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A MODEL OF THE PULMONARY ARTERIAL SYSTEM 
B.R. WIGGS* 
M1T Fluid Mechanics Lab, Dept. Mechanical Engineering, Cambridge, MA 

The anatomical structure of the human pulmonary circulation is extremely 
complex. Previous work by several authors have used various branching schemes 
to represent this branching system of vessels. In this work the orginal cast data of 
Singhal (JAP:33:190, 1973) was used to generate an anatomically based model of 
the arterial branching network which could be used to estimate red blood cell. The 
data were found to contain many trifurcations in addition to the bifurcating 
branches. Other investigations of arterial trees have used systems which could not 
accurately predict the path length travelled and hence could not obtain transit time 
estimates. The model is a set of probabilities governing whether a division 
bifurcates or trifureates and bow rapidly a given vessel approaches the capillary 
bed. When coupled to a microvascular model of the pulmonary capillary bed, this 
large vessel model (which can be slightly altered to simulate the venous vessels) 
estimates red blood cell transit times and pressure drops similar to those recorded 
in human experiments. 

*Fellow of the American Lung Association 
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A THREE-DIMENSIONAL VASCULAR MODEL ACCOUNTS FOR THE 
SPATIAL CORRELATION OF REGIONAL PULMONARY PERFUSION. 
Robb Glennv and H. Thomas Robert.s011. Department of Medicine, University 
of Washingten, Seattle WA. 

Pulmonary perfusion is spatially correlated, with neighboring regions of lung 
demonstrating positive flow correlations and distant pieces exhibiting negative 
correlations. While local correlation has been noted in a wide variety of natural 
processes, negative correlation has not been observed. We investigated a 3- 
dimensional branching vascular model to determine if such a model could 
explain the negative correlation of perfusion. The distribution of flows was 
modeled by a dichotemously branching tree in which the fraction of flow from 
parent to daughter branches was Tand l-Tat each successive bifurcation. The 
flow asymmetry parameter, 7, was randomly chosen for each bifurcation from 
a normal distribution with a mean of 0.5 and a standard deviation of o. 
Regional perfusion in this model was positively correlated locally and negatively 
correlated at distance. The model was refined by incorporating an effect of 
gravity and redirecting a fraction, 5, of the flow against gravity to the 
dependent daughter branch. A flow bias in the "dorsal" direction was also 
introduced to account for differences in supine-prone perfusion gradients. 
Sensitivity analyses were performed to determine values ofo and 6 which best 
characterized the spatial perfusion distributions observed in experimental 
animals (o = 0.07, ~ = 0.06). A wide variety of observations relating to the 
spatial distribution of pulmonary perfusion can be accounted for with this 2 
parameter model. A 3-dimensional model can relate the function and structure 
of the pulmonary vascular tree, offering an explanation for both heterogeneous 
and spatially correlated regional flows. Supported by ALA-Research Grant and 
NIH HL02625. 

MORPHOMETRY OF THE HUMAN PULMONARY ARTERIAL AND VENOUS TREES 
Wei Huang, Matt McLaurine, Gary Bledsoe, and Michael R. T. Yen 
Delmrtmont of Biomedical Engineering, Memphis Slate University, Memphis, TN 38152 

A compiete analysis of pulmonary blood flow in the lung must take into account the 
detailed vascular branching pattern and vascular topography. So far, the data of human 
pulmonary arterial and venous trees is based on the dimensional model using Strahler's 
ordering system by Horsfieid(1978). In thr Soahler system the greatest difficulty is broad 
ovcdap of the range of diamete~ of successive ordars, which greatly reduces the usefulness of 
the dam for hemodynamic analysis. To remedy these difficulties, we used a Diameter- 
Defined Sffahler system developed by Kassab and Fang(t992). In the Diameter-Defined 
Strahler system the trees were ordered according to diameter. This process is an iterative one 
whereby Strahier's ordering system is used initially to order the tree and cous~uanfly provide 
the diameter distribution for each order. The ranges of these diameter distributions arc then 
used to correct Strainer's orders. The cor,~cctivJty of blood vessels from one order to unother 
is expressed in the connectivity m a ~ .  

We have studied the morphologic pan of human pulmonary arterial and venous u'ees 
using cadaver lungs. The human specimens were obtained and cast by a method of silicone 
elastomcr within 6 hours postmortem. Data on order number, diameter, diameter ratio, length, 
length ratio, and branching ratio are provided. The counecfivity matrices of the arterial and 
venous trees are presented. An entire mccphologic circuit of the human pulmuna~ circulafioa 
will be constructed by combining the data of the pulmonary arterial system, venous system, 
and microvasculatere. 
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HOMOGENEITY AND HETEROGENEITY IN PULMONARY HEMODYNAMICS 
Gary S. Krenz, Christopher A. Dawson, Jianmiog tin, and John H. Linehan. 
Marquette University, Medical College of Wisconsin and Zabiocki VAMC, Milw. Wl 

Direct observation of intrapulmonary artenes using microfocal angiography yields 
voluminous data. The scale invadant or fractal appearance of the arterial tree suggests 
a simplification. The diameter,/3, of each vessel at a bifurcation is measured. By 
assuming a homogeneous arterial tree, Poiseuille flow and an average length to 
diameter ratio, r, an expression for the (from arterial inlet to capillary inlet) cumulative 
resistance, R~= as a function of cumulative vascular votume Q~= is 

| [Oc~(rP'-P=-2 - 1) + 1 ]  I-p'-p'''I;(p~-p'-2' 

R~= = R, --0:-~ 

r -p''p'§ - 1 

where Ra denotes resistance of the first vessel, Oo its volume, and the parameters [~ 
and I~ are log log slopes. Hemodynamic consequences of the tree structure are 
expressed by [~. A value of 2.5 is suggested by control morphometrio data for ~,. 
The resulting expression for Re=, as a function of Qo=, is then concave upward. 
This results in the interpretation that "small" artedes act as the resistance vessels. 
The concavity persists when, instead, related heterogeneous random tree structures 
are examined, Using microfocal angiography and these models, the effects of 
vasoactive agents upon [3~ and hence the distribution of hemodynamic resistance 
within the pulmonary artedal tree can be examined. 
This work was supported by HL-19298 and the Department of Veterans Affairs. 
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MEASUREMENT OF PULMONARY ARTERIOLAR AND VENULAR 
DISTENSIBILITY USING VIDEO MICROSCOPY. W.W. Wagner, Jr., C.C. 
Hanger, S.C. Hillier. Indiana University Medical School, Indianapolis, IN. 

Pulmonary vascular distensibility has an important influence on pulmonary 
hemedynamics. To obtain information on the distensibility of mierovessels, video 
microscopy was used to record subpleural arterioles and venules <100 pm as 
transmural pressure was varied form 5-30 rrtm_Hg. To accurately determine the 
edge of  the red ceil column, a computer digitized 30 video frames. Pixels that 
changed between frames were turned white; pixels that did not change between 
frames were turned black. In this way, moving erythrocytes could be distinguished 
from the stationary vessel wall. By adding together 30 of these enhanced images, 
a single image containing a distinct vessel lumen was obtained for each transmural 
pressure. A set of  computer generated lines was placed by the operator just within 
the boundary of the enhanced vessel lumen. The computer moved each line 
outward. Pixels just outside each moving line were compared to pixels just inside 
the line. When the line had progressed past the vessel margin, line movement was 
stopped and the computer repositiooed them back to the location of maximum 
difference between the inside and outside of the line. The diameter of the vessel 
was taken as the orthogonal distance between the lines. This technique has 
produced the fn'st measurements of individual microvesseis over a transmural 
pressures in the physiologic range. The distensibilities of  arterioles and venules 
were similar and were also similar to larger pulmonary arteries and veins. 
Supported by NIH HL 36033. 
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THE MECHANICAL PROPERTIES OF THE HUMAN MAIN PULMONARY ARTERY 
Matthew McLaurine, Wei Hnang, and Michael R. T. Yen. 
Department of Biomedical Engineering, Memphis State University, Memphis, TN 38152 

Understanding of the pressure-flow relationship of the blood in the pulmonary 
circulation is vital for understanding both normal and pathological conditions of the lang. In 
order to describe this relationship, one must realize the factors that are infhieneing it, such as: 
the elasticity of the blood vessels, the rheology of the blood, and the morpbometry of the 
vacoJatare. Data on human pulmonary vascular elasticity is sparse at best, for most elasticity 
stedies have concentrated on species other than the human. With this data of the human 
pulmonary vascular elasticity, we will be one step closer to realizing a precise working model 
of the htanan lung. 

For the purpose of ohiaining the mechanical properties of the main pulmonary artery, 
and comparing how they change due to age, the material constants involved in the 
constitutive equations for finite deformation were obtained. All samples were taken within six 
hours of pnst-mortem, and were from three age groups: yoang(under 30 years), middle(30-50 
years), and old(over 50 years). The analysis of slress and strain under the assumption that the 
unloaded cylinder is the zero stress slate incurs error; therefore, we have incorporated the zero 
stress state into the studies of the mechanical properties of the vessel. The ~eamans we~ cut 
longitudinally and cireanfferentially and tested in a uul-axial fashion. After pre-conditioning 
was performed on each specimen, we tested for the frequency depedance of elasticity and 
found that it was rather insensitive to the strain rate. Therefore, we employed the l~eodo- 
elasticity concept to describe the slress-s~ain relationship in specific cyclic loading. Using the 
lnstron 8500 Dynamic Testing System, very high resolution tests were performed and the 
aforementioned proparties were obtained. 
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DIRECT MEASUREMENTS OF PULMONARY CAPILLARY TRANSIT TIME IN 
RABBITS. 
S. J Lai-Fook, P. M. Wang, I. Ayappa, L. V. Brown, M. Jahed. 
Center for Biomedical Engineering, University of Kentucky. 

Fluorescence videomioroscopy was used to record the passage of fluorescent 
dye through the subpleural microcirculation of anesthetized rabbits and isolated 
pedused rabbit lungs (J. AppL PhysioL 69:2262, 1990; 72: 7'420, 1992). During 
a 2 minute apneic period in vivo, dye was injected into the right ventricle and the 
dye passage through the miorocirculation was observed through a transparent 
padetal pleural window and recorded on videotape. Arteriolar and venular dye 
diIution curves were obtained from the video images using digital imaging 
processing. Capillary transit time computed from the mean time difference 
between the 2 curves averaged 0.6 s at FRC and increased 4 fold as airway 
pressure increased from 0 to 20 cmH20 and cardiac output decreased 3 fold. In 
the isolated lung dye dilution curves were measured from the video signals using a 
video photometric analyser. A lagged normal density curve was used to fit the dye 
dilution curves of input arterial, arteriolar, venular and output venous flows, and to 
calculate capillary transit time and relative flow dispersion. In the isolated pedused 
rabbit lung, capillary transit time decreased with blood flow and lung inflation but 
increased with left atrial pressure. Relative flow dispersion was smaller (~ 0.5) in 
the arterial segment than in either the capillary or venous segment (> 0.9). Similar 
large dispersion values have been found in the dog lung capillaries (FASEB J. 7: 
A788, 1993). Extrapolation of the measured capillary transit time to high cardiac 
outputs suggests that with heavy exercise capillary transit time would be reduced 
to values low enough to cause 02 desaturation. Compensation can occur by 
reducing lung volume or increasing left atrial pressure. Supported by HL36597. 
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A MATHEMATICAL MODEL WITH EXPERIMENTAL VALIDATION OF PULSATILE 
FLOW IN THE CAT'S LUNG 
Yuan Tian, Wei Hanng, and Michael R. 1". Yen 
Department of Biomedical Engineering, Memphis State University, Memphis, "IN 38152 

The present investigation is part of our effort to better understand the herundyonmic 
behavior of the pulmonary circulation. A mathematical model of the entire vascular system of 
cat's lung was developod. This model was based on the detailed branching patterns and 
elasticity of the pulmona~ vascular bed which were measured in our l a ~  to predict the 
essential f ~  of the physical system with respect to pulmonary vasculm" input impedance. 
In our studies, we sepurated the pulmonary vaseulature into two basic components, the 
arterial and venous vessels and the capillary network. The arteries and veins are treated as 
elastic tubes and the capillaries as two-diurensinnal sheets. For the pulmonary arteries and 
veins, Womersley's equation for a constrained elastic tube was used for each segment of a 
branching system. For the pulmonary eapillmles, a more realistic model based on the shnet- 
flow theory proposed by Fneg and Sobin was used. With these treauneots, we can synthesize 
macao- and microcirculation into a circuit. 

In order to validate this model, a series of experiments on isolated pea'fused cat lungs 
were carried out to examine the relationship of pulsatite blood pressure and flow. In the 
experiments, the pulmonary proximal and distal arterial pressure, pulmonary venous pressure, 
and pulmonary artea'iul flow w~re measured. The pulmonary vascular input impedance, the 
wave velocity of the pressure, and potential and kinetic hydraulic energy in the main 
pulmonary ~lery were dete=aninod using Fourier series method. We found that the input 
impedance spectra were similar in forms to those in many other studies and were consistent 
with the theoretical prediction. 
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MATHEMATICAL MODEL FOR REGIONAL TRANSIT TIME AND FLOW 
ESTIMATION FROM MICROFOCAL ANGIOGRAPHIC IMAGES. 
A.V. Clough, A.T. Cheng, A. AI-Tinawi, J.H. Linehan, C.A. Dawson: 
Marquette Univ., Med. Coll. of Wisc., Zablocki VAMC, Milwaukee, W l .  

Methods for estimating regional mean transit t ime (x) and f low (F) within 
a region-of-interest (ROI) using digital angiography involve measuring 
t ime-absorbance curves for an inlet artery and a microvascular ROI. We 
examined the ability of several methods to recover x using a computer 
simulated network of vessels representing that which might occur in a 
real organ. Concentration curves measured over the inlet to the network 
and ROI residue curves were simulated. When the height-area ratio of 
the ROI residue curve was used and all of the indicator was contained 
within the ROI for at least one sample time, z was recovered exactly. As 
the ROI was reduced or the inlet concentration curve became more dis- 
persed, the error in the recovery of x increased. By first deconvolving 
the inlet concentration curve from the ROI residue curve, and then calcu- 
lating the height-area ratio of the resulting impulse residue curve, x was 
recovered exactly. Estimates of F were obtained simultaneously. The 
methods were applied to microfocal x-ray angiography data from a ~700 
i.tm canine pulmonary artery and an ROI over the surrounding microvas- 
culature. Estimates of x and F were obtained using the methods de- 
scribed above. The robustness of the methods and the ability of the 
computer network model to simulate the pulmonary microcirculation was 
verified. Supported by HL-19298 and Dept. of Veteran Affairs. 
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PULMONARY CAPILLARY TRANSIT-TIME DISTRIBUTION 
Audi, S.H., G.S. Krenz, J.H. Unehan, D.A. Rickapy and C.A. Dawson 
Marquette University; Medical College of Wisconsin and VAMC, Milwaukee, W153295 

Let h(t) be the probability density function of transit times. The following equations 
relate lhe moments (mean transit time, t, variance, 0 "2, and skewness, m 3) of the 
capillary function, he(t); of the extravascular function, he(t), and of the noncapillary 
function, hn(t), to the moments of the venous concentration versus time curves for a 
vascular reference indicator, CR(t), and a flow-limited diffusibie indicator, CD(t), following 
a bolus injection of the indicalors upstream from the lung: 

t R = { n * ~  ; < : ~ R = ~ * ~  ; m ~ = m ~ . m ~  

iO = t n + ( l + ~ ) t c  ; ~0 = O~n+(1 ~2tc! ; = m ~ . ( l + t c / m ' ~  3 

The moments of hc(t ) can be estimated if the injected bolus includes, along with the 
vascular reference indicator, at least two flow-limited diffusible indicators each with a 
different to. A least squares optimization procedure can then be used to specify the 
moments ol hc(t ). This approach was applied to isolated dog lung lobes with 
[14C]diazepam as the diffusible indicator. The tissue-to-pertusate partition coefficient 
for [14C]diazepam could be adjusted to any desired value by aitedng the psrfusate 
albumin concentration. Thus, by making two injections at different pedusate albumin 
concentrations, data were obtained in a manner equivalent t_o making one injection with 
two flow-limited diffusible indicators each with a different re. The estimated capillary 
mean transit time (blood volume) was about 48% of the total lobar mean transit time 
(blood volume), and the relative dispersion of the hc(t ) was about 75%. 
Supported by the Department of Veterans Affairs and NHLBI grant HL24349. 
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MORPHOLOG[C AND FUNCTIONAL RELATIONSHIPS IN THE LAMB MAIN 
PULMONARY ARTERY 
B. Ha, C. F. Zhao, 1 R. Zalesak, 1 H. Katayama,2 R. Kr'zeski, 3 J. I. Ferreiro, 3 G. W. Henry, 3 
P. Lynch, 4 A. P. Yoganathan, 4 and C. L. Lueas. 1 
Departments of Surgery, Biomedical Engineering, 1 and Pediatrics, 3 UNC School4lf Medicine, 
Chapel Hilt, NC 27599-7065. Department of Pediatrics 2 Towakai Hospital, Osaka, Japan. 
Biofluid Dynamics Laboratory, 4 Georgia Institute of Technology, Atlanta, GA 30332-0100. 

