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PROJECT 2. INFLUENCE OF HEMODYNAMIC WALL SHEAR AND PARTICLE RESIDENCE TIME IN 
ATHEROGENESIS 

1. Specific Aims 
The specific aims funded in Task 2 were as follows: 

Specjfic Ajm # 1. Design and construct large scale flow models of the coronaty arteries based 
upon anatomic data from humans. 
Specjfic Ajm #2. Measure velocity profiles and wall shear at appropriate locations in the 
models using laser Doppler ·velocimetry (LDV) under physiologic, pulsatile flow conditions. 
Specific Ajm #3. Measure the particle residence time (PRT) of small, neutrally buoyant 
particles under pulsatile, physiologic flow conditions in the coronary artery models. 
Specjfic Ajm #4. Measure intimal thickness and atherosclerotic plaque thickness in human 
coronary arteries harvested at autopsy. The arteries will be selected to be close to the geometry 
of the flow models. 
Specific Ajm #5. Correlate the hemodynamic data with the morphometric data using 
appropriate statistical methods to determine those hemodynamic variables that are associated 
with intimal thickness/plaque localization to a significant degree. 
Specific Ajm #6. Pool all data from the human coronary and (previously studied) human 

I 

carotid arteries to determine those hemodynamic variables which are significantly associated 
with intimal thickening/plaque localization in both vessels. 
Specific Ajm #7. Repeat Specific Aims #2 and #3 for flow conditions which simulate various 
heart rates and degrees of exercise and correlate the results with studies of coronary 
atherosclerosis performed in cynomolgus monkeys at The University of Chicago under the 
previous SCOR. 

These specific aims were designed, in combination with Tasks 1 and 3 of the SCOR, to 
provide the hemodynamic information necessary to develop and test hypotheses relating to 
mechanisin_s linking hemodynamic factors with atherogenesis. 

2. Studies and Results 
Specific Ajm # 1 has been completed. Two large scale models that simulate the geometry 

of human coronary arteries were constructed. The models were of the same dimensions except 
for the angle of bifurcation of the left main (LM) coronary artery into the left anterior 
descending (LAD) and left circumflex (LCX) vessels, which were chosen in this manner so that 
the effects of bifurcation angle on flow patterns could be studied. Model 1 has the 
characteristic of being more nearly a Y -bifurcation, while Model 2 is such that the LAD is more 
nearly a continuation of the LM with the LCX being a side branch. Both such configurations 
are common among human subjects. 

Specific Ajm #2 bas been completed for Model 2. Extensive LDV measurements of 
velocity profiles and wall shear have been performed under physiologic flow conditions with 
flow waveforms simulating those found in the human LM coronary artery. A manuscript is in 
preparation describing these results. Regions of low wall shear occur along the outer walls of 
the bifurcation, i.e., at the lateral walls of the LCX and LAD vessels. Relatively high wall shear 
was present along the flow divider surfaces. A b:-ief sum mary of the wall shear results is 
presented in Table 1. 

Specjfjc Ajm #3 has beep partially accomplished. Prior to being able to measure particle 
residence time (PRT) in the coronary models, it was necessary to perfect the experimental tool 
of particle tracking, a technique that began its development under previous SCOR funding. 
The particle tracking scheme permits a computer to identify the position coordinates of small. 
neutra11y buoyant particles in three spatial dimensions, from which particle trajectories and 
velocities can be reconstructed. This automated image processing method has been verified in 
separated flow conditions under steady flow using a 50\ axisymmetric stenosis model. Two 
manuscripts (MS # 1 and #2) have been written describing the method and the stenosis results. 
and these will be submitted before the end of the first year of current SCOR funding. The 
software to determine PRT is under development and has been tested for the stenosis model 



whh success. A manuscript describing these initial PRT results has been written and submitted 
for presentation and publication (MS # 3 ). Figure 1 presents an example result from the 
particle residence time measurements. 

Specific Ajm #4 bas been partjal!y accomplished. Two life size templates which capture 
the two model geometries (i.e., mimic the coronary artery vessel diameters and the two 
bifurcation .angles) have been prepared. These templates are overlaid upon the human hearts 
harvested at The University of Chicago by Dr. Glagov in order to select those coronary arteries 
which closely follow the two flow model geometries. This gives two sets of human coronary 
arteries, one set for each bifurcation angle. The vessels are then studied by measuring intimal 
thickness as a function of spatial location at those sites where velocity and wall shear were 
determined in the flow model studies. To date, approximately 20 such coronary arteries have 
been studied. 

No work has been performed on Specific Ajms #5-#7. However, qualitative observation 
of the regions of increased intimal thickening and low wall shear appears to confirm the 
hypothesis that the coronary arteries develop plaques preferentially at sites of low wall shear. 

