself as an attractive tool in opaque flow 

diagnostics to traditional approaches. Although its qualitative potential in separated flow 

has been demonstrated, past work has been limited in its scope to assess the capability of 

Echo PIV as a reliable quantitative measurement tool in such flow environments (Liu et al. 

2008, Qian et al. 2011, Zhu et al. 2011). Thus, a comprehensive post-stenotic flow 

evaluation was undertaken to characterize Echo PIV measured flow patterns in relation to 

high spatial and temporal resolution PIV. 

The results from this study have been submitted to: 

• Walker AM, Scott J, Johnston CR, Rival DE. In vitro post-stenotic flow 

quantification and validation using echo particle image velocimetry (Echo PIV).  

Submitted to Ultrasound in Medicine & Biology. 

The significant findings of this study were: 

• Echo PIV measured centerline velocities were in good agreement with PIV although 

standard deviations (SD) were elevated at all measurement points; 

• Increased ultrasound brightness (B)-mode line density (LD) decreased SD, however, 

this constrains frame rate (FR) unless the field of view (FOV) is reduced; 

• Large SD as a function of local mean velocity at radial points near the wall supports 

the use of velocities towards the freestream for WSS derivation; 

• Visual observation of added contrast noted a lack of penetration beyond the shear 

layer radially towards the wall that was confirmed through an average particle count. 

It is of note that centerline velocities did exhibit close agreement with PIV 

confirming the findings of earlier studies (Liu et al. 2008, Qian et al. 2011, Zhu et al. 2011).  

However, of concern was the elevation of near-wall velocity SD and its subsequent relation 

to the use of these values in WSS calculation.  The use of instantaneous near wall velocities 
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to derive WSS suggests that calculated values may deviate largely from true values. This 

supports the use of radial velocities towards the freestream; however, near-wall 

measurements would contribute little to the derivation of WSS that would oversimplify 

near-wall flow in separated environments. Although Echo PIV resolved downstream 

recirculation, extent and magnitude was reduced compared to PIV. Visually, it was 

observed that few microbubbles penetrated beyond the shear layer into the recirculating 

flow. This agreed partly with prior Echo PIV stenotic flow studies that failed to resolve 

recirculation although no explanation for the observed behaviour beyond stenotic severity 

was given (Qian et al. 2011). An average particle count was completed both prior to and 

following stenotic introduction that clearly demonstrated a drop in particle number beyond 

the shear layer in post-stenotic flow. Although a drop in count was noted for the rigid PIV 

tracer particles, the extent of this drop was less than the deformable contrast agent. This 

response was surprising on account of the density and radius of the bubbles, which suggests 

that they should faithfully follow the flow. It is suggested that the deformable ultrasound 

tracer particles are unable to overcome the lift and centrifugal forces of the shear layer and 

recirculating flow. Although both the rigid and deformable particles are exposed to shear-

layer lift forces, the added deformability of the ultrasound contrast agent serves to heighten 

the magnitude of that force. A simple resolution would be to increase the amount of infused 

contrast, as it would be expected that more bubbles would penetrate the shear layer than 

was observed here. However, one of the attractive features of Echo PIV is the use of lower 

microbubble concentrations than would be required for traditional contrast imaging (Liu et 

al. 2008). This finding has presented an interesting question moving forward. Multiple 

contrast agents are available for use that present with different outer shell properties. It 

would be of interest to measure their behavioural response in high shear flow in relation to 

Definity® whereupon findings may suggest a more appropriate contrast agent when 

performing in vivo flow diagnostics in such environments.    

 For the purposes of this work, blood was represented by a Newtonian fluid with a 

characteristic viscosity taken at high shear strain rates. Although the importance of non-

Newtonian behaviour in separated flows has been established, the purpose of this study was 

not to investigate differences in Newtonian and non-Newtonian measured flow patterns.  

The main focus of this work was to evaluate and validate the suitability of Echo PIV as a 
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measurement tool to accurately quantify stenotic flows. Despite the use of a Newtonian 

fluid, the stated goals for this project were met and sound conclusions were reached. Based 

on Re measured here, previous findings would suggest a non-Newtonian retraction in 

recirculation propagation.  Whether Echo PIV would resolve the reduced recirculation zone 

is uncertain.    

