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Abstract

Non-invasive, easy-to-use and accurate measurements of wall shear stress (WSS) in human blood

vessels have always been challenging in clinical applications. Echo particle image velocimetry

(Echo PIV) has shown promise for clinical measurements of local hemodynamics and wall shear

rate. So far, however, the method has only been validated under simple flow conditions.

In this study, we validated Echo PIV under in-vitro and in-vivo conditions. For in-vitro validation,

we used an anatomically-correct, compliant carotid bifurcation flow phantom with pulsatile flow

conditions, using optical particle image velocimetry (optical PIV) as the reference standard. For

in-vivo validation, we compared Echo PIV-derived two dimensional velocity fields obtained at the

carotid bifurcation in 5 normal subjects against phase-contrast MRI-derived velocity

measurements obtained at the same locations. For both studies, time-dependent, two-dimensional

two-component velocity vectors, peak/centerline velocity, flow rate and wall shear rate (WSR)

waveforms at the common carotid artery (CCA), carotid bifurcation and distal internal carotid

artery (ICA) were examined. Linear regression, correlation analysis and Bland-Altman analysis

were used to quantify the agreement of different waveforms measured by the two techniques.

In-vitro results showed that Echo PIV produced good images of time-dependent velocity vector

maps over the cardiac cycle with excellent temporal (up to 0.7 msec) and spatial (~0.5 mm)

resolutions and quality, on par with optical PIV results. Further, good agreement was found

between Echo PIV and optical PIV results for velocity and WSR measurements. In-vivo results

also showed good agreement between Echo PIV velocities and PC-MRI velocities.
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We conclude that Echo PIV provides accurate velocity vector and WSR measurements in the

carotid bifurcation and has significant potential as a clinical tool for cardiovascular hemodynamics

evaluation.
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INTRODUCTION

Atherosclerosis, a systemic disease process in which fatty deposits, inflammation, cells, and

scar tissue build up within the walls of arteries, is the underlying cause of the majority of

clinical cardiovascular events (Cunningham and Gotlieb 2005; Lloyd-Jones et al. 2009;

Ohira et al. 2006). Locations of focal atherosclerotic lesions have been shown to correlate

with locations of local blood flow disturbance, and more specifically to locations of low or

oscillatory fluid shear stress at the arterial wall (Carallo et al. 1999; Giddens et al. 1993;

Gnasso et al. 1997; Ku and Giddens 1983; Ku et al. 1985; Shaaban and Duerinckx 2000;

Stokholm et al. 2000; Zarins et al. 1983; Zarins et al. 2001). However, accurately and easily

measuring wall shear stress (WSS) in vivo remains problematic.

Wall shear stress is typically obtained in-vivo by measuring axial velocities close to the

vessel lumen and computing the wall shear rate (WSR), after which WSS is obtained by

assuming high shear conditions for blood flow and using the Newtonian value for blood

viscosity. Although the assumption of Newtonian rheology can be problematic for a shear-

thinning fluid such as blood, it has been commonly used for flow in large- and medium-size

blood vessels (pre arteriolar) and is generally well-accepted. Certainly, this approach is

vastly superior to the current Doppler-based approach of simply measuring centerline

velocity and assuming a parabolic velocity profile to calculate WSS (Gelfand et al. 2006;

Gnasso et al. 1996; Nowak 2002; Oshinski et al. 2006). In this regard, phase-contrast

magnetic resonance imaging (PC-MRI) has shown promise since it provides WSR

accurately (Cheng et al. 2002; Oyre et al. 1998; Taylor et al. 2002). However, PC-MRI is

limited for routine WSR or WSS measurements due to relatively long data-collecting times

(2~5 minutes for each slice), poor temporal resolution (15~30 msec), inherent

cumbersomeness, and high cost.

In recent years, many novel ultrasound-based techniques have emerged to overcome some of

the typical Doppler limitations such as angle dependence. Vennemann et al. (Vennemann et

al. 2007) and Hoskins (Hoskins 2010) reviewed many of these methods. Since the time

period covered by these reviews, there has been a few additional methods proposed. Hansen

et al. and Udesen et al. (Hansen et al. 2009; Udesen et al. 2008) proposed a method called

plane wave excitation (PWE), which applies speckle tracking algorithms (Crapper et al.