Because of our interest in using the correlative studies of Task 2 to hypothesize 
mechanisms for atherogenesis, we also undertook a set of preliminary studies on the effects of 
flow patterns on monocyte adhesion in model studies. Monocytes appear to be early 
participants in atherogenesis, and it is our hypothesis that the distribution of monocyte 
adhesion is affected strongly by hemodynamic factors. We constructed tubular flow models of a 
novel design that produced various levels of wall shear in the same model. The geometry was 
such that the first segment of the tube was of constant cross sectional area, providing a region 
of constant wall shear. This was followed by a tapered section which causes an increasing wall 
shear. The tapered section terminates in an abrupt expansion into a larger cross ·sectional 
area, resulting in flow separation and low shear. The model construction allowed the 
introduction of chemoattractants at selected sites without disturbing the flow field. We 
performed measurements of U937 cell adhesion under steady flow conditions in the models 
using video phase microscopy and measured cell rolling velocity along the tube walls. This cell 
line is readily available in adequate quantities and has characteristics sufficiently close to 
isolated human monocytes that it is appropriate for surface adhesion investigations. Using 
computational fluid dynamics, i.e., the numerical solution of the Navier-Stokes equations for 
the flow conditions studied, we determined the velocity field and the wall shear. Data show that 
(i) the rolling velocity follows the wall shear very precisely, and (ii) cell adhesion was 
increased in regions of low shear and eliminated in regions of high shear. Additionally, the 
asymmetrical introduction of a chemoattractant agent in the flow separation region affected 
the symmetry of cell adhesion there. The results have been presented at a recent FASEB 
meeting and have been accepted for presentation and publication at the coming ASME Meeting, 
Bioengineering Division (MS #4). Figure 2 presents the measured results for U9 37 cell rolling 
velocity along the model surfaces and compares these with the normalized values of wall shear 
stress as calculated from· the Navier-Stokes equations (solid line). The direct relationship 
between theory and experiment is indicative of the strong effects exerted by near wall 
hemodynamic behavior upon cell motion. 

3. Significance 
Studies in the first year of SCOR have provided the following significant results: 

(i) The development of our computerized particle tracking method and the PRT software has 
been completed for steady flow applications, thus providing a major tool for biofluid dynamic 
research. This new experimental method will permit much more comprehensive fluid dynamic 
studies to be performed than are currently possible with the LDV method, and it is particularly 
important in the investigation of cell and particle motion near surfaces. (ij) Indications to date 
are that the same hemodynamic factors associated with plaque localization in human carotid 
arteries will be found to hold for human coronary arteries. If this early indication holds up 
under further scrutiny, it will demonstrate that the relationship between low wall shear and 
localization of atherosclerosis is not specific to the carotid bifurcation only. (iii) The monocyte 
adhesion experiments show the strong effect of wall shear on monocyte rolling velocity and 
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adhesion in models, thus providing a direct link with near wall fluid dynamics and cell 
behavior near surfaces. These results suggest the possibility that monocyte adhesion is more 
likely in regions of low wall shear, a factor which may partially explain the predilection of 
atherogenesis for low shear sites. Clearly, additional studies with biologic surfaces are needed. 

4. Plans 
During the remainder of year one and for year two of the SCOR we will complete Specific 

Aim #2 for Model 1 of the coronary arteries and will correlate the morphometric data on 
intimal thickness from the human vessels harvested and studied at Chicago. The particle 
tracking and PRT measurements will be extended to steady flow in the coronary artery models. 
i.e .. Specific Aim # 3. so that these data will be available for correlation (Specific Aim # 5) with 
intimal thickness measurements (Specific Aim #4) as well as the LDV data. Thus, we are 
making good progress in achieving the specific aims of Task 2. However. the results obtained 
in the monocyte adhesion studies have proven extremely interesting and relevant to the 
scientific nature of the project, and we plan to continue the analysis of these data in order to 
determine whether this line of investigation will elucidate the mechanisms through which low 
wall shear and long particle residence time are- associated with atherogenesis. 

Finally, we collaborate frequently with investigators in Tasks 1 and 3 of the SCOR to help 
bring to bear engineering principles upon the interpretation of biologic data. The 
presentations and publications co-authored with investigators in these tasks are illustrative of 
this close collaboration. Abruptexpans10n 
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Figure 1. Particle realdence time data from a atenosla 
model with 50% aru reduction and a Reynolda number of 
450. The lower portion of figure ahowa the model 
geometry with flow from left to right. Flow aeparatea 
from the model surface Immediately downstream ol the 
throll and reattaches approximately 4.5 em down-strum. 
The lncreeaed particle realdence tlma In the aeparation 
,.gion Ia Indicative of the lower wall ahur In thla zone. 
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Figure 2. Comparison of measured cell rolling velocity 
with calcullled normalized wall ahear in the monocyte 
adhesion model. Bottom view ahows the model geome1ry. 
The rolling velocity 11 graphed as a function of ax•al 
location and Illustrate• the Increased velocity In the 
tapered region, followed by velocillel of low magnitude 
and r•trograde direction In the aeparalion region. 

LM1 

LAD1 

LCX1 

MEAN WAL.L. SHEAR STRESS 
AXIAL COMPONENT • DYNESICMZ 

21.8 10.4 23.5 25.0 

17.6 a.e 10.2 27.5 

25.3 1 o. 5 5.4 29.2 

Table 1. Measured values of mesn (time-averaged) wall 
ahear atren 11 ulected altes In coronary artery model t2. 
The three allea ahown are each In the Immediate 
neighborhood of the bifurcation, and the columns refer to 
epicardial, myocardial, outer (opposite flow divider) and 
Inner (flow dlvldar) aurfacu. Average wall anur atresses 
In atralght arterlu are typically approximately 15 
dynetlcm•. It It uen that the myocardial and outer walls 
of the coronary arteriet In the vicinity or the bifurcation 
tend to have algnlticantly lower ahnr stress than the 
epicardial and flow divider tur1acea. 
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