 Through the viscous characterization of HES fluids and the incorporation of non-

linear rheology in separated flow modelling, this work has served to demonstrate how the 

viscous properties of fluids affect both the maintenance of a stable hemodynamic 

environment and resulting flow patterns on vascular endothelium.  Specifically, despite the 

availability of HES risk/benefit profiles, the lack of information pertaining to the viscous 

properties of these fluids was surprising. While the dynamic viscosity of these fluids was 

quantified, their characterization demonstrated unexpected variability in viscous response 

including the revelation of shear-thickening behaviour at high shear strain rates.   

 In spite of past work that has suggested non-Newtonian viscous behaviour has 

minimal influence on modelled results, the work presented here suggests otherwise and has 

clearly demonstrated the justification for non-linear rheological inclusion when 

characterizing separated and transitional blood flow environments. This was established 

through marked differences in measured flow patterns and would-be endothelial expression 

between Newtonian and non-Newtonian fluids in stent and stenotic flow-induced 

environments.  Translation to the characterization of such environments in vivo using Echo 

PIV has demonstrated its potential attractiveness as a cardiovascular flow-imaging tool.  

However, failure to accurately resolve flow recirculation has concluded that further 

refinement is necessary before reliable and consistent quantitative measurements can be 

obtained of separated flows in vivo.  
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Appendix: Experimental Procedures and Parameters 

A.  Entrance Length Determination 

 The entrance length formula for laminar pipe flow derived by Durst et al. (2005) 

was used for all required entrance length calculations (Equation A-1): 

	  
L
D
= 0.619( )1.6 + (0.0567Re)1.6!
"

#
$
1/1.6

            (A-1) 

where L
D

is the required entrance length in pipe diameters and Re 	  is Reynolds number.  

Although non-Newtonian blood analogs were used in accordance with Newtonian fluids, 

based on the findings of Poole et al. (2007) that demonstrated a “collapse” of non-

Newtonian Re onto the Newtonian curve at Re > 10, entrance length calculations were 

derived using Re associated with Newtonian fluids.  

Table A1. Entrance length requirements for chapter two: the viscous behaviour of HES 
130/0.4 (Voluven®) and HES 260/0.45 (Pentaspan®). 
Fluid Maximum Re Required Entrance  

(Durst et al. 2005) 
Entrance Length of 
Experimental Setup 

Water 1503 85D  
 
115D 

Glycerol/Water (30:70) 1594 90D 
HES 130/0.4 Voluven® 1635 93D 
Glycerol/Water (50:50) 1633 93D 
HES 260/0.45 Pentaspan® 1635 93D 
 

Table A2. Entrance length requirements for chapter three: the viscous characterization of 
hydroxyethyl starch (HES) plasma volume expanders in a non-Newtonian blood analog. 
*Fluid Maximum Re Required Entrance  

(Durst et al. 2005) 
Entrance Length of 
Experimental Setup 

HES 130/0.4 Voluven® 1825 104D  
115D HES 130/0.4 Volulyte® 1928 109D 

HES 260/0.45 Pentaspan 721 41D 
*Multiple bags of each HES fluid were run through the flow loop. The maximum Re as 

presented here for each fluid is associated with the bag of lowest measured dynamic 

viscosity using capillary viscometry.   
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Table A3. Entrance length requirements for chapter four: the quantification of 
hemodynamic parameters downstream of a Gianturco Zenith stent wire using Newtonian 
and non-Newtonian analog fluids in a pulsatile flow environment. 
Fluid Maximum Re Required Entrance  

(Durst et al. 2005) 
Entrance Length of 
Experimental Setup 

Newtonian Analog  380 22D  
118D Newtonian Analog 

(exercise conditions) 
760 42D 

 

Table A4. Entrance length requirement for chapter five: on the characterization of a non-
Newtonian blood analog and its response to physiological flow downstream of an idealized 
stenosis. 
Fluid Maximum Re Required Entrance  

(Durst et al. 2005) 
Entrance Length of 
Experimental Setup 

Newtonian Analog  1250 71D 72D 
 

Table A5. Entrance length requirement for chapter six: in vitro post-stenotic flow 
quantification and validation using echo particle image velocimetry (Echo PIV). 
Fluid Maximum Re Required Entrance  

(Durst et al. 2005) 
Entrance Length of 
Experimental Setup 

Newtonian Analog  520 30D 72D 
 

B.  Pressure Transducer Calibration 

 For the purposes of the viscous characterization of HES and circulating analog 

fluids, pressure drop measurements were acquired using a Validyne 305D differential 

pressure transducer. Prior to measurement acquisition, the differential pressure transducer 

with an accompanying 3-30 pressure diaphragm was calibrated using known heads of 

water. A ruler was attached to a reservoir whereupon the pressure exerted by the water on 

the diaphragm was measured at one-inch increments up to a head of seven inches.   