2000) to detect 2D speckle displacements from two ultrasound images. The PWE method

has been evaluated against phase-contrast MRI in measuring volumetric flow rate in a

human carotid artery showing a mean underestimation of the PWE about 9% for flow

measurement. One of the big limitations of the PWE method is its degraded contrast of B

mode images compared to conventional B mode imaging, which makes it difficult to get

reliable velocity measurements. Thus, temporal averaging of 40 images was necessary to

improve the quality of velocity mapping, which decreased the temporal resolution to

approximately 10 ms. Beulen et al. (Beulen et al. 2010; Beulen et al. 2010) proposed a

technique termed ultrasonic perpendicular velocimetry (UPV), which applies cross-

correlation on raw RF data to detect velocity components perpendicular to the ultrasound
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beam. The in-vitro validation on UPV against theoretical solutions and computational fluid

dynamics (CFD) simulations in straight tube and curved vessels showed good accuracy of

this technique. However, UPV uses a relatively large interrogation window size (about 4.4

mm) perpendicular to the beam direction, which limits its spatial resolution. Another

limitation of UPV may be the low signal to noise ratio of speckles from red blood cells. The

clinical feasibility of UPV remains unclear.

We have been working on the development and improvement of Echo particle image

velocimetry (Echo PIV) over the last five years. Echo PIV enables the measurement of

multi-dimensional and multi-component velocity vectors in opaque flows (Edmond et al.

1995; Kim et al. 2004; Liu et al. 2008; Zhang et al. 2008; Zheng et al. 2006). Advantages of

this technique include ease of use, simple implementation using commercially available

ultrasound imaging systems and probes, low cost, high temporal resolution (up to 0.7 msec

in the current system), and good spatial resolution (up to 0.5 mm in the current system).

Echo PIV has shown its capability in quantifying flow patterns in human left ventricles

(Hong et al. 2007; Hong et al. 2007; Kheradvar et al. 2010; Sengupta et al. 2007), however

there is no or little validation on those measurements.

Certainly validation of Echo PIV is essential before it is applied clinically. In validation

studies using simple in-vitro flow models, Echo PIV was shown to be accurate for velocity

and WSR/WSS measurements (Kim et al. 2004; Liu et al. 2008; Zheng et al. 2006).

Although the flow models used in these studies were non-physiologic, results from these

early validation studies provided confidence to begin considering Echo PIV for clinical

measurements, specifically for measuring velocity vectors and WSR in blood vessels. The

next step was assessing if Echo PIV could in fact provide accurate results using more

anatomically-correct models and flow conditions. This paper presents the results of a study

to further validate Echo PIV against the gold-standard of optical PIV using an anatomically-

correct, elastic model of carotid bifurcation under pulsatile flow conditions. Before this

study some changes were performed to the Echo PIV technique, which are summarized here.

First, the Echo PIV algorithm was improved to enhance its accuracy and reliability. A

customed RF filtering technique was employed to reduce the noise level of echo particle

images, and advanced PIV algorithms, including adaptive window offset, sub-pixel

interpolation and vector field filtering were introduced. The details were discussed in

another manuscript (Zhang et al. 2010). Second, this study uses an anatomically-correct

carotid compliant model instead of the simplified and non-compliant flow models used in

previous studies. The geometrical complexity of the model and its compliance lead to the

generation of complicated flow fields in the carotid model, particularly in the bifurcation

area. Third, our previous studies on Echo PIV mainly focused on validations of this

technique in either temporal or 2D spatial domain. This study, for the first time, validated

Echo PIV against Optical PIV in both temporal and 2D spatial domains simultaneously.

Fourth, the compliant model in this study provided the opportunity to develop and validate

segmentation techniques for tracking artery wall motion (Zhang et al. 2009). Fifth, the Echo

PIV system used in this study was different from those in previous studies. Specifically, the

system was improved to provide better control of data acquisition parameters and enhanced

temporal resolution (up to 0.7 msec).