Quantitating the geometric features of the main pulmonary artery bifurcation has been shown to 
be useful in the assessment of pulmonary hypertension and in understanding the development of 
abnormal blood flow patterns such as flow separation, secondary flow, and backflow. In this 
study, in vivo hemodynamic measurements of normal lambs ranging from 2 days to 6 months in 
age were obtained. A computer tomography (CT) scanner was used to scan methyl methacrylate 
casts of the right heart and pulmonary arteries obtained from the study lambs. Computer 
programs were developed for extracting the geometric features of the major pulmonary arteries 
quantitatively from the CT reconstructions. The physiologic and study parameters--mean, 
systolic, and diastolic pulmonary artery pressures, pressure-strain elastic modulus, length, 
proximal and distal diameters of the main pulmonary trunk--were used to obtain pulmonary artery 
distensibility estimates (systolic volume minus diastolic volume divided by average volume). 
Results indicate that a regression model can be used to describe the relationship between the 
study parameters and age: Y = A + B e-ag e/'~ where A = value at maturity, A+B = value at birth, 
and ~ = time constant. Estimated pulmonary artery distensibility decreased sharply from 23% to 
14% from birth until 12 days of age. Values ranging from 23% to 27% were reached from 40 
days upwards. While these estimates agree closely with those reported by other investigators, the 
characteristic dip in the profile during the first 12 days has not been previously observed. Our 
findings suggest that the dip is related to the combined effects of rapid decrease in pulmonary 
artery,elasticity (x = 9) and the slower rate of growth of pulmonary artery dimensions ('c _> 29). 
The combined approach of in vivo and in situ studies is useful in providing a global 
understanding of age-related changes in the pulmonary circulation. 
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THE SITE OF ACTION OF HYI~XIA FROM VASCULAR OCCLUSIONS 
Leif D. Nelin, Said H. Audi, John H. Linehan and Christopher A. Dawson 
Medical College of Wisconsin, Marquette University, Zablneki VAMC, Milwaukee, WI 

To determine the site(s) of action of hypoxia in the neonatal pig, isolated lungs 
were perfused nt a constant flow rate and leR atrial pressure, then arterial, venous 
and double neclusinns were performed. The distributiou of the total pulmonary 
vascular resistance (RL) and the total dynamic vascular compliance (Cdyn) were 
calculated using a model of the pulmonary eirculation consisting of upstream (Cu), 
central (Cc) and downstream (Cd) compliances and resistances upstream (Ru) and 
downstream (Rd) of Ce. In addition, the static vascular compliance (Cst) was 
measured by venous followed by arterial occlusion and the total vascular volume (Q) 
was measured by dye-dilution. 
Condition RL R_Ku Rd Cdyn C__uu C_~c Cd 

(Torranl-1~) (mFrorr -I) 
Control 3.3• 2.0• 1.5• 0.67• 0.05• 0.53• 0.07:K).0~ 
Hypoxia 5.7• 3.7• 2.1• 0.50~0.04" 0.06• 0.33• 0.1,?a~0~ 

Values mean • SE; * different from control p<0.02 
Hypoxia had no significant effect on Cst (0.9• ml~orr  -i control, 1.0• ml-Torr -I 
hypoxia) but  significantly decreased Q (21• ml control, 17• ml hypoxia, p<0.02). 

These results suggest that  in the pulmonary vasculature of the neonatal pig 
hypoxia 1) changes the viscoelastic properties of the vessels as evidenced by the 
different response of Cdyn and Cst, 2) results in mainly arterial constriction as 
evidenced by the large increase in Ru and the deerease in Q, and 3) there is a smaller 
but significant venous constriction as evidenced by the increase in Rd. This venous 
eonstrietion may have implications in the pathogenesis and therapy of pulmonary 
vascular diseases. Supported by HL-19298 and the Department of Veterans Affairs 
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THE EFFECT OF LUNG VOLUME ON THE PULMONARY VASCULAR RESISTANCE 
Haworth, S.T., J.H. Linehon and C.A. Dawson. 
Marquallc University, Medical College of Wisconsin and Zablocki VAMC, Milwaukee, WI. 

The vascular resistance, R, versus lung volume, V, curve is U- or J-shaped with a minimum near 
the Fonctioeal Residual Capacity, FRC. In an attempt to understand the mechanism(s) 
responsible, we developed a morphometrically based mathematical model. The artery, a, 
capillary sheet, c, and vein, v, geometries were as previously summarized by Haworth et at. (J. 
Appl. Physiol., 70: 15, 1991). Individual artery and vein diameters, D, or capillmy sheet 
thickness, h, versus transmural pressure, PIm, is described by D = Do �9 E ; h = he �9 E, E = 
7 - (7 - 1) exp[(-a Ptm)/(y - l)l, where Do and he ate at Pun = 0; ct, is the distensibility 
constant and 7 is the ratio of the rnax~mom D or h to Do or he, respectively. Pun is the 
vascular pressure, P, minus perivascular, Px, pressure. For the arteries and veins, Px = (2q(P + 
Pip) + ~.,)Ptp +(Ljfe +Ptp) + ~.,)~ - ~., - Ptp, where Ptp is the transpulmenary press=e and the 
parameters, X~, 7q,L~ and k+, are estimated from the data of Smith and Mitzner (J. Appl. Physiol., 
48: 450, 1980) or Lai-Fonk (J. Appl. Physiol., 46: 419, 1979). For the capillary sheet, Px = 
alveolar pressure. The resistance across each order of arteries or veins, Ra, v = (128 p L)/(n I)4 
iN) ; or capillary sheet, Rc = (12 ~l L f)/(w h3), where L, is length, ~, is blood viscosity, N, is 
number of vessels, w, is the width of the capillary sheet and f, is the she~ geometric friction 
factor. During lung inflation V = (dV/dl:~p) �9 + Vi, where Vi, is the lung volmne at the 
beginning of inspiration. During lung deflation V = TLC[I - exp(-k Ptp)] + RV, where TIC is 
the total lung calmcity; RV is the residual volume plus tissue volume and k, lung deflation 
parameter. The L of the a. c and v is assumed proportional to the 1/3 power of V. The eapillm 7 
sheet blood volume at Pun = 0 is coestant for all Lwh. The model series arrangement of a, c 
and v, adequately explains the increase in R above FRC, but does not explain the increase in R 
below FRC. This suggests that an additional mechanism(s) is responsible for increasing R below 
FRC. Supported by NFILBI HL19298 and Dept. of Veterans Affairs. 
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VASOCONSTRICTION HETEROGENEITY OF SMALL PULMONARY VESSELS 
Al-'lqnawi, A., G.S. Krenz, D.A. Rickaby, J.H. Unehan, and C.A. Dawson. 
Marquette UnivePsity, Medical College of Wisconsin, and Zablo~ki VAMC, Milw., WI. 

To measure changes in the diameter of small pulmonary vessels (150-1600 I~m) in re- 
sponse to hypoxia and semtonin (5-HT), we used microfocal x-ray imaging. The re- 
sponse exhibited longitudinal heterogeneity (from arterial inlet to venous outlet) and 
parallel heterogeneity (among vessels of given control diameter, Dc). Longitudinally, 
hypoxia constricted <800 ,urn artenes (with 1he percent constriction dependent on artery 
size). Larger artedes were distended as the pulmonary artery pressure increased. Hy- 
pexia caused a small constnction in the veins. 5-HT constncted all artenes and had no in- 
fluence on veins. The parallel heterogeneity was revealed as a normally distributed con- 
slriction of the vessels of a given Dc, where p. is the mean value of De/Dc; De is the ex- 
perimental diameler, and <r is the standard deviation. To address the impact of parallel 
heterogeneity on the change in resistance of the parallel vessels, we dedvnd the follow- 
nng expression relating Re/Rc (where Rc and Re are the resistances of the parallel ves- 
sels in the control and experimental conditions) to the ~ and G : Re/Rc = 

1/6o-2p.2+1.14+3~4). Thus, for a given value of ~ Re/Rc depends on G. The figure shows 
the overestimation in Re/Rc for a parallel set of ~ 30 ~ ' i ' ~ [ ~ q ' ; / " ; / i  
vessels having COntrol diameter Dc if Re were [ ~  ,/ ,,' =," ,' 
calculated assuming ~r=0, plotted versus the ~ 25 .4.. : : : , 
measured m Dashed, solid, and dashed-solid '< o 20 
lines represent constnction, no change, and _~r 

~ -~  1 5  distension, respectively. Open tdangte, open ~o~ 10 ' /  
circle, and solid circle represent artedes dur- 
ing 5-HT, ve ns dudng 5-HT and veins dunng w 
hypoxia, respectively. Solid'triangles (tdangte ~ 5 
size reflects artery size) represents arteries ~ 0 . -'.-7 . . . . .  
during hypoxia. Supported by NHLBI HL 0.03 0.1 0.5 
19298 and Dept. of Veterans Affairs. O" 
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TISSUE STRETCH AND PULMONARY INTERSTITIAL PRESSURE 
Matthew R. Glucksberg 
Northwestern University, Evanston, IL 60208 

Interstitial pressure, an important parameter in transvascular fluid transport 
and lung liquid balance, has long been known to reflect the external stresses 
acting on the interstitium as well as its internal structura. In manyt issuesthe 
hydrostatic pressure normally hovers near ambient atmospheric pressure, 
however in the lung, where stress distributions are complex and include 
both compressive stress due to airway pressure and tissue tension due to 
the transpulmonary pressure, interstitial pressures may differ from ambient 
pressures. To show the effect of tissue tension on interstitial pressure I 
report micropuncture servonull measurements of pressures in the intersti- 
tium surrounding the vessels of the hilum subjected to stretch. In 5 excised 
lobes of cat lungs, I cannulated the pulmonary artery, vein and airway, 
perfused the lobe with blood and connected the airway to a constant pres- 
sure (7 cmH20  ) air source. The cannulae were tied together and attached 
to an apparatus that was used to apply a known distension to the hilar 
region. A video system was used to estimate strains from dye marks on the 
pulmonary artery and vein. At zero stretch hilar interstitial pressure was 
3+_2 cmH20,  which decreased to -9+3 cmH20  when the distance between 
thedyemarksreached130%oftheinitJal(zerostretch)distance. I conclude 
that tensile stress contributes to a lower interstitial pressure and should be 
considered an important determinant of interstitial pressure in the lung. 
Supported by a grant from The Whitaker Foundation. 
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PULMONARY ARTERIAL REMODELING IN HYPOXIC HYPERTENSION 
S.Q. Liu and Y.C. Fung 

Institute for Biomedical Engineering 
University of California San Diego, La Julia, CA 92093-0412 

The effect of pulmonary hypertension on the structure of the rat pulmonary arteries 
was quantitatively studied by using an electron microscopic method. Pulmonary 
hypertension was induced in rats by experimental hypoxia (10% oxygen). At various 
periods of time (from 2 hours to 10 days), pulmonary arterial blood pressure and cardiac 
output were determined under the hypoxic environment. The lungs were fixed, samples 
of the pulmonary arteries were collected, electron microscopic sections were prepared. 
and the areas of the pulmonary arterial components including smooth muscle ceils, 
fibroblasts, collagen fiber bundles, and elastic lamin~ were determined. 

The pulmonary arterial blood pressure was rapidly increased during the development 
of hypoxic hypertension, while the cardiac output remained relatively constant. The 
areas of the intima and elastic laminae of the pulmonary arteries were increased at 2 and 
12 hours of exposure to hypoxia, decreased to about the control level at 48 hours and 
increased again afterwards. The areas of the smooth muscle cells and collagen fiber 
bundles were gradually increased in comparison with corresponding controls, whereas 
that of the fibroblasts remained relatively stable up to 48 hours and rapidly increased 
afterwards. It can be concluded that hypoxic hypertension can induce remodeling of the 
cells and extracellular matrices of the pulmonary arteries. 
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PULMONARY CIRCULATION - CORRELATION OF THEORY A N D  

E X P E R I M E N T S  

R. Z. Gala, *M. A. Olman and R. T. Yon 
Department of Biomedical Engineering, Memphis State University, Memphis, TN 38152 
*Department of Medicine, University of Alabama at Birmingham, Birmingham, AL 35294 

The characteristics of pulmonary circulation is presented as the measurements of pulmonm'y blood 
pressure and flow rate in many experimental investigations. The analysis of these pressure and 
flow measurements must be performed with a theoretical model so that a better understanding of 
the physiology of blood circulation in the long can be obtained. In this paper, we are providing a 
hemodyaamic model based on ~ directly measured anatomic structure and mechanical properties 
of the dog pulmonary vasculatere and, thee, validating the model with the animal experimental 
observations. The model consists of 12 orders of arteries (excluding the main pulmonary artery) 
and 11 orders of veins. The order is distinguished by the diameter in SU'ahler's system and 
connected with each other under a Connectivity Matrix. The vessels in each order are comidered as 
elastic tubes with the measured average diameler, length, and compliance of the vessel wall. The 
arterial and venous tree.s converge at the capillary sheet where the vascular space between the 
arterioles and venulea is formed by two alveolar--capillary meml~nes with a set of regularly spaced 
"posts". The "sheet-flow" theory is used to describe the blood flow in capillaries. Under the 
gwen airway pressure, pleural pressure, and cardiac output, the pulmonary pressure-flow 
relationship and the pressure distribution are derived. It shows that the positive and negative 
inflations have different effects on the blood flow in the lang. The nonlinearity of pressure-flow 
curve and the resistance of pulmonary circulation system are related to the ebb/icily of blood 
vessels and the Starling resistors. In the mean time, the experimental observations of pulmonary 
arterial pressure-flow relations in normal and chronic pulmonary thromboembolie dogs are 
completed and compared with the model-derived results. The c, o m ~  show good agreement 
between the experiments and theoretical modeling. Finally, the model is used to predict the effect 
of degrees of central pulmonary obstruction on pulmonary circulation. 
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N E U T R O P H I L  M A R G I N A T I O N  I N  T H E  P U L M O N A R Y  
MICROVASCULATURE. C.M. Doerschuk, B.R. Wiggs, W.M. Quinlan, N.A. 
Doyle, and J.C. Hogg. H.B. Wells Center for Pediatric Research, Section of 
Pulmonol0gy, Department of Pediatrics, Indiana University. 

The pulmonary microvasculature contains an increased concentration of 
neutrophils compared to blood in large vessels due to the longer capillary transit 
time of neutrophils compared to RBC. To investigate the mechanisms underlying 
this difference in transit, measurements of  the diameter of capillary segments and 
the spherical diameter of neutrophils were compared and showed that neutrophils 
must deform to pass through 60% of the segments. Comparison of the 
extractions of neutrophils and nondeformable microspheres measuring 3.1, 4.6, 
or 5.8 pm in diameter on a single transit through the pulmonary microvasculature 
showed that neutrophils could deform as rapidly as RBC from a spherical 
diameter of 6.4 pm to approximately 4.8 pm, but further deformations required 
longer times. The minimum diameter of the perfused capillary pathways was 
about 4.4 pm and was narrower in regions of the lungs where margination was 
increased. This pathway diameter was larger than predicted based upon a random 
distribution of capillary segments within capillary pathways, suggesting that wider 
segments were preferentially perfused. These data suggest that margination of 
neutrophils is due to differences in deformability of neutrophils and RBC and the 
anatomy of the pulmonary capillary bed which provides multiple parallel 
pathways for the rapidly moving RBC to bypass temporarily obstracting neutrophils. 

21 

THE USE OF FITC-DEX'I'RANS TO CHARACTERIZE LUNG VASCULAR 
PERMEABILITY. R. J. Roselli, V. J. Abernathy, R. E. Parker, N. A. Pou. 
Department of Biomedical Engineering and Pulmonary Circulation Center, 
Vanderbilt University, Nashville, TN 37235. 

Lung microvascular permeabilitywas examined by comparing thetransvascular 
transport of polydisperse FITC-dextrans with the transport of endogenous 
proteins in unanesthetized sheep having a lung lymph fistula. We infused 2.5 
g of FITC-dextrans between 30 kDa and 2000 kDa over a period of 25 hours, 
collecting plasma and lymph samples periodically. During the last three hours 
we also infused 0.67 g of small molecular weight FITC-dextrans (mean 
molecular weight of 9 kDa). Plasma and lung lymph samples collected after 25 
hours were separated according to Stokes-Einstein radii by passing them 
through a Sephacryl-300 column. The resulting FITC-dextran fractions (0.5 nm - 
9 nm) were compared with endogenous proteins separated using gradient 

pore gel electrophoresis (3.6 nm - 9.6 nm). Results indicate that essentially 
100% of FITC-dextrans smaller than 1.2 nm can freely pass through the lung 
microvascular barrier, while less than 10% of FITC-dextrans larger than 4 nm 
normally cross the barrier. Significant FITC-dextran sieving occurs in the range 
between 1.2 nm and 4 nm, similar to that reported for neutral dextrans by 
Lanken et al. (J. Appl. Physiol. 59:580, 1985). Proteins of the same size, 
however, pass through the barrier much more easily, suggesting that FITC- 
dextran transport is more restrictive than protein transport, even though both 
species are negatively charged. (Supported by HL19153). 

19 

DEVELOPMENT OF A CONSTANT PERFUSION VASCULAR-TISSUE MODEL OF 
PMN-MEDIATED LUNG PERMEABILITY INJURY. F.R. Haselton, J. S. Alexander, and 
J. H. Woodall. Vanderbilt University, Department of Biomedical Engineering. 

A principal defect in the vascular injury associated with the entrapment of activated neu- 
trophils (PMN) is increased microvascutar permeability (P). To investigate the role of ac- 
tivated PMN in increased endothelial monolayer P, we perfusod our previously described 
cell-column model of the vasculatum with 2 X 106 PMN/ml at a local average velocity 
and pressure of 0.09 cm/sec and 5-45 mm Hg. Shear stress was estimated to be 0.1 to 
1.0 dyne/cm 2. The number of circulating PMN decreased at a rate of 12 % per 65 cm 2 
of endothelial surface in 15 mins. This rate was significantly greater than without 
endothelium. Circolating unactivated PMN for60 rain did not increase endothelial P and 
did not activate PMN. fMLP (10 -5 M) selectively activated neutrophils recirculating 
through cell-columns and compared to PMN alone significantly increased the rate of loss 
of circulating PMN in the cell-column (25 %). This reduction of circulating PMN with 
IMLP was not affected by addition of superoxide dismutase (SOD, 142 U/ml), catalase 
(CAT, 1398 U/ml), the elastase inhibitor (L658,758 1 0-5 M) or a combination of SOD and 
CAT. Endothelial monolayer P was not affected by fMLP or by PMN + fMLP, but was 
significantly elevated to 2.99 X baseline by a 30 rain treatment with PMN + fMLP + SOD. 
This increase in P was significantly attenuated (1.27 X baseline) by the addition of CAT. 
Neither supemxide (xanthine oxidase at 0.25, 7.5, 75 mU/ml), H202 (10 -5 M) or 
elastase alone (33.2, 332 mU/ml) affected P in 60 mins, but P was significantly 
increased by a 30 min treatment with 10 -3 M H202 (1.74 X baseline).These data 
suggest that the increased P which occurs with a constant perfusion of PMN activated 
with fMLP in the presence of SOD may involve H202, but that H202 by itself is not 
necossadly the direct cause of the observed P increase. (In part by NIH 40554). 

22 
MODEL OF ANGIOTENSIN CONVERTING ENZYME KINETICS 
De La Fuente, K.D., M.P. Merker, C.A. Dawson, J.H. Linehan 
Marquette University; Medical College of Wisconsin and VAMC, Milwaukee, Wl 53217 

Pulmonary angiotensin converting enzyme (ACE) hydrolyzes substrates which contain 
proline or proline derivatives. Rotalion about the proline-peptide bond allows 
interconversion between cis and trans conformers. Existing models of cis-trans 
substrate-enzyme hydrolysis kinetics assume only trans is hydrolyzed. Trans-only 
models have an empirical basis in kinetic studies involving single-pass lung perfuslon 
wherefore a constant fraction of tracer amounts of substrate remains unhydrolyzed 
regardless of flow rate. This fraction is nearly equal to the cis fraction of the substrate, 
suggesting that only trans is hydrolyzed. Saturating dose, trans-only models do not 
completely explain the data (Linehan, et el., Am. J. Physiol. 257,2006-16, 1989). To 
this end, the following chemical reactions were hypothesized. 