Table B1. Measured versus expected voltages based on the calibration of a 3-30 pressure 
diaphragm for a Validyne 305D differential pressure transducer using known heads of 
water.  
Head of Water (inches) Measured Voltage (V) Expected Voltage (V) 
1.0 0.15 0.1428 
2.0 0.29 0.2856 
3.0 0.43 0.4284 
4.0 0.56 0.5712 
5.0 0.7 0.714 
6.0 0.83 0.8568 
7.0 0.96 0.9996 
*precision error of measured voltages was 0.01 V 
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C.  Digital Gear Pump Temperature Calibration 
 

 
Figure C1. Temperature response of water contained in the flow loop reservoir as a 
function of time where ΔT is the change in temperature from the initial temperature 
measured at time zero (T0). The temperature response of the fluid was measured across six 
flow rates. 
 

 The temperature response of fluid contained in the flow loop reservoir was 

measured at one-minute intervals at six flow rates over a total measurement period of ten 

minutes using a VWR traceable digital thermometer with  0.1°C precision. Water was 

used as the circulating fluid. An approximate 0.11°C increase in temperature was measured 

per minute at a flow rate of ~ 60 mL/s. This decreased to an average temperature increase 

of ~ 0.01°C/min at a flow rate of ~ 10 mL/s.   

 Four pressure drop measurements were acquired at each flow rate for HES viscous 

characterization that totaled 20 seconds of data collection (Chapters 2, 3). A maximum of 

nine flow rates were measured for each fluid equating to a total measurement time of three 

minutes per circulating fluid. The highest flow rate pumped through the flow loop for PIV 

measurements was ~ 60 mL/s at the peak of the sinusoidal pulsatile flow wave (Chapter 5).  

One hundred ensemble-averaged images were acquired at this flow rate with a frequency of  

~ 0.27 Hz. Six minutes and thirty seconds were approximately required for the acquisition 

of one hundred images. Based on the temperature response plot (Figure C1), the 

temperature of the circulating fluid would have increased ~ 0.7°C over this time period.  
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Assuming an initial fluid temperature of 20°C, an increase of ~ 0.7°C would lead to a 

marginal decrease in the viscosity of the Newtonian analog by up 1.8% (Segur and Oberstar 

1951). 

 
D.  Carreau-Yasuda Model Parameters (Chapter 4) 

 The calculation of the oscillatory shear index (OSI) and cycle averaged wall shear 

stress (WSS) downstream of the stent wire necessitated the use of a non-Newtonian model 

to fit the measured viscosity of the non-Newtonian analog. Based on past findings of 

simulated carotid artery stenotic induced flow, the Carreau-Yasuda model was selected on 

account of its moderate non-Newtonian importance factor (Razavi et al. 2011). The 

Carreau-Yasuda model is defined as (Equation E-1): 

             (E-1)  

where is the apparent viscosity, is the viscosity at zero shear strain rate, is the 

viscosity at infinite strain rate, λ is a time constant, γ is the shear strain rate and a and b are 

parameters linking the minimum and maximum viscosity limits. The values used for each 

parameter to fit the calculated non-Newtonian analog viscosity profile are presented in 

Table D1 and Figure D1. 

 
Table D1. Carreau-Yasuda model parameter values selected to fit the calculated viscosity 
profile of the non-Newtonian blood analog for chapter four: the quantification of 
hemodynamic parameters downstream of a Gianturco Zenith stent wire using Newtonian 
and non-Newtonian analog fluids in a pulsatile flow environment. 
Parameter Value 

 188.9 cP (constant value of blood at low shear strain rates, Mejia et al. 2011) 
 5.39 cP (Viscosity of Newtonian blood analog taken to represent high shear 

strain rate of non-Newtonian blood analog) 
λ 30 
γ Shear strain rate calculated using wall and second radial velocity point 
a 0.95 
b -0.62 
 

µy = µ! + µ° "µ!( )* 1+ !"( )a#
$

%
&
b

µy µ° µ!