With the confidence from in-vitro validation study on carotid artery model, we further

explored the feasibility of Echo PIV in human subjects. We used Echo PIV to obtain

detailed velocity vectors and flow rates from carotid artery in 5 normal human subjects, and

compared these results to phase-contrast MRI (PC-MRI) measurements in the same subjects.

Good agreement was found between Echo PIV and PC-MRI measurements.
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METHODS

In-Vitro Validation

An anatomically-correct carotid bifurcation model was used for the in-vitro validation study.

The dimensions of the carotid bifurcation model used in this study were obtained from one

human adult male by bi-plane angiography. The carotid model geometry was collected

through an institutionally approved human subject research study at the University of

Colorado. Information from this scan was used to reconstruct a 3D carotid model using

CAD software. A 1.5X silicone model was constructed using rapid prototyping (Stratasys,

Inc®, Eden Prairie, MN, USA), as shown in Figure 1. The selection of silicone rubber as the

material provides the compliance of the carotid model, and its close-to-water refraction

index (1.44 vs. 1.33 at 20 °C at λ = 589.3 nm) reduces the optical reflection at the water-

model boundaries. The length of the model was approximately 120 mm, and the distance

from the entrance of the common artery to the bifurcation point was approximately 50 mm.

The mean inner diameters of common carotid artery (CCA), internal carotid artery (ICA)

and external carotid artery (ECA) were 11.1 mm, 8.9 mm and 8.5 mm respectively.

Flow Conditions—In this study, the working fluid was deionized water (at 20 °C). As

shown in Figure 2, fluid from an upstream reservoir was delivered by a pulsatile pump

(Model 55-3305, Harvard Apparatus, Holliston, MA, USA) into a compliant chamber, and

the carotid artery. A constant head-pressure tank located distal to the test section maintained

constant downstream pressure. The model tank was filled with water to enhance acoustic

coupling between the ultrasound transducer and the artery model.

Flow conditions in the model were adjusted to obtain a systolic peak velocity (70 cm/s)

similar to physiological values seen in the common carotid artery (CCA) of healthy people

(Azhim et al. 2008; Meyer et al. 1997) at a heart rate of 75 beats/min. The mean Reynolds

number (averaged over cardiac cycle) was approximately 1700, estimated from the averaged

CCA diameter D of 11.1 mm, a mean volumetric flow rate of 930 mL/min, and the

kinematic viscosity of 1.0×10−6 m2/s for water at 20 °C (Serway 1996). The Womersley

number was calculated as 15.6 in this study using  where ω is the angular

frequency in rad/s and R is the radius of common carotid artery. Although both the Reynolds

and Womersley numbers here are larger than those typically found in the human carotid

(due to the low viscosity of water in comparison to blood), this did not produce a material

impact on our study since our primary evaluation was whether Echo PIV could accurately

measure velocities in a pulsatile, compliant system with physiologic branching; therefore,

performing accurate kinematic scaling in this situation was less important. A bulk flow

meter (Model T109, Transonics Inc., Ithaca, NY, USA) mounted upstream of the carotid

artery was used for real-time monitoring of flow rate.

Particle Seeding—A commercially available ultrasound contrast agent (Optison™, GE

Healthcare, Princeton, NJ, USA) was injected into the reservoir upstream of the carotid

model, as shown in Figure 2. Microbubble seeding was performed as previously described

(Liu et al. 2008). Cornstarch was used as the scattering particles for optical PIV. Neither the

optical particles nor ultrasound contrast agents were present in sufficient quantity to change

the flow properties.

Optical PIV Measurements—Optical PIV is a mature fluid-dynamics measuring tool,

typically considered the gold-standard for non-intrusive measurements of velocity fields

(Foeth et al. 2006; Legrand et al. 2010; Stokes et al. 2001). It was used to obtain reference

results for validating the Echo PIV measurements. A TSI PIVCAM® 13-8 CCD

(1280×1024 pixel resolution) camera synchronized to a dual-head Nd:YAG pulse laser (TSI