T + E ~  T E ~ P 1  

C + E~-~---CE~-~-~---P2 
where T and C are the trans and cis conformers, E is ACE, TE and CE are the enzyme- 
substrate complexes, and P1 and P2 are the metabolites. These chemical reactions 
and the convective transport of substrate with blood were included in a capillary model. 
Simulation studies were directed toward identifying which kinetic processes dominate 
the fate of substrate on a single passage through the lung. Supported by the Veterans 
Administration and by National Institutes of Health HL24349. 

20 
OPTICAL MEASUREMENT OF LUNG FILTRATION COEFFICIENT (Kfc) USING 
POLYSULFONE FIBERS. J.W. Klaesner t ILJ. Roselli I ILE. Parker 1 N.A. Pan1 and M.E. 
Parham. Department of Biomedical Engineering and Pulmonary Circulation Center, 
Vanderbilt University, Nashville, TN 37235, and W.IL Grace & Co. - Conn., Lexington, 
MA 02173. 

We measured lung filtration coefficients (Kfc) using optical methods that correspond to the 
gravitational method corrected for blood volume increases (L Al~l. Physiol. 73(6):2649, 1992). 
The gravimctric method requires an isolated lung preparation and continuous measurement of 
weight changes in order to calculate the Kfc, whereas the optical method rcqalres protein 
concentration measurements following a step change in pre..ssure. A major drawback of this 
optical measurement has been the necessity for low haraatocrit peffusates because the optical 
method is obscured by the absurbencr of red blood cells. Even with corrections for small 
changes in perfusate hematocrits, enly pressure elevations provided data that could be used to 
calculate Kfc. Absorbanea measurements during pressure decreases were too noisy to discern 
changes in protein concentrations. The development of polysolfone fibers (W.IL Grace & Co.) 
has provided on-line separation of red blood cells from plasma, thus eliminating this restriction 
and allowing for optical measurements to be made at physiological hematocrits and flows. The 
Kfc was then calculated from both increases and decreases in venous p~ssures. In one such 
experiment, the Kfc's measured were 0.413 for a pressure elevation of 20 cmH20 , and 0.367 for 
a similar pressure decrease, which were smaller than the gravimetric computation of 0.502 
(ml/mia/cmH20/100gDLW). Thus we conclude that optical measurements provide an accurate 
assesment of long filtration coefficients, and allow for measurement of Kfc in intact animals, 
which is not possible with the graviraetric method. Eventually we ~ that this method, with 
refinement and miniaturization, will allow for measurement of Kfc in humans. (Supported by 
IlL 41129 and IlL 07411). 
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T R A N S I T I O N  T O  T U R B U L E N C E  IN O S C I L L A T I N G  FLOWS 
T H R O U G H  A M O D E L  BRONCHIAL B I F U R C A T I O N  
R E  Popwell and R A  Peattie 
Dept. o f  Biomedical Engineering, Tulane University, New Orleans, LA 70118 

Conditions necessary to reduce transition to turbulence in oscillating flows have been 
studied in a rigid model o f  a bronchial bifurcation. The model, wtuch was cast in a 
transparent silicone elastumer, replicated the geometry of  a human bronchial 
bifurcation, as determmed from hterature and observations o f  CT scans. Experimental 
flows having tidal volumes o f  317, 32, and 26 ml and frequencies ranging from 0.01 to 
1.0 Hz were driven through the model by a piston-cylinder appara tus  These flows 
generated Reynolds numbers, Re, between 400 and 5000,  and Womersley numbers, 
c~ , between 2 and 24, providing a dymarmc match to in v]vo tracheal air  flows for 
conditions rungmg from normal resting brcathmg to high frequency ventilation. 
Frequency shifted, dual-beam, laser-Doppler velocimetry was used to measure the 
instantaneous local velocity field. Fully laminar flow was observed for Re < 600 and 
o~ < 2 75 .  For values o f  Re  > 600 and o~ > 2.75, however, turbulent-like bursts 
were observed in the deceleration phase o f  the expiratory part  o f  the flow cycle. Our 
continuing investigations extend these results over a wide range o f  Re and or. 

Acknowledgments - The authors gratefully acknowledge the support o f  the Louisiana 
Educational Quality Support Fund. 
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EXPERIMENTAL MODEL OF THE OPENING OF A COLLAPSED AIRWAY 
Matthew L. Perun and Donald P. Gaver 

Dept. of Biomedical Eng., Tulane University, New Orleans, Louisiana, 70118 

Airway collapse occurs in the elderly, emphysematies and premature neonates and in severe 
cases impairs gas exchange. We designed a bencbtop model consisting of a collapsed 
polyethylene tube with a Newtonian fluid that acted as a viscous adhesive. Downstream of 
the air-liquid interface the tube was collapsed in a ribbon-like manner, while ups~eam of the 
interface the tube had a rectangular cross-section due to the constraints of the Plexi-glas sheets. 
This procedure modified the upstream shape from the circular cross-section observed in 
unconstrained tube, thus simplifying the reopening geometry. 'We examined how the fluid 
properties (viscosity, V, surface tension, y, and density, p) and the structural characteristics 
of our model (effective diameter, D, longitudinal tension, T, and fluid film thickness, H) 
affected the opening of the tube. We measured the pressure (P) required to move the 
meniscus down the tube at a constant velocity (U), and found the dimensionless post-startup 
pressure (PD/T) increased monotonically with the capillary number (Ca=~aU/T), and steady- 
state existed when Ca > 0.6. D was the most dominant structural characteristic, which caused 
an increase in the post-startup pressure (P) for a decrease in D. A ninefold increase in H only 
caused a slight decrease in the reopening pressure. However, spatial variation in H resulted 
in a transient increase in pressure. A sixfold change in T did not significantly affect the 
reopening pressure. We also investigated the startup behavior and found that the these 
pressures depended upon the fluid viscosity and piston acceleration. Low viscosities and large 
accelerations caused peak startup pressures that were greater than the average post-startup 
pressure. Based on our results, we predicted airway reopening times and pressures for the 
respiratory bronchioles. 

This research was funded by the Whitaker Foundation and the National Science 
Foundation Grant BCS9209558. DPG is a Parker B. Francis Fellow in Pulmonary Research. 

25 

QUANTIFIED FLOW VISUALIZATION OF RESPIRATORY FLOWS: MODEL 
STUDIES. E.H. Fefferman, J.C. Bennett, and M.A.F. Epstein, University of 
Connecticut, Storrs, Connecticut, 06269-3139. 

Laser Induced Fluorescence (LIF) techniques are being developed for 
quantification of mass flux distribution in scaled mechanical models of airway 
bifurcations. The glass models studied were two single bifurcations with an 
included angle of seventy (70) degrees and total cross-sectional area ratios for 
daughter branches to mother branches of 100% and 120%. Preliminary studies 
were performed in e straight tube. Initial testing was done using conventional 
flow visualization, using planar laser illumination and conventional video camera 
image recording. These results allowed selection of bifurcation regions for 
quantification of dye concentration using point-wise laser illumination and photo- 
multiplier (PM) signal acquisition. 

With water as the working fluid, the Reynolds numbers used were about 500 
for steady inspiratory flows. Fluorescein dye was injected at a known location 
well upstream of the bifurcation. The dye concentration was sufficiently low to 
linearly relate the PM output voltage and the dye concentration. 

The presentation will discuss the test procedure, documentation of the 
repeatability of the calibration and test procedures, and sample results for dye 
concentration contours, These results will be useful in evaluation of flow 
prediction models concerned with the distribution of gases and aerosols 
introduced into the airways during normal and mechanically assisted ventilation. 

28 

PULMONARY AIRWAY REOPENING: A NUMERICAL STUDY 
OF THE INFLUENCB OF SOLUBLE SURFACTANTS 

Vithal R. Tekumalla and Donald P. Gaver 
Dept. of Biomedical Eng., Tulane University, New Orleans, LA 70118 

In the reopening of a closed pulmonary airway, the presence of soluble surfactants play a 
significant role in altering the reopening mechanisms. The reopening process is modeled as 
the motion of a long bubble in a Hele-Shaw cell under the influence of single constituent 
soluble surfactant. A computational mode] is developed that incorporates: a) bubble 
hydrodynamics b) bulk surfactant transport c) stress conditions at the interface d) surfactant 
flux exchange between the bulk and air-liquid interface and e) interaction between the 
hydrodynamics and physicochemical aspects of tbe system. Tbe model uses a compesite-mesb 
based finite-difference technique. The solution to the problem is obtained as a function of the 
non-dimensional parameters, which are the capillary number (Ca = FaU/o), Peclet number 
(Pe = Ub/D), Marangoni number (Ma = -Cb/o (30/SF)), Stanton number (St = k/U) and 
partition coefficient (K). Here U is the bubble velocity, b is the tube thickness, ~ is bulk 
phase viscosity, D is bulk diffusivity, o is surface tension, k is the interracial adsorption 
coefficient, K denotes the relationship between bulk and interracial concentrations at 
equilibrium and C is the upstream uniform bulk concentration. Results of an extensive 
parametric study are presented depicting their influence on bubble shape and pressure drop 
across the interface and their physiological significance will be discussed. 

This research was funded by the Whitaker Foundation and the National Science 
Foundation BCS9209558. DPG is a Parker B. Francis Fellow in Pulmonary Research. 
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HARMONIC DISTORTION FROM BROADBAND SIGNALS ASSOCIATED WITH 
NONLINEAR LUNG MECHANICS DURING BRONCHOCONSTRICTION IN DOGS. 

Q. Zhang, B. Suit, and K.R. Lutehen. 
Department of  Biomedical Engineering, Boston University, Boston. MA 

We have developed a class of  pseudo-random waveforms which avoids harmonic 
distortion and cross-talk at the input frequencies and allows us to track the frequency and tidal 
volume (VT) dependence of lung resistance (R) and Elastsnce (E) from 0.2-5 Hz. We found 
that lung mechanics can be influenced by tissue and airflow nonlinearities. The harmonic 
interactions in response to external forcing should be characteristic of  these nonlinearities. In 
this study we developed a simple index to quantify the harmonic distortion in our broadband 
signal. Data was analyzed from 4 dogs forced at VT of  100 ml and 300 ml before and during 
constant infusion of histamine. We used a computer driven waveform delivered to an oscillator 
which ideally results in a flow input containing energy only at specific frequencies. Our index 
of harmonic distortion 0q) represented the percent energy in the output pressure at frequencies 
where energy was not purposely placed in the input. In practice, additional flow energy occurs 
at other frequencies. We compensated for linear transformation of this spurious energy by 
first fitting the impedance spectra at a given VT with a linear model and then using this model 
to analytically compute the energy transfer due to the linear subsystem. This index was applied 
during control and peak constriction to the data from each VT. During control we found a 
small but significant VT dependence in R and E (p< .01)  and a corresponding lqo f  5% with 
1130 ml increasing to 7 -11% at 300 ml. During peak response, the VT dependence increased 
in both severe and milder responding dogs. For a severe responder the ka increased by 23.5 % 
with a 100 ml VT and 25.8% with a 300 ml VT. In a milder respendet the Iq increased only 
for 300 ml VT (12.9 %). These results suggest that indices of harmonic distortion provide 
additional information on the presence of nonlinearities =ad may be useful when me, l~mrements 
at more than one VT are not possible. Supported by NSF BCS-9011168. 

29 
TIME- VS. FREQUENCY-DOMAIN ANALYSIS OF RESPIRATORY MECHANICS AT 
LOW FREQUENCIES: IMPACT OF WAVEFORM 
D.W. Kaczka, B. Suld, and K.R. Lutchen 
Department of  Biomedical Engineering, Boston University, Boston, MA 02215 

A potential approach to de~'mine frequency dependence in respiratory resistance (R~) and 
elastsnce (E=) is to use a multi-frequency (broad-band) ventilator forcing signal optimized to 
deliver a volume sufficient to maintain gas exchange. We compared frequency-domain and 
time-domain techniques to estimate respiratory resistance (R~) and elastance (E~) at low 
frequencies (0-3 Hz) in humans ventilated with these waveforms. The influence of  system 
nonlinearities on the spectral estimate may depend on the technique employed. The frequency- 
domain approach utilizes the Fast Fourier Transform (FFT) on sampled airway pressure and 
flow data, while the time-domain approach uses multiple linear regre~ion to estimate specific 
mechanical parameters in a two-compartment transfer function model. We used two forms of 
optimal ventilator waveforms (OVW's) with improved signal-to-noise ratio. One OVW 
contained harmonies that were integer multiples of  each other (IM), while the other had 
harmonics selected to minimize nonlinear harmonic distortions and cross-talk (NSND). We 
evaluated Rn and E~ spectra in six healthy human volunteers at tidal volumes of 350 and 650 
ml. For the time-domain approach, parameter estimates obtained using IM-OVW signals were 
much more sensible at any given V r compared to estimates using waveforms optimized to 
avoid harmonic distortions. FFl'-hased spectral estimates of R~ and E~ using IM-OVW's 
were erratic and inconsistent, while NSND-OVW's provide smooth, reliable estimates of R~ 
and E~ out to 3 Hz. The experimental results were consistent with simulation studies using 
a nonlinear model of  the respiratory system. We conclude that timeMomain identification is 
more tolerant ofharmonie distortious for an IM-OVW input. Conversely, the NSND-OVW 
is more appropriate for probing frequency dependence in R~ and E~. (supported by NSF BCS- 
9011168) 
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ELECTRON PROBE MICROANALYSIS OF RAT BRAIN CORTEX IN 
RESPIRATORY ACIDOSIS AND ANION TRANSPORT INHIBITION. RS 
Schacterle, RA Craig, TE Hutchinson, and JM Adams, Biomedical Engineering, 
University of Virginia, Charlottesville, VA 22908 

We investigated the effects of acute hypercapnia during a rebreathing maneuver, 
and hypercapnia following anion transport inhibition by DIDS, on cortical 
intracellular element concentrations in anesthetized rats. Frozen tissue samples of 
the parietal cortex were obtained, and intraeellular dry weight concentralions were 
measured from thin sections of these samples using electron probe micreanalysis. 
This allowed for simultaneous measurement of Na, Mg, P, S, C1, K, and Ca. 
Concentrations in ceil water and intracellular pH were calculated from the measured 
dry weight values. Increased CO= levels caused a significant decrease in 
intracellular Mg, P and C1 concentration in rnmol/kg dry weight compared to sham 
rats. No significant changes in Na, S, K or Ca dry weight concentrations were 
detected. Changes associated with hypcrcapnia following DIDS application were 
decreases in Mg, P, S and K and a restoration of C1 back to sham values; Na and 
Ca did not change. Calculated concentrations per Kg of H20 showed that Na, C1 
and K did not change with hypercapnia, and that CI increased following DIDS and 
hypercapnia. Calculated intracellular pH was 6.98 in the sham rats, was 7.13 in 
acute hypcrcapnia, not a significant change, but decreased to 6.46 following DIDS. 
These data show that cellular ion changes in acute hypercapnia act to maintain 
intracellular pH in the face of rising PCO~, and that DIDS prevents this response, 
leading instead to cellular acidification. Supported by NIH HL29396 

32 

SPECTRAL MEASURES FOR IDENTIFYING CHANGES IN AIRWAY GEOMETRY IN 
VlV 0 FROM REELECTED SOUND DATA. MAF Epstein, PL Conard, 
AB Smith, E Moslehi, Anesthesiology Research Laboratory, University of 
Connecticut Medical School, Farmington, CT. 

Previous work in our laboratories using mechanical lung models have 
demonstrated that blockage of a major bronchus changes the distribution Of 
power in the reflected sound spectrum. In this study, a continuous white noise 
input (2Hz-5000Hz) was introduced into the endotracheal tube in nine supine, 
anesthetized, intubated, spontaneously breathing dogs. Replicate measurements 
of the reflected sound were made within a 50 msec period at end exhalation 
(when airflow was negligible) for normal lung conditions and when either the left 
or right mainstem bronchus was blocked for a short time (less than three 
minutes) by inflation of the balloon at the end of a fogarty catheter. The 
reflected sound data were acquired with a PC-based system and stored for 
analysis. The spectra for the normal lung condition for each dag were ensemble 
averaged and normalized by the total power of the absolute ensemble averaged 
spectrum. The same procedure was used to process the data for the blocked 
lung condition. The differences between the normalized average spectra for 
normal and blocked conditions were calculated for each dog, and the cumulative 
difference was plotted as a function of frequency. In seven of the nine dogs, the 
normalized cumulative difference was positive for frequencies below 2500Hz, 
indicating shift of power from lower to higher frequencies due to the blocked 
conditions. These results indicate that measurement of reflected sound may 
provide a rapid, noninvasive method for detecting large changes in airway 
geometry. 

31 

DISTRIBUTION OF OZONE ABSORPTION IN INTACT HUMAN LUNGS 
Asplund PA, Ben-Jebria A and Ultman JS 
Pennsylvania State University, University Park, PA 

To assess the health effects of ozone (O3) inhalation, the sites of absorption must be 
known. In the bolus.response method developed in our laboratory, a subject breathes 
through a mouthpiece assembly from which a 20 ml bolus of O 3 is injected into the 
inspired airstream. Respiratory airflow and 03 concentration are monitored near the lips, 
and the fraction of absorbed O 3 is computed from the integrals under the inspired and 
expired 03 concentration curves. By injecting boluses at a variety of times during 
inspiration, the absorbed fraction is determined as a function of penetration volume into 
the respiratory tract. Our first study was conducted on a group of 9 healthy young men 
who were previously unexposed to 03. During quiet breathing at a respiratory flow of 250 
ml/sec, 50% of inhaled O 3 was absorbed in the first 70 ml of airway penetration (i.e., the 
upper airways) while the remainder was absorbed at 180 ml of airway penetration (/.e., the 
terminal bronchioles). To measure the 03 absorption distribution under more realistic 
conditions, experiments are now being conducted on a group of subjects after they are 
exposed to a constant 03 level of 0.1-0.3 ppm for 2 hours (Supported in part by NIEHS 
Grant ES06075). 
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BODY SURFACE LAPLACIAN ELECTROCARDIOGRAPHIC IMAGING 
Bin He and Richard J. Cohen 
Harvard University - Mass. Inst. of Tech. Division of Health Sciences and Technology 

Cardiac electdcal activity is distributed over the three dimensional volume of the 
myocardium. The ability to noninvasively map regional myocardial events wilt greatly 
enhance our capability to better understand cardiac electrophysiological processes 
and to diagnose cardiovascular disease. We have developed a novel technique-- 
body surface Laplacian electrocardiographic imaging to resolve distributed cardiac 
electrical activity with high spatial resolution. We have developed a bipolar electrode 
array and high resolution imaging system to directly measure and visualize the body 
surface distribution of the surface Laplacian of the electrical potential. Computer 
simulations and physical tank studies were conducted to elucidate the behaviors of 
the body surface Laplacian images (BSLIs) as compared with body surface potential 
maps (BSPMs). The ability of body surface Laplacian imaging has been further 
tested in intact animals where BSLIs and BSPMs were measured and compared with 
the known sources during epicardial pacing. We have also investigated BSLIs in 
normal and abnormal human subjects. Our work to date indicates that the BSLI can 
provide a high resolution two dimensional projection image of actual three 
dimensional cardiac electrical activity, and that the BSLI has greater spatial resolution 
than conventional BSPM in resolving multiple spatially separated myocardial events. 
Body surface Laplacian electrocardiographic imaging promises to be a powerful tool 
for cardiac electrophysiology research and clinical diagnosis of cardiovascular 
disease. 