µ°
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Figure D1. Fit of the Carreau-Yasuda viscosity model to the viscous behaviour of the non-
Newtonian analog across a range of shear strain rates. 
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E.  Experimental PIV Parameters 

Table E1. Presented experimental PIV parameters for chapter four: the quantification of 
hemodynamic parameters downstream of a Gianturco Zenith stent wire using Newtonian 
and non-Newtonian analog fluids in a pulsatile flow environment. 
Parameter Description 
Laser New Wave Research Solo III-15, 532 nm 

Repetition Rate: 15 Hz 
Energy: 50 mJ  
Width at FOV: 1.5 mm 

Camera LaVision FlowMaster 3S 
Single Frames per Second: 8 
Pixel (hxv): 1280 x 1024 
Pixel Size (hxv): 6.7µm x 6.7µm 
Active Area (hxv): 8.6mm x 6.9mm 

Camera Lens Nikon AF Micro Nikkor 60mm f/2.8D 
Tracer Particles Silver coated hollow glass spheres (15 µm, 1600 kg/m3) 
*Stokes Number (StPIV) Re ~ 380 = 0.0371, Re ~ 760 = 0.0742 
FOV (hxv) Prior to masking: 6.41mm x 5.13 mm 
F# 8 
Diffraction Limited Diameter 24.32 µm 
Minimum Possible Image Size 31.5 µm 
Image Size in Pixels 4.7 
Laser Time separation 100 µs at Re ~ 380, 50 µs at Re ~760 
Correlation Algorithm Adaptive multipass, final interrogation window size 

32x32 with 50% window overlap 

* StPIV =
! s
! PIV

	  where ! s is the particle relaxation time equal to ! s = "p
2 dp2

18µ
where !p2 is 

the density of the particles, dp2 is the diameter of the particles and µ is	  the	  viscosity	  of	  the	  

circulating	   Newtonian	   fluid. ! PIV is the finite time separation between two observations 

(laser pulse separation time). 
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Table E2. Presented experimental PIV parameters for chapter five: on the characterization 
of a non-Newtonian blood analog and its response to physiological flow downstream of an 
idealized stenosis. 
Parameter Description 
Laser Dragon Lasers Solid State 1-W CW Laser, 532 nm 

Output Power: > 1000 mW 
Width at FOV: 1.5 mm 

Laser Sheet Optics -12.5 mm FL cylindrical lens 
50 mm FL cylindrical lens 

Camera Photron SA-4 
Single Frames per Second: 3600 Hz full resolution 
Pixel (hxv): 1024 x 1024 
Pixel Size (hxv): 20 µm x 20 µm 
Active Area (hxv): 20.48 mm x 20.48 mm 

Camera Lens Nikon AF Micro Nikkor 60mm f/2.8D 
Tracer Particles Silver coated hollow glass spheres (15 µm, 1600 kg/m3) 
*Stokes Number (StPIV) Re ~ 520 = 0.019, Re ~ 1250 = 0.046 
FOV (hxv) Prior to masking: 26 mm x 26 mm 
F# 32 
Diffraction Limited Diameter 73.5 µm 
Minimum Possible Image Size 74.4 µm 
Image Size in Pixels 3.7 
Image Separation Time 277 µs at Re ~ 520, 166 µs at Re ~ 1250 
Correlation Algorithm Adaptive multipass, final interrogation window size 

32x32 with 75% window overlap 

*	   where ! s is the particle relaxation time equal to  where !p2 is 

the density of the particles, dp2 is the diameter of the particles and µ is	  the	  viscosity	  of	  the	  

circulating	   Newtonian	   fluid. ! PIV is the finite time separation between two observations 

(separation time between image snapshots). 
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Table E3. Presented experimental PIV parameters for chapter six: in vitro post-stenotic 
flow quantification and validation using echo particle image velocimetry (Echo PIV). 
Parameter Description 
Laser Dragon Lasers Solid State 1-W CW Laser, 532 nm 

Output Power: > 1000 mW 
Width at FOV: 1.5 mm 

Laser Sheet Optics -12.5 mm FL cylindrical lens 
50 mm FL cylindrical lens 

Camera Photron SA-4 
Single Frames per Second: 3600 Hz full resolution 
Pixel (hxv): 1024 x 1024 
Pixel Size (hxv): 20 µm x 20 µm 
Active Area (hxv): 20.48 mm x 20.48 mm 

Camera Lens Nikon AF Micro Nikkor 60mm f/2.8D 
Tracer Particles Silver coated hollow glass spheres (15 µm, 1600 kg/m3) 
*Stokes Number (StPIV) Re ~ 320 = 0.012, Re ~ 520 = 0.019 
FOV (hxv) Prior to masking: 26 mm x 26 mm 
F# 32 
Diffraction Limited Diameter 73.5 µm 
Minimum Possible Image Size 74.4 µm 
Image Size in Pixels 3.7 
Image Separation Time 500 µs at Re ~ 320, 277 µs at Re ~ 520 
Correlation Algorithm Adaptive multipass, final interrogation window size 