Zhang et al. Page 4

Ultrasound Med Biol. Author manuscript; available in PMC 2012 September 24.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Incorporated, Shoreview, MN, USA) was used to obtain optical particle images. The TTL

pulse from the pulsatile pump was used to trigger the firing of laser and image acquisition in

each cardiac cycle. Each cardiac cycle was divided into a total of 17 time points, and 50

pairs of images were acquired at each time point. Optical PIV analysis methods utilized

were standard techniques; further details can be found elsewhere (Keane and Adrian 1992;

Quenot et al. 1998; Westerweel 1997). In this study, a final 36×24 (pixel) interrogation

window with 60% overlapping was used in PIV analysis, which yields a spatial vector grid

of 0.75×0.50 (lateral by axial) mm2. The selection of the interrogation window size in

Optical PIV was made to match that in Echo PIV analysis. At each time point, a total of 50

instantaneous velocity vector fields were extracted and ensemble-averaged to obtain the

final velocity vector map at each time point. Vector filtering techniques were employed to

reduce the variance of velocity estimation (Zhang et al. 2010).

Echo PIV Measurements—Echo PIV measurements were obtained at the CCA,

bifurcation and ICA separately using custom-built hardware (Illumasonix LLC, Boulder,

CO, USA). In this study, the following frame rates were used: 680, 621 and 594 frames per

second (FPS) for CCA, bifurcation and ICA measurements respectively (contrast-enhanced

flow can be seen in Movie 1).

The carotid artery model was made from flexible, transparent silicone to allow physiological

dilation and contraction over the cardiac cycle while also allowing optical access for optical

PIV studies. In this study, a total of 10 cycles were ensemble-averaged to produce local

mean velocity vectors. A final interrogation window of 26×14 (pixel) was used with an

overlap ratio of 0.6 for the Echo PIV analysis, corresponding to a spatial vector grid of

0.87×0.47 mm2, comparable to that of optical PIV.

The post-processing PIV data (for both echo and optical methods) involves vector field

filtering (customed global, local and signal to noise ratio filter). The same post-analysis was

used in both echo and optical PIV analysis. The details of those filters are described in

another manuscript being prepared for publication (Zhang et al. 2010).

Calculation and Comparison of Hemodynamics Profiles—The vessel lumens in

both echo and optical particle images were automatically segmented using custom

algorithms developed by our group (Zhang et al. 2009). The two-dimensional velocity

vector fields were obtained by applying custom PIV algorithms (Illumasonix LLC, Boulder,

CO, USA) on segmented echo and optical particle images, separately. The peak/centerline

velocity waveforms were extracted from the 2D velocity vector fields. The flow rate

waveforms were calculated by integrating the radial velocity profiles over the diameter of

the artery, and were spatially averaged over 5 mm along the longitudinal direction, for both

echo and optical PIV. The wall shear rate (WSR) waveforms were obtained using 3 point

(including the zero-velocity point at wall) polynomial fitting of near wall velocities (Kim et

al. 2004), and were also spatially averaged over 5 mm along the longitudinal direction

assuming steady WSS in common carotid artery.

Velocity waveforms from Echo PIV data (about 500 time points per cardiac cycle) were

phase-averaged over 10 cardiac cycles, and expressed as mean ± SD. The waveforms of

optical PIV were sampled at 17 time points in one cardiac cycle, and phase-averaged over

50 cardiac cycles. Linear regression, correlation, and Bland-Altman analyses (Bland and

Altman 1986) were used to evaluate agreement between the two techniques.

Clinical feasibility study in healthy human volunteers

Clinical pilot study was done by comparing Echo PIV measurements of human carotid

arteries against PC-MRI measurements of the same vessels. The clinical study was
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performed at the University of Exeter, Devon, UK, after approval by the United Kingdom

National Health Service Research Ethics Committee and the Royal Devon and Exeter NHS

Foundation Trust. Participants were screened for contraindications to the ultrasound contrast

agent (Sonovue, Bracco Diagnostics, Italy) and the presence of a patent foramen ovale. Five

volunteers (three males, two females) were enrolled in this pilot study. Echo PIV data were

collected using customized hardware (Illumasonix LLC, Boulder, CO) at 500–700 frames

per second for at least 8 cardiac cycles. Following the infusion of contrast agents

participants were monitored for 30 minutes before being discharged.