36 

FLEXIBLE, POLY1MIDE-BASED MICROELECTRODE PLAQUE DESIGN F O R  

IONIC AND ELECTRICAL CHARACTERIZATION OF ISCHEMIC HEARTS 
BE Billard, T A  Johnson, RB Ash, H T  Naglc, E Lindner,  V V  Cosofret, and RP 
Buck, Experimental Cardiology Group, University o f  North Carolina at Chapel Hill 

Regional  myocardial  ischemia, electrically and ionically manifes t  as altered 
activation sequence, slowed conduction velocity (CV) and disrupted 
t ransmembrane  cation gradients,  promotes the format ion  of reentry circuits 
leading to cardiac a r rhy thmias  and ventr icular  fibrillation (VF). Technical  
l imitations of ionic and electrical measurements  have been surmounted using 
unique, easily modified,  2D, flexible, polyimide-based microelectrode plaque 
designs. The current  plaque has 144 non-polarizable Au/Ag/AgCI  electrical 
recording pads (250v-m O.D.) ar ranged in a 12x12 grid with uni form l m m  
spacing. Unipolar,  epicardial e lectrograms collected before and during acute, 
regional ischemia in in situ pig hearts demonstrate  high amplitude, low drif t  and 
good SNR using standard laboratory amplif icat ion and fi l tering techniques 
(50X, 0-500Hz @ -ldB). Simultaneous unipolar and bipolar digital recordings 
(2 KHz/site) were used to ver i fy  local activation t ime as -dV/dtmax in the 
unipolar e leclrogram and conf i rm the accuracy of  bipolar signal generat ion by 
adjacent unipolar subtraction. Computat ional  algori thms have been developed 
and implemented that permit  beat-to-beat animation of raw data using AVS TM 
sof tware  and statistical quantif icat ion of the act ivation wavefront  using 
spectral analysis. Calculations of  epicardial longitudinal CV using these plaque 
designs show that CV falls f rom a control of  50cm/sec to 20-25cm/sec af ter  
10min of no-flow ischemia. Finally, the deposition of ion-selective membranes  
on the polyimide substrate for  extracellular K + (val inomycin) and H + ( T D D A )  
measurement  and their  adaptabil i ty for t ransmural  implantat ion permits  the 
disclosure of ionic and electrical correlates essential to ischemia-induced VF. 
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COMPUTER SIMULATIONS OF ACTION POTENTIAL PROPAGATION IN A 
THREE-DIMENSIONAL HISTOLOGICALLY BASED MODEL OF VENTRICU- 
LAP, MYOCARDIUM 
A.E. Pollard 
Department of Biomedical Engineering, Tulane University, New Orleans, Louisiana 

Abstract: Three-dimensional simulations of action potential propagation in a set of 
models with features intended to closely represent the histology of ventricular my- 
ocardium were performed. Serial sections from animal preparations were acquired at 
500/~m intervals in sections of the canine pulmonary conus. Within each serial section, 
fiber directions and the positions for large resistive inhomogeneities (fat and blood ves- 
sels) were identified. This information was then used in the assembly of meshes which 
were buiIt from microscopic elements arranged in rectangular parMleIepipeds. For the 
simulations, the system of membrane ionic currents responsible for action potential 
initiation and maintenance was described with the nonlinear Ebihara and Johnson 
membrane equations for the fast sodium current Conductivities in the models were 
assigned to represent intramural rotation of the fiber axes for both abrupt and grad- 
ual rotation. Epicardial stimuli were applied for each simulation. Three-dimenslonal 
activation patterns and epicardial isochrone maps from the simulations were compared 
with maps generated from experimental recordings. A substantive influence of the 
ventricular conduction system on the activation patterns observed on the epicardial 
surface was documented. 
Acknowledgements: The Whitaker Foundation. The Louisiana Educational Quality 
Support Fund. U.S. Public Health Service Grant R.O1 HL34288. The Richard A. and 
Nora Eccles Harrison Fund for Cardiovascular Research and the Nora Eccles Treadweil 
Foundation. 
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THE PROTOTYPE OF A KNOWLEDGE BASED SYSTEM FOR MONITORING AND 
CLASSIFICATION OF ECG SIGNALS 
KJ.  Siddiqal, E.C. Greco, N.N. Kadri, S. Mohinddin, M.H. Sketch 
The Cardiac Center of Creighton University 
3006 Webster St., Omaha, NE 68131 

A bottleneck in the process of building the knowledge base of an intelligent system is the 
retrieval of the appropriate problem-solving knowledge from the human expert. The expert 
knowledge is usually available in highly unstructured form which is often difficult to transform 
in computer readable form. Some of these difficulties can be resolved by using decision- 
theoretic methods. These methods can be developed using primitive knowledge components 
extracted from physical observations. Methods of knowledge acquisition and representation 
from the fields of signal processing, pattern recognition and artificial intelligence can be used 
to acquire the pertinent knowledge components and then to use them to determine the 
characteristics of the individual pattern classes. This unified approach will not only accelerate 
the knowledge acquisition and organization process, but will also formalize and structure the 
decision making process by reducing the biases of experts. Using this approach, a Knowledge 
Based ECG Monitoring and Classification System is designed to identify and interpret the 
ECG signals. The system consists of five primary components, namely, Fact Gathering, 
Knowledge Base, Knowledge Formalization, Inference Engine, and User/Export Interface. 
The fact gathering subsystem, 1) preprocess the signals for smoothing and noise elimination, 
2) eXtracts a large feature set from them, and 3) collects the a priori knowledge about the 
source subject. The facts, a priori knowledge, and the features are organized into a knowledge 
base. The next subsystem formalizes the knowledge into a tree structure using a suitable 
clustering algorithm. The last subsystem is the Inference Engine which using pattern 
recognition algorithms classifies the analytical knowledge by traversing through the tree and 
assigning the best class to an unknown input signal. This paper presents the complete design 
of the proposed system and outlines the implementation details along with some preliminary 
results. 
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A P P L I C A T I O N  O F  A M A T H E M A T I C A L  M O D E L  T O  S T U D Y  
C O N D U C T I O N  T H R O U G H  AN E X T R A C E L L U L A R  P O T A S S I U M  
G R A D I E N T  I N  A M O D E L E D  C A R D I A C  F I B E R  
B J Muner-Borer,  T A Johnson, L S Gettes, W E Cascio 
The University o f  North Carolina, Chapel Hill, N C  

Ionic and resistive changes  contributing to unidirectional block were studied 
using a computer  model o f  a one dimensional cardiac fiber. A detailed ionic 
current-based mathematical  model  of  the ventficular  cardiac action potential, 
proposed by Luo and Rudy, was implemented in a discrete electrical network. 
The modeled cardiac fiber was composed of  discrete ceUular elements, resis- 
tively coupled to form random sized modeled cells ( 3 0 g m  to 130gm in length). 
The modeled cells were coupled through a gap junction resistor (r~ao) to form a 
13mm long fiber with an extracellular K § concentration ([K§ gra V ~lient (4mM 
to 12mM) along its length. Under  well-coupled conditions an action potential 
propagated through the modeled fiber when a current stimulus was  applied both 
at the low and high [K+]o end. Changes in the resting membrane  potential and 
conduction velocity were recorded as the signal propagated through the f iber 
and [K+]o gradient. A high resistive barrier, l m m  in length, was introduced in 
the mid-[K+]o region (8mM) by increasing rgap in this region by 5, 7.5 and 10 
t imes normal. Action potentials propagated/t ibng the f iber and through the 
resistive barrier with increases in r~aD when stimulated at the low [K+]o end. 

�9 . + . . . .  
When sttmulated at the high [K ]o end, aclaon potenUals propagated through the 
fiber as rgap in the resistive barrier was increased by 5x and 7.5x, but blocked 
when rga~/vas increased by 10x. These simulations suggest  that conduction . . . . .  + . .  
leadmg to block within a [K ]o gradient is not only senslUve to the degree of  
cellular uncoupling, but also dependent on the direction of  propagation. 
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DISTRIBUTED MEASUREMENT OF VENTRICULAR FUNCTION 

Waldman, LK 
University of California, San Diego, La Jolla, CA 

Over the past ten years, my collaborators and I have developed new methods to 
measure nonhomngencous function in the beating heart using implanted markers, 
biplane x-ray and various strain analyses. Transmural variations of finite strains 
are measured using closely-spaced columns of beads spanning the wall thickness. 
Homogeneous strain analysis of  telrahedra has been generalized to a 
nonhomogeneons finite element technique and used to study mechanical function 
in the left ventricles of normal canine and porcine hearts as well as 
pathophysiology associated with acute and chronic iscbemia and infareL pressure 
and volume-overload hypertrophy and abnormal activation. Epicardial 
measurements have been extended with surface mapping techniques in which 
arrays of 25 to 50 markers are sutured to the epicardium and, again, visualized 
with x-ray. Here, segment shortening from pairs of markers or ultrasonic crystals 
and two-dimensional homogeneous strains from triplets have been generalized to 
the study of continuous distributions of two-dimensional strains across substantial 
regions of the epicardium (16 to 20 cm2). This technique has been used to study 
normal function in the left ventricle of pig and dog and the right ventricle of dog 
and to examine changes in function assneiatnd with acute iscbemia in pig and its 
relation to the perfusion border. More recently, this method has been extended 
further by incorporating a bipolar electrode in each marker. This allows for the 
simultaneous measurement of both electrical activation and deformation 
providing a more comprehensive capability to study the effects of delayed 
activation on the electro-mechanical function of interacting muscle groups. 

42  

MODELS FOR GROWTH AND MORFHOGENESIS IN THE DEVELOPING HEART 
I-En Lin and Larry A. Tuber 
Department of Mechanical Engineering, University of Rochester, Rochester, NY 14627 

Growth and morphogenesis of the embryonic heart are influenced by biomechanical 
forces. In the embryonic chick ventricle, for example, increasing ventricular pressure in- 
creases the rate of heart growth [1], but the nature of the biomechanical interaction is poorly 
understood. We developed theoretical models for the embryonic heart to study two devel- 
opmental mechanisms: the morphogenetic process of cardiac looping and stress-modulated 
tissue growth. The model for looping (bending of the tubular heart) is a bilayered pseudoe- 
lastic beam with one layer representing a longitudinal strip called the dorsal mesocardium 
(DM), and the other layer is passive myocardium. The DM is given a specified initial ten- 
sion. As the DM detaches from the body of the embryo during the initial stages of looping, 
the tension causes the beam to bend, with the myocytes actively changing shape to relieve 
the tension and the wall stresses. The growth model is a pressurized thick-wMled cylinder. 
Tissue growth is modeled by letting the rate of change of the local zero-streSS configuration 
depend linearly on the Cauchy stresses. The growth response of this model is studied for 
various constitutive parameters and loading conditions, and experimental data is used to 
determine growth coefficients. These models provide a starting point for the development 
of more realistic models for growth and morphogenesis in the embryonic heart. 

Reference 
1. Clark EB, Hu N, Frommelt P, Vandekieft GK, Dummett JL, Tomanek RJ (1989). Effect 
of increased pressure on ventricular growth in the stage 21 chick embryo, Am J Physiol 
257:HI-H7 
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INTERACTIONS BETWEEN MYOCARDIAL MECHANICS & CORONARY PERFUSION 
Karen D. May-Newman, Jeffrey H. Omens and Andrew D. McCulluch 
Institute for Biomedical Engineering, University of California San Diego, La Jolla, CA 92093 

Myocardial stress and strain affect the resistance and capacitance of the coronary circulation, 
and hence the distribution of regional blood pressure and flow. Conversely, alterations in 
coronary perfusion can affect myocardial wall mechanics in systole and diastole. We studied the 
regional mechanics of this interaction in the dog left ventricle (LV). Transmmal distributions of 
3D strains were measured using columns of radiopaqne markers implanted in 8 isolated 
potassium-urt~te.x:l hearts, subjected 1o LV loadirtg dnring buffer perfusion at 0- l l0  mmHg. 
Increasing coronary artery pressure slightly but significantly reduced LV volume reflecting 
myocardial stiffening. However, whereas radial and crossfibur strains during filling were 
significantly reduced by perfusion, there was no change in fiber swain. Since most coronary 
microvessels are parallel to the myofibers, this may reflect changes in microvasenlar diameter. 
Deformation during peffnsion referred to the unperfused state at matched LV pressure indicated 
an increase in ventricular wall volume that was transmurally oniform at 50 mmHg porfusion 
pressure (5%) but became nonuniform at l l 0  mmHg with the greatest ir~rease at the 
enducardinm (15%). Thus regional coronary capacitance in the intact unloaded myocardiam 
was significantly greater (p<0.05) at the subendocardinm (0.0016 mmHg -1) than the 
subupicardinm (0.00085 mmHg-l). This gradient may permit the enducardinm to recruit more 
coronary volume and flow than the epicardium. Similar mea.sah~ments in the intact hearts of 
two anesthetized open-chest dogs before and after adenosine infusion were consistent with the 
findings in the isolated henrL To relate these observations to microvascolur architecture and 
mechanics, we measured capillary diameter and anmb~r dettsity at three transmural sites in 
arrested canine hearts perfusins-fixed at coronary artery pressures of 50, 80 and 110 mmHg. 
There was no transmural gradient of capillary density or diameter al low p~ssure but mean 
values were higher at the subundocurdium than the suhepicardium at the highest porfnsion 
pressure. These data form the basis of a mieromuchanical model of perfused myucardium, 
Supported by NIH grant HL41603 and NSF grant BCS-9157961 
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DEVELOPMENT OF LV STRAIN IN HYPERTROPHIC CARDIOMYOPATHY 
A. A. Young, C. M. Kramer, V. A. Fetrari, L. Axel, and N. Reiohek 
Hospital of the University of Pennsylvania, Philadelphia, PA. 

Hypedrophio cardiomyopathy produces markedly heterogeneous patterns of left 
ventriculer wall thioio~,,~sa and myofibrillar disarray. To evaluate regional dynamics 
during contraction, we have reconstructed the 3D motion of the left ventricle during 
systole in seven patients with hypertrophic cardiomyopathy (HCM) and twelve normal 
volunteers, using magnetic resonance tagging. Tmnsmt~al tagging stripes were 
generated at end-diastole (El:)), using epallal modulation of magnetization, and 
automatically tracked through four or five frames to end-systole (ES) with an active 
contour model. Once tracked, each stripe point provided a ooe-dimensional 
displacement constraint: the projected distance from the deformed position to the 
original tagging plane. A 3D finite element model of the LV was used to combine this 
information from tagging planes of three or four different orientations and thus 
reconstruct 313 displacement and strain. Strains were calculated at two times relative to 
ED: one at early systole (25-33% from ED to ES) and one at ES. While radsl motion 
(towards the iong axis) was normal in early systole and slightly reduced at ES, the 
longitudinal motion of the base towards the apex was markedly reduced at both times. 
The normal anticiockwise rotation about the long axis during early systole was 
preserved at the apex (5.6 + 2.8" HCM vs. 5.2 + 1.4" control) but abolished at the base 
in HCM patients (-0.1 • 1.1" vs. 2.4 • 1.2"). Torsion (defined as rotation about the long 
axis relative to that of the base) was increased at both early and and-systole especially 
in the apical posterior wall (7.3 5: 3.1' vs. 3.1 • 1.3" at early systole). The least principal 
strain (associated with greatest contraction) was slightly increased at esdy systole, but 
depressed at ES in the mid-vantricular and basal septum (4).18 • 0.06 vs. -0.22 • 0.02 
in the basal septum at ES). In conclusion, principal contraction was preserved at eady 
systole but reduced in the ssptum at ES. Longitudinal shortening was reduced and 
torsion enhanced throughout systole. 

4 l  

TORSION EXPERIMENTS ON PAPILLARY MUSCLES 

J Dadmun, H Bichot, JD Humphrey and WC Hunter 
Dept of Biomedical Engineering, Johns Hopkins University 
Dept of Mechanical Engineering, University of Maryland 
Baltimore, Maryland 

Excised papillary muscles are convenient for in vitro 
biomechanical experimentation, but commonly performed 
uniaxial tests are not sufficient for the complete 
characterization of the 3D constitutive relation. We 
show, however, that combined extension and torsion tests 
provide sufficient multiaxial information to infer a 3D 
constitutive relation for papillary muscles directly 
from data. We also describe a new computer-controlled 
experimental system that we developed for performing 
these tests on papillary muscles taken from small 
animals. Finally, we report validations of both the 
theory and experimental system that were achieved using 
cylindrical rubber specimens. 
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ALTERING THE FILLING BEHAVIOR OF AN IN VITRO EXCISED pORCINE 
HEART PREPARATION D Melvin, H Schima, U Lossert, H Stthr, H Siegi, L Huber, 
E Wolner. Center for Biomedical Research, Ludwig Bolzmatm Institute and 2nd Dept. of 
Surgery, Univ Vienna, Vienna, Austria, and Dept. of Surgery, Univ Cincinnati, Cincinnati, OH. 