32x32 with 75% window overlap 

* StPIV =
! s
! PIV

	  where ! s is the particle relaxation time equal to ! s = dp
2 "p2

18µ
where !p2 is the 

density of the particles, dp2 is the diameter of the particles and µ is	   the	   viscosity	   of	   the	  

circulating	   Newtonian	   fluid. ! PIV is the finite time separation between two observations 

(separation time between image snapshots). 
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F.  Experimental Echo PIV Parameters 

Table F1. Presented experimental Echo PIV parameters for chapter six: in vitro post-
stenotic flow quantification and validation using echo particle image velocimetry (Echo 
PIV). 
Ultrasound Hardware Ultrasonix Sonix MDP  
Transducer L 5-14/38 

Frequency: 10 MHz 
Tracer Particles Definity® echo contrast  

Perflutren lipid microspheres  
(1.1-3.3 µm, 1350 kg/m3) 

Axial Resolution 0.23 mm 
Lateral Resolution 0.5 mm 
#Slice Thickness ~1.61 mm 
Depth 3.1 mm 
Beam Line Density (LD) 0.5 (64 LD), 1.0 (128 LD) 
Gain 42% 
Dynamic Range 60 dB 
Acoustic Power Setting -2 
*Stokes Number (StEchoPIV) Re ~ 320 = 6.5*10-5, Re ~ 520 = 1.1*10-4 
Image Separation Time ~ 3280 µs at Re ~ 320, ~ 1960 µs at Re ~ 520 
Correlation Algorithm Adaptive multipass, final interrogation window size 

32x32 with 75% window overlap 
# The ultrasound slice thickness was measured using a container of water and a ruler held at 

a 45° angle. Depth (3.1 mm) and the location of the focal zone matched that used for Echo 

PIV measurements (Figure F1). 

 
Figure F1. Ultrasound beam thickness (~ 1.61 mm) at a depth of 3.1 mm. Red line 
indicates approximate location of ruler at 45° angle.   

* 	  where is the particle relaxation time equal to where 

is the density of the particles, is the diameter of the particles and is	  the	  viscosity	  

of	   the	   circulating	   Newtonian	   fluid. is the finite time separation between two 

observations (separation time between ultrasound image snapshots). 

StEchoPIV =
! s

! EchoPIV
! s ! s = dp

2 "p2

18µ

!p2 dp2 µ

! EchoPIV
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G.  Echo PIV Distance Calibration 

 
Figure G1. Calibration of a B-mode ultrasound image with added Definity® echo contrast 
using measurement calipers available on the Sonix MDP ultrasound. Calibration provided 
the necessary distance to pixel conversion for subsequent PIV analysis. 
 

 *Note: Ultrasound assumes a constant propagation speed of 1540 m/s associated 

with soft tissue. Transmission through material with increased stiffness increases 

propagation speed (e.g. 4080 m/s for bone) that leads to a speed error whereupon the echo 

is received by the transducer earlier than expected. This leads to the display of the echo at a 

shallower depth.  Given the increased speed of sound through acrylic (~ 2730 m/s) and the 

circulating Newtonian analog (~ 1650 m/s), the far wall echo from the acrylic tube was 

received by the transducer earlier that expected. To account for this, the speed of sound was 

increased to 1740 m/s that subsequently led to the correct placement of the acrylic far wall 

echo (D: ~ 12.7 mm) 
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H.  PIV and Echo PIV Sample Images 
 
A.     B.    

  
 
Figure H1. Representative (A) PIV and (B) Echo PIV acquired images using a Fastcam 
SA4 and Ultrasonix MDP system with a L 5-14/38 probe respectively at a Re ~ 320 
downstream of a 50% axisymmetric stenosis. Silver coated hollow glass spheres and 
Definity® echo contrast (final bubble concentration of 2*103 mL-1) were added to PIV and 
Echo PIV interrogated flows respectively. Shaded red boxes represent FOVs for the study 
undertaken in chapter six.     
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I.  Stainless Steel Axisymmetric Stenosis 
 
A.      B.  

 
 
Figure I1. (A) Side profile and (B) top down view images of a 50% by area stainless steel 
axisymmetric stenosis that induced flow separation for studies undertaken in chapters five 
and six. Radius (R) is equal to 0.635 cm. 
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