Phase-contrast MRI was employed to provide reference results. PC-MRI was performed

using a 1.5 Tesla contrast-enhanced fast field echo (T1-FFE) gradient echo sequence (Intera,

Philips Medical Systems) to obtain retrospectively-gated tissue intensity and phase velocity

maps. Participants underwent the MRI study on a separate visit within four weeks of the

Echo PIV visit, around the same time of the day, and after an overnight fast. The voxel size

of MRI scanning was ~1.0×1.0 mm2 in the cross-sectional plane of carotid artery. Slice

thickness was 6.0 mm and slices were spaced at 6.0 mm. Temporal interpolation was used to

obtain approximately 60 frames per cardiac cycle.

Echo PIV and MRI data were recorded with volunteers in supine positions, after resting, and

were carried out by two experienced radiologists.

RESULTS

In vitro validation of Echo PIV against optical PIV

Comparisons between Echo and optical PIV were carried out at three different locations:

CCA, carotid bifurcation and ICA, at planes 1, 2 and 3, respectively, as shown in Figure 1.

A. Temporally-resolved spatial-peak velocity waveforms—Figure 3 shows a

spatio-temporal velocity profile versus radial position and cardiac time in the common

carotid artery at plane 1, as measured by optical PIV (left panel) and Echo PIV (right panel).

Velocity increases positively on the vertical scale, time increases from left to right

horizontally, and radial position varies from near wall (negative) to far wall (positive).

Significant similarity is seen between both plots. A systolic peak velocity was found around

70 cm/s, and a diastolic peak velocity of 30 cm/s was seen (See Movie 2).

Figures 4~6 show the comparison of temporal-resolved spatial-peak velocity waveforms

obtained from Echo and optical PIV at planes 1~3, respectively. The relatively small

standard deviations (error bar as shown in Figure 4(A)) indicate low cycle-to-cycle

variability in Echo PIV measurements over multiple cardiac cycles. Linear regression and

correlation analysis showed high correlation between Echo PIV and optical PIV data (EPIV

= 0.89*OPIV+3.5, r=0.98; (Figure 4(B))); the standard error of estimate (SEE) is

approximately 3.5 cm/s. Further, Bland-Altman agreement analysis (Figure 4(C) showed

good agreement between the two measurements, albeit with a slight bias for Echo PIV.

Good quantitative agreement was also found between Echo and optical PIV measurements

at the carotid bifurcation. Figure 5 shows comparison of centerline velocities within the

bifurcation measured by Echo and optical PIV. Both linear regression (EPIV =

1.06*OPIV-1.5, r=0.98) and Bland-Altman analysis showed good agreement between the

two techniques at this location. Similar results were seen for velocities in other regions of

the bifurcation.

Figure 6 shows a comparison of peak velocity within the distal ICA measured by both Echo

and optical PIV. As in the proximal and bifurcation areas, Echo PIV showed good
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agreement to optical PIV for the distal ICA as well, although the discrepancy appears to be a

little bit higher. This might be explained by the fact that helical flow exists in the internal

carotid artery (Picot et al. 1993). Both regression (EPIV = 1.06*OPIV-0.3, r=0.90) and

agreement (Bland-Altman) analyses show reasonable agreement.

B. Radial velocity profiles and flow waveforms—Figure 7 shows a comparison of

radial velocity profiles measured by the two techniques (at plane 1 in Figure 1) at different

time points during cardiac cycle. Overall, the Echo PIV measurements show good

agreement with optical PIV. It is clear from Figure 7 that the close-to-wall velocity shows

better agreement at far wall than at near wall, mainly because the near wall region suffered

from acoustic reflection artifacts. Figure 8 shows flow rates obtained from Echo PIV, optical

PIV and flow meter measurements, again indicating reasonable agreement (EPIV =

1.00*OPIV+0.05, r=0.98).