Mechanical 're-powerlng' of a failing heai~ with devices or skeletal muscle could potentially 
circumvent blood-pump lining problems. Such techniques are difficult to explore 
experimentally. There is no close physic.el simulation of a dilated, end-stage, human heart to 
use for testing and refining procedures prior to in vivo trials. The complex requirements 
(effective support while preserving valve closure end coronary flow, avoiding wall coaptation 
and still allowing both rapid low impedance re-filling and independent left and right pressures) 
demand a testing preparation with detailed feattrres not readily achievable with prosthetic 
models. Transplant recipient hearts (the exact target population) are not usually excised with 
all valves and vessels intact. Pig hearts are anatomically similar to normal but not to dilated 
human hearts, and their compliance falls rapidly after death. Most fixatives fmther decrease 
compliance. Physiologically adequate in vivo animal failure preparations have not reproduced 
pathologic geometry. Mechanical and/or chemical alteration of ventricelar anatomy and 
material characteristics was thus attempted in 76 hearts from 90-120 kg swine with particular 
attention to filling mechanics. Fresh slanghter-hoese hearts were dilated after eardioplegia at 
0-4, 18-20 or 35-38~ using direct ventricular fluid inflation or one of several balloon designs. 
After unacceptable stiffness with formaldehyde and inadequate preservation with glutaralde- 
hyde perfusion, a series of 16 balloon-dilated hearts with stunt-protected valves were perfused 
with ethyl alcohol. Dimensions were assessed by ultrasound and mechanical behavior by 
continuous pressure/volume relationship during 24 to 72 hourS of cyclic filling. Geometry 
(approximate ellipsoid, full volume 120-160 rat), valve function (no visible leak in 4 of 5 
tested at 100 mmHg) and low-volume compliance (;~ 100 rat filling from a somewhat flattened 
state with s 5 mmHg pressure increment) appear sufficiently similar to failing human hearts to 
be useful for in vitro appraisal of filling and valvular function during mechanical wall 
activation methods. 
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DISSOCIATION OF LEFT VENTRICULAR AND INTRAMYOCARDIAL PRESSURES 
IN ISOLATED RABBIT HEARTS 
Hiroshi Yamada and Frank C.P. Yin 
Johns Hopkins Medical Institutions, Baltimore, MD 

Because LV cavity pressure (LVP) is a boundary condition for the myocardial wall, 
intramyocardial pressure (IMP) is thought to be related to LVP. The heterOgeneous 
material, complex structure, and nonlinear mechanical behavior of  the tissue components 
at the microscopic level, however, suggest that this concept may be an oversimplification. 
To further test this, we measured IMP in isolated rabbit hearts in diastole and during 
barium eontracture with a servo-nnll system using glass pipettes < l0  microns in diameter. 
In diastole (n=6)  at constant coronary crystalloid perfusion pressure of  47 mmHg, IMP 
in the unloaded and highly loaded states (LVP of 1.2 + 0.5 and 31.8 + 2.2 mmHg; mean + 
SEM) was 6.7_+0.9 and 10.5+ 1.4 mmHg. In contracture (n=5)  at the same perfusion 
pressure, IMP in the unloaded and loaded states (LVP of 2.4-+0.8, and 31.1 -+4.2 mmHg) 
was 21.7-+4.1 and 24.7 +4 .9  mmHg. To further show that changes in IMP do not require 
changes in LVP, in two hearts we held LVP at nearly zero pressure and changed coronary 
perfusion pressure from 50 to 70 mmHg. IMP was 6.9 and 8.1 mmI-Ig at these perfusion 
pressures. Since IMP was higher than LVP in both unloaded diastolic and systolic states, 
lower than LVP in both loaded states, and changed with perfusion pressure in the absence 
of LVP, intramyocardial pressure can not be directly related to left ventricular pressure. 
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A THREE DIMENSIOI',IAL SIMULATION MODEL OF SYSTOLIC FLOW FOR 
EVALUATION OF LEFT VENTRICULAR FUNCTION 
Erick A. Gonzalez and Richard T. Schoephoerster 
Mechanical Engineering Department, Florida International University, Miami, FL 33199 

Left ventricular (LV) dysfunction due to coronary artery occlusion is traditionally evaluated 
through global geometric measurements such as stroke volume and ejection fraction. We have 
previously computed the LV chamber 2-D systolic velocity distribution using as input to the 
model the time-varying LV wall motion obtained from right anterior oblique (RAO) 
venUiculograms, and introduced a quantitative parameter, Central Ejection Region (CER) 
coefficient, which wili characterize global left veolricalar function based on the simulated flow 
dynamics computed from and sensitive to regionM, time-dependent LV wall motion. The 
CER coefficient provides ~ qualitative and quantitative measure of global function that 
regional wall motion analysis cannot provide, and is a parameter which is sensitive m regional 
and temporal abnormalities and the resulting compensatory actions which cannot be detected 
by global parameters. In order to provide more realistic and functional LV systolic flow 
dynamics, as well as the ability to localize and evaluate the condition of the three dimensional 
surface of the myocardium, a three dimensional model of LV systolic flow dynamics has been 
developed. The three dimensional surface of the LV chamber is reconstructed with a series of 
six two dimensional echucardiographic apical long axis views obtained by rotating the 
ultrasound transducer through 30 degree intervals. The continuity and three dimensional 
Navier-Stokes equations are discretized using the finite analytic method and the solution 
obtained using boundary conditions computed from the regional wall motion. A parametric 
study was performed comlmrmg the resulting CER from a "perfectly" contracting elliptical LV 
with several simulations of "abnormal" wall motion. Results indicate that the CER is a 
parameter which will be sensitive to the three dimensional motion of the LV wall and 
effective in evaluating LV function as a means of assessing the efficacy of anti-thrombolytic 
therapy. 

46 

STATUS REPORT ON THE DEVELOPMENT OF A RIGHT- 

VENTRICULAR-VOLUME-MEASUREMENT INSTRUMENT 

Peter J. Yim, Timothy A. Johnson, Ph.D., Carol L. Lucas, Ph.D. 

The Department of Biomedical Engineering, The University of 
North Carolina at Chapel Hill 

An instrument based on sonomicrometry is needed for 

measuring the heart's right ventricular volume in animal 

experiments studying the elasticity and contractility of the 

right ventricle (RV). The feasibility of determining the RV 

volume based on several ventricular dimensions was assessed 

using five casts of lamb RV's. The product of the anterior- 

posterior dimension and the septal-free-wall dimension of the 

lamb heart was found to have a good correlation with the RV 
volume (r - 0.954). Using seven excised porcine hearts, a method 
for controlling the RV volume, for use in validation studies, 

was developed that relies on a frequently calibrated volume- 
pressure relation. Dimensions of the porcine hearts were 

measured with sonomicrometry (based on transit-time between two 

crystals) but were considered unrealistic due to rigor mortis of 
the hearts. 5-MHz-planar-crystal transducers were unreliable in 

in vitro testing due to insufficient beamwidth. Tests of 

transducer beamwidth conducted in water indicate that 2-3-MHz- 

planar-crystal transducers will have better performance. We 

conclude that the critical choices in the design of this 

instrument are which dimensions to measure and which transducers 
to use to make those measurements. 
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CORONARY MICRO'VASCULAR RESPONSES TO PRESSURE AND FLOW. 
Lib Kuo, Michael J. Davis, and William M. Chdian. 
Department of Medical Physiology and Microcirculation Research Institute, Texas A&M 
University Health Science Center, College Station, 'IX 77843. 

The goals of this study were to examine pressure- and flow -induced mlcrovascuiar responses and 
to delineate the mecbanisms of these responses in terms of the involvement of eudothelium and 
its derived vasoacdve substances. Porcine subepicardial arterioles and venules, 60-100 gm 
internal diame~, wca-~ i~lated and eannalated with two giass micropipettes and then pressurized 
via independent ~servoir systems while measuring vessel dlametcrs using video microscopy. To 
study the vascular responses to intraluminal pressure (lP) changes, i.e. myogenic responses, IP 
was altered by moving both reservoirs in the same direction. To activate flow-dependent 
responses, lumenal flow was increased by simultaneously moving the reservoirs in equal but 
opposite directions, thus generating a pressure gradient across the vessel without changing the 
mean IP, In the al~ence of flow, all vessels developed spontaneous tone. Varying lP within the 
range of 20 to 140 cmH20, ct~onary arterioles exhibited myogenic responses by constricting and 
dilating to [P increases and dec:tenses, respectively, [n contrasL cosona~ venules responded 
passively to changes in pressure (2-40 cmH20). Pressure-diameter relationships of arterioles and 
vennies were not altered after disruption of the endothetium. Both coronary arterioles and 
venulus dilatr in ~sponso to the increases in lumenal flow. Flow-induced vasedilafion was 
complelr abolished after endothelial removal. Bioassay studies, using intact and denuded 
art~oles connected in series, indicated that a lransfcrable substance was released from the intact 
eudothelium in response to flow, Flow-induced dilation was not affected by indomethacin, a 
prostaglandin synthesis inhibitor, but was abolished by NG-monomethyl-L-arginine, a selective 
and competitive inhibitor of nitric oxide synthesis. O~ results indicate that comnm 7 art~ioles 
possess stronger myogenic responses than those in venules, and these responses are endotheliam- 
independent, Moreover, flow-induced vasodilation is mediated by the release of a transferable 
altrovasodiiator, rather than a prostanoid, from endothelial cells. 
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INTRACORONARY PRESSURE DURING RADIOGRAPHIC CONTRAST INJECTION 
Mexia Siebes x, Kimberiy A. HermaJa I, James D. Rossen z 
Departments of Biomedieul Engineering I and Internal Medicine2~ The University of Iowa, 
I o w a  City, IA 52242 

Coronary sxteriography is wldety regarded as the ~gold standard' for the quantitative assess- 
ment of coronary stenosis severity. Known pitfalls in the analysis include effects of vasoac- 
tire sgents~ poor eentrast mixing~ and changes in intraluminul pressure. Litt|e attention 
has been paid to possible fluid mechauieul effects caused by the necessary injection of con- 
trust material into the coronary extery. Trunsfemoru] coronary angiography was performed 
in healthy pig~, A 1.5F (0.5 mm o.d.) catheter-mounted micro-tip pressure tremsducer 
was placed inside un 8F (2.0I mm i.d.) eordnary injection catheter and advanced into the 
left circumflex cornnaxy artery to measure intracoronaxy pressure during administration of 
8 ml of radiographic contrast material. Pressures were measured at the tip of the injection 
catheter and 1, 2, sad 2.5 em cliatui to the tip. Power i~ections at rates of 2, 3, 4, and 

ml/see an we}] as b u d  injections were carried out repeatedly. Initial results show a sub- 
stantin] elevation in coronary pressure during the period of contrast administration. The 
pressure increased prog~cessively with increasing rate of injection, up to a rise of 30 mmHg 
for hand injertious. A similar relntionsh;p was found with increasing distance fxom the tip 
of the injection catheter. However, the data at larger distances were obtained at higher 
pre-injection pressures, st  which the arterial wall is  less compliant and therefore, intra- 
coronary pressure is more responsive to rapid volume loading. In conclusion, these results 
suggest that the intrer injection of radiographic contrast material gives rise to a 
temporary increase in coronary pressure, which appears to depend on the rate of injection 
sad the elastic properties of the sxtery. Since this artificial elevation of coronary pressure 
occurs during the primary phMe of image scquisition~ it may very well lead to subsequent 
erroneoua estimates of coron~y dimensions by quantitative angiogram analysis. 
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EFFECTS OF MAGNETIC RESONANCE CONTRAST AGENTS IN MYOCARDIAL TISSUE 
Robert M. Judd, Elliot R. McVeigh, Anne Bazille, Dikoma C, Shungu, Elias A. Zerhouni 
Departments of Radiology and Biomedical Engineering, The Johns Hopkins University 

Magnetic resonance (MR) can in principle be used to measure regional myocardial 
flow, vascular volume, extmcellular volume, and capillary permeability. However, there 
is a lack of uderstanding concerning the relationship between contrast concentration 
and the resulting myocardial MR signal. We have developed a model in which this 
relationship can be studied at a fundamental level. An isolated canine intewentdcuiar 
septum is perfused at room temperature with cardioplegic solution producing a viable 
but non-beating specimen. A surface RF coil is placed on the septum to directly detect 
the myocardial MR signal even/300 mssc dunng a train of 90 ~ RF pulses, allowing us 
to calculate T2"and measure T1 enhancement simultaneously for each RF pulse. 
Contrast agents are injected as boluses directly into the cannulated ssptal artery while 
coronary pressure and now are continuously monitored. The TI effects ol a l ~ i n - C ~ -  
DTPA (A) and Gd-DTPA ([3) are shown in the le~-hand Figure. T2" for these same 
injections are shown in the right-hand Figure. The TI curves are similar to classical 
indicetor-dilution curves in that large molecules, such as albumin, remain intravascular 
while smaller molecules, such as DTPA, extmvasete on the flint pass through the 
coronary circulation. The T2" curves, however, contain additional information about the 

vascuiature. 
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SYSTOLIC-DIASTOLIC CHANGES IN INTRAMYOCARDIAL VASCULAR VOLUME 
Kevin K. Yam, Robert M. Judd, and Frank C.P. Yin 
Johns Hopkins Medical Institutions, Baltimore, MD 

Coronary inflow and outflow are out of phase during systole, indicating a net 
decrease in coronary vascular volume during contraction. The magnitude of this 
diastolic/systolic variation in vascular volume provides an importsnt insight into the 
coupling between the vasculature and muscle. However, direct measurements of 
intravascuiar volume have not been made. We used our previously described digital 
subtraction angiography (DSA) method to measure this variation in 3 isolated, perfused 
canine interventricular septa. Every 200 msec intramyocardial vascular volume was 
calculated from the change in pixel intensity within myocardial tissue due to an 
intravasealar contrast agent (peffluorooctylbromide). The figure shows phasic septal flow 
and corresponding vascular volume during cardiac contraction in one specimen. On 
average, vascular volume fell from 14.2_+4.3 to 7.4_+5.1 ml/lOOg (51_+24%). 

�9 o~ ~ o.~ . . . . . . .  

The data show that cardiac contractiou can expe[ a significant fraction of the 
intramyncardial volume. While the magnitude of these voluma changes may differ from 
those in-rive, these changes in intmmyocardial volume suggest that cardiac contraction 
directly affects the microvasculature. 
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EXTRAVASCULAR COMPRESSIVE PRESSURE PREDICTED FROM EPICARDIAL 
CORONARY FLOW DYNAMICS 
S. Sideman, D. Manor, R. Shoffi and R. Beyar 
Techdion-lsrael Institute of Technology, Halfa, Israel. 

The forces exerted by the myocardium on the i~ramyocardial circulation, defined here as 
the extravascular compressive pressure (ECP), can be predicted from epicardial coronary 
flow measurements under constant coronary perfusion pressure using an appropnale 
berfusion line model. We have characterized the shape of the ECP under these conditions 
and compare it with the shape of direct high fidelity measurements of left ventrioJlar 
pressure (LVP) and midwall intramyocardial pressure (IMP) waveforms. Coronary arterial 
flow was measured in 10 mongrel dogs at constant perfusion pressura. A non-linear 
analog capacitive-resistive coronary perfusion model was used to determine the ECP 
function. The calculated ECP phasic waveforms are mirror images of the corresponding 
measured flow signaJs. Typically, the ECP wave shows a continuous systolic increase 
peaking close to end-systole. The shape of the phasic ECP waveform resemNed the 
shape of the experimentally measured IMP waves, but was different from the LVP 
waveforms. A decrease in LVP by preload manipulation affected both the ECP shape and 
the amplitude, while a change in the perfusion pressure modified only the ECP amplitude 
but not its shape. It is suggested here that the ECP function, calculated based on 
measurements of epicardial flow under conditions of constant pertusion pressure, 
represents an index reflecting the effective compression of the contracting myocardium on 
the intramyocardial circulation. The ECP differs markedly in shape from the LVP and 
resembles the IMP measurements. 

54 

MYOCARDIAL BLOOD FLOW AND REGIONAL CARDIAC FUNCTION: 
EFFECrS OF EXERCISE TRAINING. J. L. Hall, P. A. l l an~ ,  C. H. Ixwmx, M. H, 
Laugldla, and K. A. Overholaer. Vanderbtlt Univ. Nashville, TN 37/.35, and Univ. ef 
Missouri, Columbia, Me, 6.$211. 