C. Two-dimensional two-component velocity vector field at carotid bifurcation

—Figure 9 shows velocity vector fields and streamline plots within the carotid bifurcation at

10 phase (what about using time instead of phase?) points during one cycle, measured using

both Echo and optical PIV. As can be appreciated, the flow fields are complex, involving

large velocity gradients, recirculatory flow, and non-uniform velocity vectors; further, the

flow field changes significantly through the cardiac cycle. During early systole (phase 1~3),

the flow remains laminated. Shortly after peak systole, a reverse flow region develops at the

near wall of carotid sinus and grows during the late systolic (phase 4~6). The shift from

forward, laminated flow to reverse, recirculating flow occurs abruptly, in less than 44 msec.

Such changes continue to occur through diastole. Such phenomena are similar to those

reported by Ku et al in 1985 (Ku et al. 1985), using laser Doppler anemometry. Overall,

Echo and optical PIV were comparable in their ability to capture the complex velocity field

characteristics seen the carotid bifurcation area.

D. Wall shear rate measurement—WSR measurements by Echo and optical PIV

showed good agreement at both near and far walls of the CCA, as shown in Figure 10. The

comparison on the WSR yields slightly better agreement at the far wall (r=0.98, SEE = 47.7

1/s, Figure 7A(b)) than at the near wall (r=0.89, SEE = 115.4 1/s, Figure 7B(b)). This

difference was previously observed on the radial velocity profiles as well (Figure 7). Near

wall artifacts (see Movie 1) were more common in the Echo PIV backscatter data, which

may explain this discrepancy.

It was also found that the temporal-mean (over cardiac cycle) WSR along the carotid bulb

(from A to B in Figure 1) gradually decreases and then increases slowly, with a minimal

value approximately at the middle point of the sinus wall, as shown in Figure 11. Both Echo

and optical PIV show similar patterns; further, quantitative agreement is also good.

Clinical feasibility study in healthy human volunteers

Figure 12(A) shows the B mode images with microbubbles flowing through CCA and

carotid bulb of one volunteer during diastole; the red dot on the waveform represents the

relative phase. The lumen, as outlined in red, was detected using a semi-automated

algorithm (Zhang et al. 2009). The velocity vectors are shown in Figure 12(B), with colors

denoting velocity magnitudes. Velocity vectors were down-sampled by 2 in the longitudinal

directions for display purposes. The vortex flow at the carotid bulb is clearly indicated by

the superimposed streamlines; the vortex was seen throughout most of diastole, and rarely in

systole.
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In order to evaluate the accuracy of Echo PIV measurements, the peak velocity and flow rate

integrated from radial velocity profiles in CCA were compared against PC-MRI

measurements. The mean absolute error (Mean±SD) in percentage, calculated as the

absolute difference divided by the average of measurements by the two techniques, was

found to be 9.6%±4.5% for velocity measurement, and 4.1±1.2% for volumetric flow

measurement. Representative results for 3 of the subjects are shown in Figure 13. The error

bars in each subfigure represent standard deviations of Echo PIV measurements from

multiple cardiac cycles. Overall, Echo PIV measurements agreed well with PC-MRI.

DISCUSSION

Simple non-invasive and accurate measurements of local hemodynamics within the human

cardiovascular system may be valuable as a means of quantitatively evaluating local

hemodynamics and specifically local wall shear rate (WSR) and wall shear stress (WSS).

Changes in WSS are increasingly considered one of the causative factors in the development

and possibly the rupture of focal atherosclerotic lesions (Caro and Fitz-Gerald 1969;

Friedman et al. 1981; Taxon 1995). Current methods of measuring WSS including

ultrasound Doppler and phase-contrast MRI have several inherent problems that limit their

use (Zhang et al. 2009).

Results from our previous experiments showed that Echo PIV can generate accurate velocity

vector fields in simple opaque flow conditions (Kim et al. 2004; Liu et al. 2008; Zheng et al.

2006). For this study, we chose to extend our prior work to evaluate the capability of Echo

PIV for quantifying velocity vector fields and WSR in an in-vitro experimental setting using

a compliant carotid artery model under pulsatile flow settings, and then in clinical settings

on human carotid artery. Our in-vitro and in-vivo results established Echo PIV as a valid

tool for WSS/WSR measurement, especially since the traditional method to calculate WSS

(Oshinski et al. 2006; Reneman et al. 2006; Tangelder et al. 1988) may not produce accurate

results given its assumption of a parabolic velocity profile, which is not present in vivo.

Both non-parabolic profiles and asymmetry in cross-sectional velocity were observed in our

clinical Echo PIV measurements.

In recent years, a few blood velocimetry techniques have emerged, each of which, compared

to Echo PIV, has advantages and disadvantages. As mentioned in the Introduction section,

the PWE method utilizes the cross-correlation to estimate 2D vector velocity of the blood

from ultrasound images obtained by plane wave (non-focusing) ultrasound imaging. The

plane wave imaging technique provides acquisition of blood speckle images with very high

frame rate, however the SNR is lower than the conventional ultrasound images. Thus,

temporal averaging of 20~40 frames was necessary to obtain reliable velocity vector

estimation (Hansen et al. 2009; Udesen et al. 2008). The preliminary clinical study showed

that the PWE method has better performance than traditional speckle tracking method,

mainly because the decorrelation of speckle patterns decreases by virtue of the high frame

rate of PWE. The PWE has an advantage of no need of contrast agents when compared to

Echo PIV, however, its temporal resolution is much lower (10 ms vs. 1 ms) due to its

necessity of temporal averaging. The UPV method proposed by Beulen et al. showed its

feasibility of estimating velocity component perpendicular to ultrasound beam direction

through in vitro validation studies (Beulen et al. 2010; Beulen et al. 2010). Like the PWE,

the UPV technique detects the speckles from RBC, thus no contrast agents are necessary.

However, the clinical efficacy of the UPV remains unclear since the backscatters from

RBCs are very weak in clinical environment, roughly about 60 dB lower than that from

vessel wall (Beulen et al. 2010). In contrast, we found that the echo signals from contrast

agents are only about 15~25 dB lower than the vessel wall signals, suggesting a much higher

SNR of microbubbles than RBCs. This mainly explains the good results of the preliminary
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human study on Echo PIV. In addition, red blood cell may experience aggregation and non-

uniform echogenicity problem (Paeng et al. 2004; Paeng et al. 2004), which may have

adverse effects on velocity accuracy. The contrast agents, in contrast, appear to show more

uniform backscatters, assuming the microbubbles are well prepared, as observed in our echo

particle images in human carotid artery.

Increasing temporal and spatial resolution provides the most reliable means of ensuring

accurate and high quality Echo PIV data. In this regard, there is a large difference between

using customized hardware and controlling software and using commercially available

ultrasound systems to perform Echo PIV, since optimal Echo PIV measurements require

substantial control of acoustic aperture, beam overlap, transducer firing patterns, and other

front-end elements although these are all easily implemented on existing ultrasound

platforms. Further, tight coupling between the combination of front-end parameters and

backscatter analysis is needed since Echo PIV imposes very different criteria for optimal

backscatter and images than those for typical clinical contrast imaging. High frame rate not

only provides a superior temporal resolution of Echo PIV but also enables resolution of the

velocity vector field with high spatial resolution.

Although Echo PIV initially shows its feasibility in human clinical study, it is necessary to

mention that there are some limitations and/or difficulties associated with Echo PIV that

have to be considered before the next running of clinical study. First, from this preliminary

clinical study, it was observed that the preparation of contrast agent thus a uniform of

microbubble stream flowing through carotid artery is crucial to get high quality echo particle

images, which determines the accuracy and reliability of velocity measurements. Shaking of

the vial has to be thorough and vigorous in order to have lyophilisate completely dissolved,

but not to be too intense to burst microbubbles. The concentration of microbubble is also

essential to have good quality of echo particle images. Over- or under-concentrated

microbubbles may both cause the deterioration of image quality from our in-vitro

experiences (Zhang et al. 2007; Zheng et al. 2006), although this issue hasn’t been carefully

studied in the preliminary clinical studies. A 2.4 mL bolus injection followed by a 10 mL

saline flush worked well at least in this study. Second, the applicability of Echo PIV in

patients with atherosclerotic plaques remains unclear, since the dynamic range of velocity in

carotid artery of those patients expects to be very high. In order to obtain a higher dynamic

range for Echo PIV measurement, the field of view has to be compensated. The effects of

plaques on the echogenicity of microbubbles are unknown yet. In addition, the segmentation

of carotid plaque is challenging for ultrasound images, which affects the accuracy of WSS

measurement. Third, obesity may be another challenging issue for Echo PIV application. It

is expected that the excess of fatty tissue deteriorates the SNR of the echo particle images,

thus it is not surprising that the efficacy of Echo PIV in obesity patients may be affected.