Magnetic resonance imaging (MRI) was used to study regional cardiac function and 
distribution of coronary blood flow in two Yucatan miniahlxe swlan before and after a 
16-we.ch period in which one pig remained sedentary while Iho other underwent a 
treadmill exercise tralnln~ program. Tagged (grid pattern) c~an imagin 8 was used to 
determine left ventricular (LV) myocardial slrain. The exerdse-trained pig showed a 
48% increase in mean LV wall displacement after the trainln~ pcrio~ ~ the 
sedentary animal showed an 11% increase, sul~esting an effect of mmrclse trainin~ on 
ventrlcular wall function- Regional myoordial pedusiou was studied with dynamic 
contrast-enhanced MRI. A Tl-weightod turboFLASH ima~in~ s e q n e ~  was used to 
track signal intensity changes induced by intravenous injection of 0.1 mmol/kg gd- 
DTPA. Image acquisition time was approximately 0.5 sec; acquisition continued for 
30 sec. Signal intendty-time curves (normalized to baseline) were calculated for each 
of 36 myocardial segments and integrated, The area under each curve was*considered 
to be related to blood volume in a se~or. It was found that exercise trMning led to a 
higher normalized area (53.9 +_. 7.S post-trainin~ vs 45.0 + 2.6 pro-training) and to a 
more heterogeneous myceardial flow, elevated in inferior wan and septal regions. The 
zone of higher blood volume corresponded to the sectors of greatest incteuse in 
ventricular wall function, suggesting simultaneous, localized, training-induced 
alteration in coronary flow and mechanical work. Supported by HL-36531 and 
HL07411 NRSA~ 
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SELF-EXCITED OSCILLATIONS IN COLLAPSIBLE TUBES: 
EFFECTS OF TUBE TENSION AND DOWNSTREAM RESISTANCE 

HT Low, YT Chew, SH Winoto, *CN Lee and JW Wang 
Department of Mechanical & Production Engineering, 

National University of Singapore, * Gleneagles Medical Centre, Singapore 

Flow instability in collapsible tubes may be of interest in relation to that in the natural 
veins, and the Korotkoff sound generation in collapsed arteries. The mechanism 
initiating self-excited oscillation has been associated with the downstream 
characteristics, critical flow, separated flow and panel flutter, but is not yet fully 
understood. This paper studies the effect of tube tension and downstream resistance on 
the pressure-flow behaviour of collapsible-tubes and its' self-excited oscillations. One of 
the main features of the present experiments is that the various transmural pressures 
are varied systematically whilst keeping other parameters fixed, so that the effects of 
each parameters are clearly interpreted. The tube of diameter 10 mm and length 120 
mm was attached to rigid ducts at both ends and surrounded by a pressurized 
chamber. The initial tube tension corresponded to 0 - 25% strain, and the external 
pressure was kept fixed at 40 cm water. The upstream transmural pressure was varied 
at _+ 3 cm water and the downstream transmural pressure varied down to -20 cm 
water. Results are presented of the pressure<lrop versus flow behaviour for various 
values of upstream transmural pressure. For positive upstream transmural pressure 
there is a negative pressure-flow gradient, indicating flow instability. The effect of tube 
tension is similar to an increase of transmural pressure. A low downstream resistance 
has the effect of initiating tube oscillation; measurements were made of the frequency 
and amplitude of the flow and pressure oscillations. The various tube oscillation modes 
are presented through video-recording. 
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TWO-DIMENSIONAL VELOCITY FIELD MEASUREMENTS 
USING COLOR DOPPLER ULTRASOUND 

R.S.C. Cobbold, T.A. Maniatis, M. Ojha, and K.W. Johnston 
Institute of  Biomedical Engineering, 

University of Toronto, Toronto, M5S 1A4, Canada 

Color flow Doppler ultrasound images from complex vessel geometries can 
be difficult to interpret, thereby limiting the effectiveness of  the technique to 
correctly assess geometric abnormalities and to quantitatively relate the images to 
the underlying flow field. This paper describes progress in calculating and 

displaying two-dimensional velocity vectors from an end-to-side anastomosis 
model under steady flow conditions at various Reynolds numbers. A linear array 
Doppler system enables color flow images to be recorded from three incident beam 
directions in the plane of  symmetry of the model. The velocity vector field within 
the plane of view is then calculated from the digitized images. It is shown that the 
calculated velocity magnitude image provides a relatively simple interpretation o f  
the flow field. In addition, velocity vectors superimposed on one of  the Doppler 
images provide a means of  understanding the complex color-coded flow pattern. 
The secondary velocity field was calculated and compared to the theoretical values 
for flow in curved vessels. Finally, results are discussed in relation to flow 
visualization observations of the three-dimensional velocity field in similar 
anastomosis models at comparable Reynolds numbers. 
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INTEGRATED EXPERIMENTAL AND NUNERICAL SINULTATION APPROACH TO 
LEFT ATRIAL BIODYN/~IC~ 
Urmila Ghia, Ph.D., Li-H. then, and Brian D. Holt, M.D. 
University of Cincinnati, Cincinnati, OH 

With the objective to acquire an improved understanding of le f t  
atr ial  (LA) f luid dynamics, LA flow is represented by the 
complete unsteady Navier-Stokes equations and simulated 
numerically using a novel temporally deforming adaptive grid. 
The system geometry was idealized to consist of an ellipsoidal LA 
chamber, a composite pulmonary vein (PV) and a rigid mitral 
valve. Preliminary results have been obtained for the 
configuration with the mitral valve in the fu l ly  open position 
and clearly show a circulatory instantaneous flow pattern in the 
atr ial  chamber. The approach is capable of modelling unsteady 
flows, including the effects of temporal variations in 
geometrical dimensions as well as inflow and outflow boundary 
conditions. Accordingly, in a parallel effort ,  experimental data 
have been acquired for canine LA flow by instrumenting animals 
with a high f ide l i t y  LA micromanometer, pairs of sonomicrometers 
on the long and short axes of the LA and on the PV, and a PV flow 
probe. Computational results are presently being obtained for 
these measured temporally varying conditions. This research has 
the potential for general cardiac flow analysis and therefore may 
aid in development/improvement of cardiac prosthetic devices. 

Supported in part by a UC Biomedical Engineering Seed Grant; 
resources in part provided by the Ohio Supercomputer Center. 
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Interpretat ion of Flow Velocity Measurements from a 12 MHz Doppler 
Guidewire Downstream of a Coronary Stenosis Model 
Helene Leclere*, Steven A. Jones +, Neal A. Scottt 
"Georgia Institute of Technology, Atlanta, GA, +Johns Hopkins University, Baltimore, MD, 
tEmory University Hospital, Atlanta, GA 

The shape of a Doppler ultrasound spectrum depends on the transducer beam pattern, 
and this can be altered by the acoustic properties of blood and tissue. To account for this, 
a model of a coronary artery stenosis has been constructed such that the blood analogue 
fluid and the model material have identical acoustic impedance. Thus, alterations of the 
beam pattern are minimized. The resulting Doppler power spectra are interpreted in terms 
of known fluid mechanics downstream of a stenosis. Three stenoses were studied with 
cross-sectional area reductions of 50%, 75% and 90%. Reynolds numbers were 240 and 400. 

The separation region downstream of the stenoses exhibited three peaks in the Doppler 
spectrum: one at high frequency correspondind to the velocity of the jet; one at low 
negative frequency, corresponding to the reverse flow; and one at low positive frequency, 
corresponding to the forward flow part of the recirculation region. The relative sizes of 
these peaks changed with axial distance downstream of the constriction. For example, the 
power of the high frequency peak diminished in amplitude with distance from the sten~is. 
This reduction in power was gradual for the 50% stenosis, but its rapid occurrence for the 
75% and 90% stenoses probably reflects transition to turbulence. 

The Doppler spectra could be readily interpreted in terms of known fluid mechanical 
phenomena caused by a stenosis only when the acoustic impedance of the model and the 
blood-analogue fluid were matched. In vivo, where acoustic impedance match is not guar- 
anteed, it may he necessary to compensate for acoustic phenomena to correlate Doppler 
measurements with fluid mechanics. 
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In-Vitro Measurements of Wall Shear Stress in a Nearly Symmetric Left Coro-  
nary  A r t e r y  Bifurcation Model 
Leigh A. Miller*, Steven A. Jones +, Don P. Giddens +, Chris K. Zarinst, Seymour Glagov t 
*Georgia Institute of Technology, Atlanta, GA, +Johns Hopkins University, Baltimore, MD, 
tUniversity of Chicago, Chicago, IL 

The geometry of the left coronary artery bifurcation varies greatly from individual 
to individual. To establish general relationships between artery wall shear stress and 
atherosclerosis or intimal hyperplasia, one must know how this variability affects wall shear 
stress. Thus shear stress estimates were obtained by laser Doppler anemometry from a 
nearly symmetrical left coronary bifurcation model and compared to earlier measurements 
by Tang in a similar, but non-symnmtric model. The models have the same branch diame- 
ters, and exhibit physiological branch curvature, and bifurcation angles. They include the 
left main, left anterior descending and left circumflex arteries. 

For both models, wall shear stress was generally higher along the epicardial surface than 
along the myocardial surface and higher along the inner walls of the branches than along the 
outer walls. A larger turning angle into the circumflex artery of the non-symmetric model 
caused the shear stress along the outer wall of this branch to be approximately half as large 
in the non-symmetric model as in the symmetric model. Recirculation in the symmetric 
model only, along the myocardial wall midway through the left main is attributed to a 
sharper left main entrance from the ostium in the symmetric model. 

If artery wail shear stress is inversely related to intimal thickening, then both models 
imply increased thickening along the myocardial wall and along the outer walls of the 
branches. However, the model with the higher turning angle into the circumflex artery 
should be more prone to intimal thickening along the outer wall of this branch. Since the 
curvature in the left main did not differ greatly between the two models, the presence of 
recirculation in one and not in the other indicates a strong influence of ostium geometry. 
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EXPERIMENTAL STUDY OF STEADY FLOW IN RIGID MODELS OF 
ABDOMINAL AORTIC ANEURYSMS 
C.L. Asburfl, J. Ruberti ~, R.A. Peattie ~, and E.I. Bhith 2 
~Dept. of Biomedicul Engineering, Tulane University, and 2Dept. of Radiology, Alton 
Ochsner Medical Foundation, New Orleans, La 70118 

It has been estimated that abdominal aortic aneurysms occur in as much as 2-3% of the 
population, and that their rapture produces a mortality rate between 78-94%. As an 
investigation into the mechanical factors which lead to anemysm rupture, flow field 
measurements for steady flow are presenied for a range of anemysm sizes and Reynolds 
numbers. Seven rigid models with elliptical anensysm geometry were constructed with 
uniform lengths of 4d and of diameters that ranged from 1.5 to 3.0d, where d is the inner 
diameter of the andilated entrance tube. Color Doppler flow imaging was used to 
qualitatively characterize the flow fields and to provide information regarding the onset 
of, and complete transition to, turbulent flow. In addition, Laser Doppler Velocimctry 
was used to qmmtify the flow field velocities and to estimate wall shear stress values for 
each of the models. It was found that over a range of Reynulds numbers corresponding to 
niwvo flow rates, the flow can be Other laminar or turbulent. Both visualization images 
and velocity profiles are presented, and conditions for transition to turbulence are 
discussed. This investigation represents an initial step in a study of flow fields within 
abdominal aortic ancorysms, the results of which will have significant implications for 
clinical decisions concerning the treatment of aortic anemTsms. 

Acknowledgments - The authors gratefully acknowledge the support of die Louisiana 
Educational Quality Support Fund and the Whitaker Foundatien. 
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BLOOD VOLUME SHIFT FROM MICROCIRCULATION AS THE MAJOR COMPENSA- 
TION TO MACROVASCULAR BLOOD VOLUME LOSS BY HEMORRHAGE 
J. S. Lee and L. P. Lee 
Dept. Biomed. Eng., Univ. Va. Charlottesville, VA 22908 

We measured the changes in blood and plasma density to assess macrovascular volume eom- 
p~sation resulting from hypovolemia via fluid restitution from transcapillary exchange and 
blood volume shift from micro- to macrocirculation. Rabbits conscious (CONS) and then 
m~esthetized (ANES) were subject to a cyclic hemorrhage protocol with AV as the volume 
variation and a cyclic period of 2 minute. With the consideration that transcapillary exchange 
had a density similar to that of lymphatic fluid, we calculated from the cyclic variation in 
plasma density the variation in the volume of fluid restitution. This volume was found to be 
7% ofAV (r = 0.98). Calculated from the blood and plasma density variation at 10% hemor- 
thage, the hematocrit variation was 1.19 _+ 0.04%. In view that the addition of restituted fluid 
to the circulating blood could only produce a hematocrit variation of 0.25 _+ 0.03%, its 
difference from the observed hematocrit variation was used to determine the microvascular 
volume shiff based on the consideration that the mierocireulation had a microvascular 
hematocrit lower than the hematocrit of arterial blood. This volume shift was 58% ofAV (r = 
099). These two volume relations were not altered by anesthesia. Despite different 
mechanisms controlling the arterial pressure for CONS rabbits with and without the infusion 
of hexamethonium (HEX) and ANES rabbits, we estimated from the measurement of total peri- 
pheral resistance and a two resistor circulation model that microcirculatory pressure could be 
similar. Thus the volume variations of fluid restitution and microvascular shift were linearly 
related to the variation in microeirculatory pressure with the relations unaltered by HEX or 
ANES. From these results, we conclude that the microvascular volume shift is the major short 
term mechanism compensating the hemorrhaged volume. The mechanism is not by direct neural 
control or local regulation but by a passive elastic mierocirculation responding to a 
rrticrovascular pressure reduction. Supported in part by NHLBI grant HL 40893. 
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HEPATIC CAPACITANCE RESPONSE TO HEMORRHAGE IN THE CAT. 
C.V. Greenway 
Dept of Pharmacology, Univ. of Manitoha, Winnipeg Canada. 

Cats anesthetized with pentobarbital were hemorrhaged (1 ml.min'l.kg body wt -1) until 
arterial pres,sa~e declined to 55 nun Fig while hepatic volume was recorded by 
plethysmography. Time controls showed that 3 hetr~rrhages at lh intervals gave 
comparable responses in which the liver contributed 20*/* to a mean hemorrhage of 20 
ml/kg. Twelve series of experiments were done in which hepatic or splanahaic nerves 
were cut, venous or arterial pressures were manipulated, or afferent (carotid, vagal) reflex 
mechanisms controlled. No evidence for a role for the hepatic nerves was found; and liver 
volume responses did not correlate with changes in portal or hepatic venous pressures. An 
explanation for the r~ults is not obvions. However when the experimental procedure 
changed the volume of hemorrhage required to reduce arterial pressure to 55 nun Hg, the 
liver volume response changed proportionately and the hepatic contribution remained 20*/, 
(P<0.0001; r 2 0.6; n=163). The data and SOme possible interpretations will be presented. 
(Supported by MRC of Canada and Manitoba He.art and Stroke Foundation). 
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BLOOD VOLUME DISTRIBUTION OF INTESTINAL MICROCIRCULATION 
AND ITS CONTROL BY THE BARORECEPTOR REFLEX SYSTEM 
A. A. Shoukas and E. B. Haase, Dept of Biomedical Engineering, The 
Johns Hopkins University School of Medicine, Baltimore, Maryland. 

Recent publications have shown that the sympathetic nervous system 
and the carotid sinus baroreceptor reflex system have the ability to 
regulate the pressure-diameter relationships of the small veins and 
venulas of the intestine of the rat. In order to relate the changes in the 
pressure-diameter relationships of individual vessels to changes in blood 
volume of an organ it is necessary to have a complete architectural 
description of the intestinal vascular bed as well as knowledge of the 
responsiveness of the arteries and arterioles. We obtained the transient 
artedolar pressure-diameter relationships, the steady-state arteriolar 
diameter relationships during activation of the baroreflex system and 
morphological data on the rat intestinal vascular bed. These data were 
used to allow for a quantitative prediction of the changes in intestinal 
microcirculatory total blood volume. The results revealed that venules 
hold 70% of the total microcirculatory volume and are responsible for 
approximately 80% of the total blood volume shift when the baroreceptor 
reflex is activated. Arteriolar constriction results in a 14% decrease in 
microcirculatory blood volume. Thus, volume changes within the 
venules play an important role in intestinal capacitance. 
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MODEUNG ACUTE HEMORRHAGE IN THE HUMAN CARDIOVASCULAR SYSTEM 
Stefanie Neumann 
University of Pennsylvania, Department of Bioengineering 

For sxsanguinating emergency patients, the critical factor determining the 
time available for preoperative diagnosis and intervention is the patients' rate 
of bleeding. Over time, massive blood loss may induce shock and ultimately 
death. The author's aim is to develop a computationally efficient, first- 
principles model of acute cardiovascular (CV) response to exsanguinating 
trauma and fluid replacement to aid physicians in making crucial decisions. 

The model is unique in two respects: t) No published models consider acute 
hemorrhage; 2) Because precise values for significant CV parameters are 
unavailable in an Emergency Center, the model will be a mixed quantitative/ 
qualitative (Q/Q) model, capable of using qualitative estimates of those 
parameters. Qualitative reasoning allows system simulation when not all 
system parameters are known precisely. The accuracy of the mixed Q/Q model's 
results improves monotonically with the accuracy of its input. 

The purely quantitative model depicts the pulsatile nature oi blood flow 
throughout a closed system, and includes major systemic compartments, such as 
arterial and venous pulmonary and systemic partitions, and left and right 
hearts. System relationships which cannot be precisely defined are convened 
into a set of constraints, and parameter domains and landmark values are 
specified, pr the Q/Q model. This model operates as a continuous, time- 
dependent cycle that forms expectations by projecting statistics into the future 
and uses differences between expected and actual (i.e., monitored) observations 
to update the model. The updates ensure that the expectations become 
increasingly accurate, providing a solid basis for clinical decisions and activity. 
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INFLUENCE OF NITROGLYCERIN ON SPLANCHNIC VOLUME AND CARDIAC OUTPUT 
M.A. Morse and D.L. Rutlen 
Section of Cardiology, Medical College of Georgia, Augusta, GA 

The present study examined the importance of changes in 
splanchnfc capacity, as assessed by scfntigraphy, in the 
regulation of cardiac output (CO) during nitroglycerin 
in 16 anesthetized pigs after denervation. With nitroglycerin 
(0.5 mg min - I  i .v . )  for 5 min, BP decreased from 
115• to 95• mmHg (P < .0001), portal vein pressure decreased 
from 9.0• to 8.5• mmHg (P < .0001), portal flow increased 
from 637• to 668• ml min - I  (P=.09), and transhepatfc 
resistance decreased from 7.5• to 6.5• mmHg min 1-1 
(P < .01), but CO was unchanged (1929• to 1890• ml min-1). 
Total splanchnic intravascular volume (Vi) increased 1.6• 
(P < .05, 14• ml). This increase was due to an increment in 
mesenteric V i (12.9• P < .0001), since splenic V i 
decreased (9.6• P < .0001) and hepatic V i did not change. 
After splenectomy, nitroglycerin at 0.5 mg min -1 and 2 mg min -1 
was associated with increases in total splanchnic V i of 3.7• 
(P < .0001, 30• ml) and 7.6• (P < .001, 59• ml) due 
entirely to increases in mesenteric volume of 9.9• 
(P < .0001) and 16.5• (P < .0001), respectively, but CO 
was unchanged. Evisceration did not alter the CO response. Thus, 
nitroglycerin is associated with an increment in total splanchnic 
V i due to active mesenteric venodilation and an increase in 
portal flow. The splanchnic V i changes do not affect CO. 
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VASC~ CAPACITANCE IN EXPERIMENTAL HYPERTENSION 
M.J. Brunner, G.G. Bishop, K. Shigemi, Department of 
Surgery, University of Maryland at Baltimore and 
Department of Biomedical Engineering, Johns Hopkins 
University 

We investigated carotid sinus baroreflex control of 
vascular capacitance in IK-1C hypertensive and sham 
operated anesthetized dogs using a constant flow 
cardiopulmonary bypass. Arterial compliance was a non- 
linear function of arterial pressure and not different in 
hypertensive dogs. Carotid baroreflex-induced changes in 
arterial compliance, total peripheral resistance and 
zero-flow arterial pressure were not diminished in the 
hypertensive group. There were no significant 
differences in total systemic, arterial and venous 
compliances found between normotensive and hypertensive 
groups. In both groups, 13 ml/kg was mobilized by reflex 
venoconstriction, and 5 ml/kg of this was taken up by the 
arterial compartment, resulting in 8 ml/kg of blood 
mobilized to the reservoir. There were equivalent reflex 
changes in capacity in the normotensive and hypertensive 
groups, indicating that the ability to reflexly mobilize 
blood volume is not diminished in the face of the 
elevated arterial pressures in hypertension. 
(Supported by NIH Grant NL-38316). 
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T H E O R E T I C A L  ADAPTATIONS O F  T H E  SYSTEMIC C I R C U L A T I O N  
D U R I N G  E X E R C I S E .  
S. Magder  and  A. Deschamps. Critical Care Division, Royal Victoria 
Hospital,  McGill University, Montreal,  Canada.  
During exercise, adaptat ions must occur in the systemic circulation to provide 
the venous re turn  necessary to maintain a high cardiac output.  Based on the 
two-compar tment  model  of Krogh, Caldini et al (Circ. Res. 1974) developed 
an equation for venous return (VR) which is based on the distribution of  flow 
(F), stressed vascular volume (V), venous resistance (Rv) and venous 
compliance (Cv) in the splanchnic and peripheral  circulations. We used 
values for these parameters  that we previously obtained from canine studies 
on the hemodynamic effects of baroreceptor  tone, heat stress and the infusion 
of neuropept ide  Y to predict changes in the circulation which would occur 
during exercise in a 70 kg man. An increase in the F to the peripheral  bed 
f rom 63% at rest to 90% during exercise would increase V R  at zero right 
atrial pressure to 10.7 l/min from a resting value of 5.5 l/min. If V also 
increased by 10 ml/kg, VR would rise to 17.5 I/min, but the pressure in 
muscle capillaries would rise considerably. If the venous resistance of the 
periphery decreased by 50%, Q would increase further to 24.5 l/rain, and  the 
rise in muscle capillary pressure would be less but still calculated to be 44 
mmHg.  A decrease in the splanchnic Rv would increase VR to 28.6 l/rain 
and produce a further  rise in the peripheral  capillary pressures. In 
conclusion, complex adjustments must occur in the systemic circuit to allow 
the high cardiac output  during exercise. The high flow to muscles increases 
muscle capillary pressures which must be reduced by muscle contractions. 
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A NEW HEMODYNAMIC iNTERPRETATION OF THE MUSCLE PUMP 
John V. Tyberg and Sandra E. Baker 
The University of Calgary, Calgary, Alberta 

Evidence suggests that the circulatory phenomenon of exercise known as the 
muscle pump affects systemic capacitance (CAP) as well as systemic vascular 
resistance (SVR). However, it is O~ceft to measure these effects independently; indeed, 
to develop a conceptual framework to provide the basis of such an analysis. 