Quantitative studies on this issue are expected.

CONCLUSIONS

We have shown that our newly developed ultrasound velocimetry technique (Echo PIV)

provides accurate measurements of instantaneous and time-dependent blood velocity vector

fields in a carotid artery model. Early-stage results from a clinical study on human carotid

arteries form five subjects also showed good agreement against PC-MRI measurements.

Given that ultrasound contrast agents are now increasingly used in clinical imaging labs

worldwide, Echo PIV may become useful as a simple, inexpensive tool for performing

functional vascular measurements and establishing vascular profiles.
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Figure 1.
Schematic of the human carotid artery model showing the nomenclature used in the text and

measurement positions. (1) CCA- common carotid artery; (2) carotid bifurcation; (3) ICA-p

– proximal internal carotid artery; ICA-d – distal internal carotid artery.
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Figure 2.
Schematic of the experimental setup. Red arrows represent the flow direction.
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Figure 3.
Three-dimensional plot of axial flow velocity in the CCA vs. radius and time: (a) optical

PIV measurement and (b) Echo PIV measurement.
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Figure 4.
Comparison of peak velocity measurements in the CCA by Echo and optical PIV: (A) peak

velocity vs. time; (B) correlation analysis; (C) Bland-Altman analysis. The error bars in (A)

represent the standard deviations of Echo PIV measurement from multiple cardiac cycles.

This is the same for all subsequent plots.
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Figure 5.
Comparison of centerline velocity measurements at the bifurcation (at plane 2 in Figure 1)

by Echo and optical PIV: (A) centerline velocity vs. time; (B) correlation analysis; (C)

Bland-Altman analysis.
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Figure 6.
Comparison of peak velocity measurements in ICA by Echo and optical PIV: (A) peak

velocity vs. time; (B) correlation analysis; (C) Bland-Altman analysis.
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Figure 7.
Radial velocity profiles at plane 1 (Fig. 1) at eight time points during one cardiac cycle,

measured by both Echo (solid line) and optical PIV (dash line). The x axis represents radial

position (in mm), with negative values representing radial locations toward the near wall and

positive toward the far wall; the y axis represents velocity (in cm/s).
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Figure 8.
Comparison of flow rate measurement in the CCA by Echo PIV and optical PIV: (A) flow

rate versus time; (B) correlation analysis; (C) Bland-Altman analysis.
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Figure 9.
Velocity vector and streamline plots in the carotid bifurcation region at different time points

during one cardiac cycle: the plots in each part are optical streamline, echo streamline,

optical velocity vector and echo velocity vector. Note that a phase of 360 degrees

corresponds here to a cardiac cycle of 0.8 s. For visualization purposes, the density of

velocity vectors in longitudinal direction was reduced by 2.
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Figure 10.
Wall shear rate measurements by both Echo and optical PIV in the CCA: (A) at the near

wall; (B) at the far wall. (a) Time-dependent WSR waveforms measured by Echo and optical

PIV, error bars denote standard deviations; (b) Linear regression between measurements

from the two techniques; (c) Bland-Altman analysis, with dashed lines representing ±2SD

deviation from the mean difference. SEE denotes the standard error of the estimate.
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Figure 11.
Temporal-mean wall shear rate along the carotid sinus wall (from A to B in Figure 1)

measured by both Echo and optical PIV.
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Figure 12.
Microbubble images (A) and velocity vector map (B) from right carotid artery of one

subject. The red lines indicate the auto-detected vessel boundaries; colors in velocity vector

map denote the velocity magnitude; the streamlines were superimposed on velocity vector

map at carotid bulb region.
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Figure 13.
Three representative comparisons of velocity and flow rate waveforms obtained in human

carotid vessels by Echo PIV and PC-MRI.
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