When there is no flow through the systemic circulation, arterial pressure (P~ and 
venous pressure (Pv) must be equal and, by definition, equal to mean circulatory 
pressure (P,J. p~ is a measure of the "fullness of the circulation' and reflects total CAP. 
As Levy and others have shown, increasing flow through the systemic circulation 
increases Po and decreases P,; these P,- and P,-flow relations may be taken as 
properties of the systemic circulation, since they are functions of arterial and venous 
CAP and SVR. Analysis of recent experimental evidence (Sheriff et al, 1993) suggests 
that exercise may displace this relation rightward Oe, the same values of Po and Pv 
appear to occur at higher flow values dunng exercise). 

This result suggests a new hemodynamic model of the circulation dudng exercise. 
The exercising muscle may be equated to a pump connected between the aorta and the 
vena cava which pumps blood out of the arteries into the veins. Since this pump would 
be in parallel to the heart (obviously, the exercising muscle is also situated in parallel to 
the gut, kidney, etc), the pump flow would negate part of the cardiac output so plots of 
P, and P, versus cardiac output might be "artefactually' shifted rightward because flow 
through the non-exercising systemic circulation equals cardiac output minus muscle- 
pump flow. Correction for such a horizontal shift might make it easier to estimate the 
true change in P~ (by extrapolation of the P,- and Pv-flow curves to flow = (3) and, 
thereby, the affect of exercise on CAP. 
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EVALLrAT[ON OF A FLOW-DIFFEREN'IIAL "ITdC'I-~I]QUE I~OR THE RECORDI]NG OF ~ 
BLOOD VOi2JME CHANGES. 
J. R. McNeiU and F.X. Ralmpandian 
Department of Phannacolog7 and Cardiovascular Risk Fuctm Reductico Unit, University of 
Saskatchewan, Saskatoon, SK. Canada, S7N OWO. 

Bamreflexes piny a major mmle in the regulation of regional blood volume changes but, 
unfortmmtely, anesthetics and surgical stress altex baroreflex function. Tha~fore, we sought 
to develop and evaluate a method for the rea~dlng of regional blood volume changes in the 
conscious unrestrained animal by recording the integral of the d i f f ~  betwena the inflow 
(arterial blood flow) and the outflow (venous blood flow) to a particular region using 
ultrasonic transit-rime flowmeters (Transonic Systems, Ithaca, NY). As a first step, we 
attempted to validate the technique in the anesthetized eat by comparing the changes of 
splenic blood volume using the flow-differential technique to that recorded by an independent 
technique, namely a geavimetric method in which splenic weight was recorded by placing the 
organ in a cradle attached to a strain gauge transducer. Intra-arterinl and intravenous infusions 
of norepinephrine were associated with dose-dependent decreases in splenic blood volume. 
while isopmterenol induced increases in splenic blood volume. The peak changes recorded by 
the two methods at various doses of the two vasoactive agents showed a high degree of 
correlation (r > .9). Moreover. the time course of the change of a single response using the 
flow-differential method was similar to that re.curded by the gravimeuic technique. The 
resalts suggest that the flow-differential method is a reliable method for the continuous 
recording of changes in spleen volume. However, in the conscious cat, the re-establishment 
of a collateral circulation to the spleen was a major problem limiting the usefulness of this 
approach, at least for this organ in the conscious animal. Other regions may not face the 
same revascularization problem. (Support by the MRC and the Heart and Stroke Foundation). 
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VASOCONSTRICTOR AGENTS AND MEAN CIRCULATORY FILLING PRESSURE 
Pang, C. C. Y. 
Dept. Pharmacol. & Ther., The Univ. of British Columbia, Vancouver, B.C., V6T 
f Z3, Canada 

We have used the mean circulatory filling pressure (MCFP) method to study the 
effects of drags on venous tone in conscious, unrestrained raLs. MCFP is the 
circulatory pressure that occum after blood flow is instantaneously stopped and all 
the pressures are brought to an equilibrium. We investigaled if central venous 
pressure (CVP) and pedal venous pressure (PVP) equilibrate after the circulation is 
stopped by the inflation of a balloon implanted in the dght atdum. In conscious rats, 
CVP was similar to PVP dudng circulatory arrest under conditions of normal, as well 
as drug-induced, elevated or reduced vascular tones. Presscr doses of vasepreSSin 
(5 x 10 -if to 1 x 10 -s mol kg -~ min -1, i.v. infused) and NG-nitro-L-arginiae methyl 
ester (nitdc oxide synthase inhibitor, 2 x 10 -6 to 6 x 10 -5 mol kg "1 , i.v. injected) have 
minimal effects on MCFP. I.v. infused norepinephdne (3 x 10 "1~ to 8 x 10 -9 mol kg -1 
min -1) and angiotensin II (2 x 10 -10 to 1 x 10 -8 tool kg -1 rain ~ dose-dependently 
elevated mean artedal pressure (MAP) and MCFP, pad of angiotensin's venous 
effect was mediated via the release of catecholamines from the sympathelic nerve 
terminals. Endothelin-I (8x10 -11 to 2x10.  s mol kg -1, i.v. injected) dose- 
dependently increased MAP, but if only slightly raised MCFP in the resting condition, 
however, its venous effect was markedly potentiated by sympathetic activation 
(verapamil-induced hypotension). The MCFP method provides a reproducible end 
non-traumatic means for the estimation of drug effects on venous tone, 

Suppoded by the Head and Stroke Foundation of Canada. 
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ROLE OF C-~,STROINTESTINAL BED VASCULATURE DURING MEASUREMENT OF 
MEAN CIRCULATORY FILLtNG PRESSURE. 
C. F. Rothe and R. Maess-Moreno. 
Dept. Ph,jsiology, Indiana University School of Medicine, h',dianapolis Indiana 

The gastrointestinal (GI) vascular responses to hemorrhage, transfusion (10 
ml/kg) and sympathetic blOCkade by hexamethonium plus atropine (H&A) was 
studied in fentanyl-pentobarbltal anesthetized dogs. The GI vascular compliance 
(Cgi) averaged 1 ~82 _+ 0.68 (SD) ml/mmHg and was not significantly changed by 
transfusion or hemorrhage, but sympathetic blockade increased Cgi 0.57 _+ 0.37 
ml/mmHg. During the mean circulatory filling pressure (Pmcf) maneuver the portal 
venous pressure (Ppv), assumed to be equal to the Pcv 7 sec after stopping the 
heart, averaged 0.83 _+ 0.10 mmHg higher than the Pcv. Furthermore, at this time 
the portal venous flow (Fpv) decreased to a plateau value about 25% of the pre-Pmof 
flow. The Ppv-Pcv difference and Fpv-at-7-sec were not appreciably changed by 
transfusion, hemorrhage or reflex blockade. The product: Cgi*(Ppv-Pcv), an 
estimate of the extra distending volume, was 1.3 _+ 1.2 ml, or about 0.07 _+ 0.07 
ml/kg BW. From this source, the error in estimating Pmcf, though finite, is 
physiologically insignificant. Some extra vascular distension of the liver dudng the 
Pmcf maneuver is possible, but unlikely if the normal distending pressure of the 
hepatic veins is appreciably less than the portal venous pressure. 
(Research supported by NIH grant HL07723.) 
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R O L E  O F  CRITICAL CLOSING PRESSURE AND A R T E R I A L  
RESISTANCE IN T H E  C O N T R O L  OF T H E  CANINE VASCULATURE.  
S. Magder  and  Ian Shrier. Critical Care Division, Royal Victoria Hospital,  
McGill University, Montreal,  Canada.  

In most  vascular beds, arterial flow stops even though arterial pressure is 
grea ter  than venous pressure. This can be explained by the presence of 
arterial compliance and  a vascular waterfall effect the critical closing 
pressure (Peril) at  the level of  the arterioles. We eliminated compliance 
effects by ramping  flow to zero over 2-10 sec. and studied the effects of 
various physiological factors on Pcrit and the upstream resistance (Ra). We 
found that  barorecep tor  mediated increases in sympathetic activity, 
increased both Peril and Re.  Increases in the perfusion pressure increased 
Pcrit which suggests that there is a myogenic effect at the site of Pcrit. 
However,  the arterial resistance decreased. Blockers of E D R F  (L-nitro 
arginine) increased Pcrit and Ra  and also the myogenic response, but  the 
same pat tern  occurred with phenylephrine, an ot-agonist. Both agents 
eliminated the fall in R a  with increases in perfusion pressure. Maximal 
vasodilatation markedly decreased Pcrit, but it was still present (approx. 10 
mmHg);  the myogenic response was also present but markedly reduced. A 
calcium channel blocker, nifedipine, reduced Perit but did not eliminate it. 
In conclusion, the pressure and flow of the hindlimb are controlled by 
alterations in both a Petit and Ra,  and the changes do not necessarily occur 
in the same direction. This allows tight regulation of hindlimb blood flow. 
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AN OPTIMIZED INDEX OF HUMAN CARDIOVASCULAR ADAPTATION TO 
SIMULATED WEIGHTLESSNESS 

Mad Wang, Larry Hassebrook, Joyce Evans and Charles Knapp 
Center for Biomedical Engineering, and Depame~rLt of Electrical Engineering 

University of Kentucky, Lexington, KY 40506 

Prolonged exposure to weightlessness is known to produce a variety of cardiovascular 
changes some of which may influence the astronaut's performance during a mission. In order to 
find a reliable indicator oI cardiovascular adaptation to weightlessness, we analyzed data from 9 
male subjects aIter a period of simulated weightlessness produced by 2 hours in a launch position 
followed by 20 hours of 6 ~ head down tilt plus pharmacologically induced diuresis with furosemide. 
Heart rate, arterial pressure, thoracic fluid index, and radial flow were analyzed. Autoregressive 
spectral estimation was used to estimate the spectra of each variable for pre and post simulated 
weightlessness. We found a significant decrease in heart rate power and an increase in thoracic 
fluid index power in the high frequency region (0.2 to 0.45 Hz) and significant increases in radial 
flow and arterial pressure powers in the low frequency region ( < 0.2 Hz) in response to simulated 
weightlessness. However, due to the variability among subjects, no single variable provided a 
reliable mcasare for every subject. The backward elimination algorithm was then used to select the 
best discriminatory features from these spectral components and Fisher's linear discriminant and 
Bayes quadratic discriminant were used to combine the selected features to obtain an optimal index 
of adaptation to the exposure to simulated weightlessness. Results showed that both techniques 
provided improved discriminant performance over any single variable altd thus have the poteutial 
for use as an index to track adaptation and prescribe countermeasures to the effects of 
weightlessness. (Supported by NASA Grant NAG9-298, and the University of Kentucky Clinical 
Research Center Grant R01-2602.) 

76 
TIME-FREQUENCY AND SPECTRAL REPRESENTATIONS OF HEART RATE 

VARIABILITY OF SPACE SHUTTLE CREW DURING RE-ENTRY AND LANDING. 
Patwardhan, A.R., S. Vallurupalli, J.M. Evans, C.F. Knapp, "M.M. Jones, and ~ Charles. 
Center for Biomedical Engineering, University of Kentucky, and "Cardiovascular Laboratory, 

JSC, NASA Houston TX. 
To investigate whether the autonomic function in cardiovascular regulation changes due to 
microgravity exposure, and because heart rate spectra have been shown to indicate changes in 
autonomic function, we conducted spectral and time frequency analysis of heart rate from 11 
astronauts before, during and after 5 to 6 day long spaceflight. Surface ECG was recorded for 5 to 
6 minutes in the sitting (SIT) and 5 to 6 minutes in the standing position (STND) approximately 10 
days preflight CL-10) and one hour after landing (LND). ECG was also recorded continuously during 
the last 5 to 6 minutes in mierogravity environment, through re-entry, landing and subsequent egress. 
Instantaneous heart rates were computed 'from the ECG. Spectral estimates using autoregressive 
models were computed for SIT and STND position and from a 5 to 6 minute data record acquired 
in mierogravity (0g). The models were decomposed to obtain components of the spectra, which were 
binned into low (LF), mid (MF) and high (HF) frequency regions (.01-.06, .06-. 15, and. 15-.5 Hz). 
To track changes in heart rate variability during re-entry and landing (i.e. during the transition from 
mierogravity to earths 1 g environment) we eoadueted a non-stationary time-frequency analysis using 
Smoothed Discrete Wigner Distribution (SDWD). In the SIT posture, (LF+MF)/HF powers during 
L-10 and 0g were similar but were significantly elevated during LND. The total powers in heart rate 
spectra were elevated during 0g relative to L-10 and LND. The orthostatic response (decrease in HF 
and a increase in LF and MF powers) was blunted during LND relative to that during L-10. The 
time-frequency analysis showed a increase in LF and MF and decrease in HE powers during landing. 
These spectral changes suggest that the eardinvascular regulatory system re-adjusts after 5 to 6 days 
in microgravity such that during 0g the autonomic balance is similm" to that during L-10, but after 
re-entry, the balance shiRs towards increased sympathetic and decreased parasympathetic activity. 
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ANALYSIS  OF M E C H A N I S M S  U N D E R L Y I N G  THE C A R D I O V A S C U L A R  

RESPONSE TO L O W E R  B O D Y  NEGATIVE PRESSURE U S I N G  A 
M A T H E M A T I C A L  M O D E L  

E.H. Karam, R S. Srinivasan, and J.B. Charles 

Space Biomedical  Research Institute and K R U G  Life Sciences 
NASA Johnson Space Center, Houston, TX 77058 

This paper discusses a possible mechanism underlying the cardiovascular response to 
lower body negative pressure (LBNP) up to presyneopal levels. The analysis is based on 
simulation results obtained using a mathematical model of the eardinvaseular system capable of 
accurately simulating LBNP response up to -40 mmHg. In order to explain the response over 
a wider range of LBNP, the following hypothesis is made: The dynamics associated with left 
ventricular filling, which involve flow through pulmonary circulation and left atria, will change 
significantly as more and more blood is shifted away from the central region toward lower 
extremities during LBNE This hypothesis was tested by comparing model's responses with and 
without changing the filling time constant. Experimentally observed presyneopal response could 
be obtained only with an increased time constant at higher levels of LBNP. Although the actual 
process which determines the change of the filling time constant is not yet identified, the results 
indicate a high sensitivity of the response to increased time constant, which stems from its 
influence on the nonlinear left ventricular function. With the filling pressure already decreased 
due to decreased venous return caused by LBNP, an increased filling time constant further 
reduces the end-diastolic pressure. This reduction, although small, produces a significant drop 
in end-diastolic volume with consequent increase in heart rate and a sharp decline in mean 
arterial pressure at higher levels of LBNR Thus, the model suggests that the presyneopal 
response is due, at least in part, to a leftward shift of the operating point on the passive left 
ventrieular pressure-volume curve caused by the increased filling time constant during LBNP 

75 
DOES CONTROLLED RESPIRATION ENHANCE VAGAL MODULATION 

OF HEART RATE ? 
*Patwardhan, A.R., *J.M. Evans, ~D.L. Eekberg, and "C.F. Knapp. 

*Center for Biomedical Engineering, University of Kentucky, Lexington, Kentucky, and 
!Hunter Holmes MeGuire V.A. Medical Center, Richmond, Virginia. 

Breathing to a metronome has been reported to increase high frequency (HF) power in heart rate 
(HR) spectra, suggesting enhanced vagal modulation of HR [Malliani et al. Circulation, 84:482- 
492, 1991], To investigate the effects of controlled breathing on HR spectra we recorded ECG 
and respiration (nose thermistor) during supine (SUP), 50 o head up tilt (HUT) and 48 mm Hg 
lower body negative pressure (LBNP). The tests were conducted during spontaneous breathing 
and controlled breathing, with the metronome set at each subiest's s-tmqataneous mean reaniratory 
rat....._ee measured previously during SUP, HUT and LBNP. Breath durations were computed from 
the nose thermistor signal and probability density estimates for spontaneous breathing frequencies 
were estimated. Spectral estimates were computed using autoregressive (AR) models and were 
decomposed to give components of the spectrum. The HF power in HR was quantified as the 
sum of powers of all the components within the respiratory frequency bandwidth rather than 
using the power of the largest component within the respiratory bandwidth. Results (N=8) 
showed no significant differences in either LF or HF powers between spontaneous and 
metronomic breathing for SUP, HUT or LBNP. Thus, when the variability in respiratory 
frequencies during spontaneous respiration was accounted for by summing all the spectral powers 
in the respiratory bandwidth, HF powers were similar for spontaneous and metronomic 
breathing. Our results suggest that increased HF power in HR observed by others could be 
because, during controlled breathing all the respiratory components are coherent. This does not 
necessarily indicate enhanced vagal modulation of HR. 

77 
C O M P A R A T I V E  H E M O D Y N A M I C S :  A L L O M E T R I C  ANALYSIS  OF 

C A R D I O V A S C U L A R  VARIABLES 

J .K-J ,Li ,  Y. Zhu,  G. Drzewiecki  and A. Noordergraaf 

Cardiovascular  Research Labs. ,  Biomedical  Engineering,  Rutgers Universi ty,  

NJ and Cardiovascular  Studies Unit,  Bioengineering, Universi ty o f  

Pennsylvania,  PA.  

Hemodynamic variables that are commonly used to assess cardiac 

function and the arterial  system are either directly measured, or derived from 

models. Some of  these parameters vary considerably among mammals of  

differing body sizes. For  comparative analysis, normalization process is often 

necessary. We investigated this aspect by applying allometry to a generalized 

left ventr icle-arterial  system model. Results show that pulse transmission 

parameters  such as pulse wave velocity and reflection coefficient,  aortic 

propagation constant times length, are independent of  body sizes. This  is also 

true for ratios o f  geometric  dimensions, such as arterial and ventr icular  wal l  

thickness to radius ratios. Stroke volume and arterial  compliance are 

proportional to body weights and ventricular elastance is inversely 

proportional to cardiac muscle volume. Normalization is then simply obtained 

based on these relations. Allometry thus provides a powerful  tool for 

comparat ive hemodynamic studies. 

78 
POST-PRANDIAL HEART RATE SPECTRAL CHANGES IN YOUNG NORMAI S. 
Tushar Desei, Jerry Collins, Richard Shiavi, It*do Biaggioni, and David Robertson. 
Vanderbih University, Depts. of Biomedical Engineering and Medicine. 

The effects of a standard meal on heart rate (HR) spectra and systemic blood pressure (BP) was 
evaluated in 20 young normals (10 M and 10 F; ages 20-29). ~ abstaining from caffeine 
for 24 hrs and an overnight fast, g subjects (4 M, 4 F) were asked to lie supine for 60 min 
before a meal and 60 rain after. A second group of 12 (6 M, 6 F) lay supine for 30 min before 
and 90 rain after a meal. While the subjects were supine, ECG was recorded continuously and 
BP was measured at 5-rain intervals. For each 10-min inte~al, a smoothed time series of 
instantaneous HR. was geoerated, on which Welch's method of averaging modified perindograms 
was used to calculme power spectra in the nmge of 0.02 to 0.4 Hz. Spectrei power was divided 
into two bands-low-frequmcy (If,  <0.15 Hz) ~eflecting primarily sympathetic control of HR 
and high-frequency (Hf, >0.15 Hz) reflecting vagal control of HR. No slgniflcant postmeal 
differences were found in BP betwean genders or over either the 60-min or 90-min intervals by 
repeated-measures ANOVA. While females had significantly higher aveesge premeal HR, 
postmeal HR showed significant increases for both sexes, with the mint change occurring in the 
first 60 rain (60 • 8 bpm to 66 • 8 bpm, n=20, p < 0.0001) and persisting over 90 win (62 + 10 
bpm to 66• bpm, n=12, p<0.0001). The Lf/Hf ratio also showed algnificant increases 
postmeal for both 60 rain (3.4+2.3 to 4.4• n=20, p=0.005) and 90 rain (4.1+2.6 to 
5.0• n=12, p=0.0008) intervals. Contrast analysis was performed on the Lf/Hf ratin 
averaged over 30-rain premesl and either two (nffi20) or three (nffi 12) postmesl intervals. The 
Lf/Hf ratio did not increase significantly for any two edjacant time intervals, but the increases 
betwee~ any two non-adjaeant intervals (i.e. premesl to second or third 30 n~n postmeal or first 
30 rain to third 30 rain postmesl) were significant. Meals, therefore, ~ , . . a  increases in HR 
and Lf/Hf ratio in normal subjects persisting over a 90-rain postmesl interval, consistent with 
an increase in sympathetic autonomic HR control at the expense of vagal control. 
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"APPROACHES TO HIGH-LEVEL EXPRESSION OF HEMOGLOBIN IN 
TRANSGENIC PIGS" 
R. Kumar, A. Sharrna, A. Khoury-Christianson, J. Okabe, and M. Martin 
DNX, Princeton, NJ 

The production of transgenic pigs expressing integrated hemoglobin transgenes 
(Swanson et. al, Bio/TechnolooylO:557-559, 1991) has been heralded as a 
breakthrough in the development of a cost-effective and safe hemoglobin based 
oxygen carrier (Moffat, Science. 253:32-33, 1991). The cost of hemoglobin will be 
determined in large part by the level of expression of the human globin transgenes 
in the tt'ansgenic pigs. We have initialed a multi-faceted effort to optimize the 
efficiency of production of human hemoglobin in transgenic pigs. We have 
addressed beth the transcriptional and translational control aspects of gene 
regulation in the design of constructs that allow high-level expression of human 
globin genes in pigs. Other aspects of protein synthesis and assembly, such as 
folding and sub-unit association are also being considered in our design. The 
results of these experiments and their impact on the bio-engineering of a blood 
sube.lltute will be discussed. 

80 
KINETICS OF NADH-METHEMOGLOBIN REDUCTASE IN LIPOSOME- 
ENCAPSULATED HEMOGLOBIN 
S. Zhung, D. Webster and R. Beissinger, Illinois Institute of Technology, Chicago, I1 

Modified film hydration and doable emulsion approaches resulting in improved 
encapsulation eW~iency have been developed for encapsulation of hemoglobin in lipid 
vesicles for use as a red blood cell substitute. Recent work has demonstrated using either 
of these approaches that administration of llposome-encapsnlated hemoglobin (LEH) in rats 
was efficacious. The importance of inhibition of the generation of methemoglobin (metHb; 
the nonfunctional form of hemoglobin which cannot carry oxygen) during the processing of 
LEH is demonstrated in our current studies. The enzymatic activity of metHb reductase as 
well as its effect on metHb concentration in precursor Hb solmlon compared to liposome- 
encapsulated Hb solution was measured spectrophotometrically. The enzyme kinetics were 
studied using metHb as an electron acceptor. NADH was used as the enzyme cofactor. 
Stroma-free Hb solution was used as the crude enzyme source of metHb reductase, which 
was encapsulated in lipid vesicles. Results showed for stroma-free Hb solution stored for 
up to 20 months at -20 ~ that the enzyme system was active (specific activity = 0.54 ttmol 
metHb/min-mg total protein). Encapsulation of this Hb solution in hposomes using modified 
film hydration processing to form the LEH resulted in somewhat reduced enzymatic activity 
(0.36 p~mol metHb/min-mg total protein). The effect of NADH-metHb reductase on metHb 
reduction in LEH samples was then studied. The metHb concentration of the liposome- 
encapsulated Hb solution, which was formed using modified film hydration processing, was 
9.5% of the total Fib (without NADH added to the precursor Hb solution) and more than 
50% less, i.e. 4.5% (with NADH), both at day 2, respectively; metHb was 13.2% (without 
NADH) and 5.6% (with NADH) at day 15. However, LEH made using either reverse 
evaporation or double emulsion processing, both of which included the use of organic 
solvents, showed no significant reduction in the metHb concentration of the encapsulated 
Hb solution for LEH sample containing NADH compared to that without NADH. 
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CARDIOVASCULAR EFFECTS OF HEMOGLOBIN SOLUTIONS: 
CHARAC'rERIZATION AND MECHANISMS 
T. Estep, Baxter Heahhcare Corporation, Round Lake, IL 

ln-vivo testing has demonstrated that highly purified hemoglobin solutions exhibit 
cardiovascular effects which are not explicable simply on the basis of oxygen transport or 
colloidal properties. Of particular interest is a rapid increase in blood pressure which is 
observed in both normovolomic and hypovolemic animals immediately after hemoglobin 
infusion. This pressor response is self-limiting in that the blood pressure increase does 
not exceed 40 to 60% of baseline values in normotensive animals, regardless of the dose 
of hemoglobin administered. While associated with an increase in total peripheral 
resistance, the administration of hemoglobin results in increased blood flow to many 
organs, especially in hypovolemie animals. Studies of potential mechanisms for this 
cardiovascular response implies that hemoglobin interacts with eudothelin, a-adrenergic 
and nitric oxide pathways. Although the precise interrelationship between these 
interactions is unclear, the net result is a redistn'bntion and selective enhancement of 
blood flow which is beneficial in several preclinical models of important human 
indications. 
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THE EXPRESSION OF TUMOR NECROSIS FACTOR BY MACROPHAGES EXPOSED 
TO LIIN~SOME ENCAPSULATED HEMOGLOBIN 
Alan S. Rudolph ~, Richard O. Cliff ~, Andreas M. Spirig ~, and Rueven Rabinovici 3 ~ NAVAL 
RESEARCH Laboratory, Code 69C0, Washington, DC20375-5348,2 Geo-Centers, Inc., 10903 
Indian Head Highway, Ft. Washington, MD 20744, ~ Department of Surgery, Thomas 
Jefferson University, Philadelphia, PA 19107-5083 

We have demonstrated that the encapsulation of hemoglobin results in biodistribntions which 
show significant involvement of the reticuloendothelial system. Previous studies with 
moderate doses of radiolabeled liposome encapsulated hemoglobin (LEH) in small animals 
have demonstrated that the principal site of accumulation is tissue resident maerophages of 
the liver and spleen over the course of 24-48 hours. Histopathology of the liver and spleen 
after injection of LEH shows enlarged Kuppfer cells and trapping of LEH in the spleen. 
Based on these findings, we have explored the physical and biochemical responses of 
cultured and explanted macrophages with LEH. Mnrine alveolar, peritoneal, and splenic 
macrophages as well as adherent human peripheral blood monocytus have been incubated 
with LEH and the expression of tumor necrosis factor (TNF) measured by ELISA and by 
a cell based L929 kill assay. The results indicate that macrophages do not express TNF when 
incubated with varying concentration of LEH for up to 12 hours. We have also examined 
the ability of cultured explanted macrophages to express TNF in response to an endotoxin 
challenge following incubation with LEH. Macrophages exposed to LEH for 12 hours and 
then challenged with LPS for 24 hours show reduced expression of TNF compared to 
macrophages exposed to LPS alone. This is in contrast to increased serum TNF levels 
measured in rats injected with LEH followed 90 minutes later with a bolus injection of LPS. 
We are currently examining the time course of these effects and this response in ex vivo 
macrophages from mice injected with LEH. These results will also be presented in the 
context of posMble direct interactions between endotoxin and components of LEH. 

83 
MECHANISMS OF HEMOGLOBIN TOXICITY 
R.M. Winslow, MD, K.D. Vandegriff, PhD, and R. Motteriini, PhD. 
Department of Medicine, School of Medicine, and Department of Bioengineering 
(AMES), University of California, San Diego, 3350 La Jolla Village Drive, San Diego, 
CA 92161. 

Several cell-free hemoglobin products, modified to prolong vascular retention and to 
minimize renal toxicity, are now in human safety trials. While some of the problems with 
early solutions have been ovemome by rigorous purification and better product 
characterizations, problems still remain. Chief among these is vasoactivity, possibly 
mediated by the known propetty of hemoglobin to bind NO, an endothelinm-derived 
relaxing factor. Alternatively, NO might he demroyed by 02 radicals formed in the 
presence of hemoglobin. This obstacle has challenged our understanding of endothelial 
cell biology, of certain fundamental properties of hemoglobin, such as the heme-globin 
linkage, and of the pathways of heme metabolism. Some chemical modifications of 
hemoglobin lead to a relative loosening of the heme-globin linkage, and free heine can 
also bind NO. Heme can be taken up by endothelial cells in culture, as demonstrated by 
stimulation of heme oxygenase. It is possible that a better understanding of the globin- 
heme linkage and the effects of modification on it might lead to safer products in the 
future. Alternatively, encapsulation of hemoglobin into ]iposomes could limit heme- 
endothelium interaction and could provide additional safety, provided toxicity from 
liposomes is minimal. Finally, increasing the molecular size of hemoglobin by 
polymerization or conjugation to another molecule might reduce interstitial hemoglobin 
"leak", and could provide increased safety, provided significant globin-heme dissociation 
does not occur. 
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DEVELOPMENT OF A PULSATILE, VENTRICULAR ASSIST DEVICE FOR INFANTS 
Jaretich, J., Holfert, J., Bums, G., Taylor, T., Pantalos, G., Kopperl, E.. Oisen, D. 
University of Utah, Artificial Heart Research Laboratory. 

The infant patient papulation has been among the fastest growing segments of cardiac 
surgery over the past ten years. Increasing numbers of corrective procedures and transplantations 
have been successfully accomplished at a growing number of centers. As the number of cardio- 
vascular interveatious grow, and as lhe field expands, the oumber of cumphcations associated 
with these surgeries are bound to increase accordingly, Presently, there is no reasonable option 
available for temporary mechanical circulatory support for the infant population. 

In response to this need, the University of Utah's Artificial Heart Research Lab has been 
developing a 10cc infant ventricular assist device (WAD). This device is an extraeorporeal, 
pneumatically powered veelricle which can be used for either single or bivenlricular suplx)rt. 

Design and development of the device over the past two years has focused primarily on 
the following four ureas: l) ventricle design, 2) valve design, 3) canunlae design, and 3) driver 
design. Each area is being evaluated for applicability to the anticipated patient population. 

Consiilerations for the vnnuicalar design have included cardiac output, flow pattern 
characteristics, manufactttrability, reliability and funetiona/ity. Valve design parameters include 
minimizing thrombosis and hemolysis, simplicity, mnnufactorability, reliability, and assembly 
consideration. Cannuiae design is focusing on matching flow requirements with patient vessel 
size limitatious and the resulting effect on blo(xl interactions. The &iver development is currently 
underway, and determination of control parameters, control modes, alarm systems, etc. are being 
reviewed. 

The WAD system configuration and design integration has focused on simplicity for use 
in a clinical setting. Ease of implantation, monitoring, and evaluation will all be factors in 
assessing the usefuilaess of the WAD as a safe and effoct tool in the I~rcatmnnt of patinnts with 
cardiac illness in the infant pepalatiou. 
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PEDIATRIC BLOOD PUMP DEVELOPMENT 
Kenneth .C. Butler, Timothy .R. Maher, Harvey S. Bomvetz, Robert L. Kormos and 
Bartley P. Griffith 
Nimbus, Inc., Rancho Cordova, CA (KCB, TRM) and University of Pittsburgh (HSB, 
RLK, BIG) 

One problem facing cardiac surgeons who operate on thousands of neonates and 
pediatric aged patients annually or who wish to provide pre-operative support for 
congenital cardiac anomalies is lack of suitable devices to provide temporary cardiac 
support. Existing devices available for such purposes (ECMO and centrifugal pumps) 
are too large relative to the size of the patient. With this deficiency in mind Nimbus 
and the University of Pittsburgh (UOP) Department of Surgery are working to 
develop a new, miniaturized rotary pump intended solely for these special young 
patients. The current prototype generates 0.3 to 3.0 L/rain flow at a speed range of 
2500 to 4000 RPMs. The calculated average index of hemolysis obtained for in vitro 
tests with bovine blood equals 0.27 grams/day which is a factor of I t  below reported 
results for currently available centrifugal pumps. The key innovation is that the 
Nimbus/UOP neonatal/pediatric pump is 1/5 to I /3  the size of existing centrifiagal 
pump with a very low priming volume of only 15 cc. The feasibility of this pump 
concept is being addressed through in vitro studies of flow performance, hemolysis 
generation and lip seal integrity, In vino tests will demonstrate the hemodynamie 
performance, biocompatibilty and general suitability of this pump for neonates and 
pediatric aged patients. If ultimately successful, the Nimbua/UOP VAD would be 
the first product which is intended solely for cardiac support of neonates and 
pediatric aged patients. 
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S C A L E  E F F E C T S  I N  T H E  D E S I G N  O F  A P U L S A T I L E  V E N T R I C U L A R  
ASSIST  D E V I C E  (VAD) F O R  INFANTS 
S. P. Sutera, B. B. Dai ly and T, W. Pettitt 
Washington Universi ty,  St. Louis  

Steady f lows  o f  an incompress ible  v iscous  fluid through two geometr ica l ly  
s imilar  regions  are dynamically similar,  i.e,, have the same  relative magni tudes  
of  inertial and viscous forces, i f  the Reynolds numbers  (Re) are the same. I f  the 
f lows are transient or periodic, Re equality is not  by i tself  a sufficient condition 
for dynamic  similitude. In such f lows the transient growth of  viscous boundary 
layers, wakes,  and regions  of  f low separation and stasis mus t  also be reckoned. 
A pulsatile V A D  designed to be geometrical ly s imilar  to an exist ing device for 
adult patients, but  scaled down to give a strolm volume of  - 1 0  cc,  will  have  a 
length scale ~1/2 that o f  the adult prototype. The limited availability of  va lve  
types and sizes will generally preclude geometr ical ly s imilar  scaling o f  inf low 
and out f low ports .  Th i s  rea l i ty  wil l  compl ica te  the de te rmina t ion  o f  
corresponding velocity scales as will the controlled variability of  beat  frequency. 
In general i t  mus t  be expected that the f low in a scaled down V A D  will have a 
lower Re indicating a greater  influence o f  v i scous  ef fec ts  and also boundary 
layers that are thicker relative to the flow passages.  The magni tude of  wall shear  
stresses inside the smaller  ventricle can be comparable to that o f  the adult-sized 
unit but will depend strongly on the size of  the valve  ports. 
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THE PNEUMATIC PEDIATRIC VENTRICULAR ASSIST DEVICE-- 
PENN STATE UNIVERSITY ANIMAL STUDIES 
Sapirstein JS, Pae WE, Wirt DF, Marlotte JA, Pierce WS 
Department of Surgery, The Pennsylvania State University and Sams/3M, Inc. 

Despite improvclncat in the results of pediatric cardiac surgery, certain patients develop 
inadequate cardiac otltpat after opea'ation. Because such procedures usually do aot involve 
isehemic myocarditmL the potential for functional recovery from profound post-cardiotomy 
cardiogenic shock with mechamcal ventricular support should be greater tlum observed in 
the adult population. The Pennsylvania State Uulversity and Sarns/3M have developed a 
scaled-down model of the Piercc-Donachy pneumatic assist device for use iu the left or 
right ventricles of pediatric patients. An ultrasmooth, seamless 18 ml blood-sac of 
segmented polyurethane is contained within a two-piccc rigid housing. Air pulses from a 
pneumatic drive unit provide for filling and emptying, while eniquely designed ball valves 
assure unidirectinnal flow. A stroke volume of t2 cc provides a maximum output of 
1500 cc/min, yielding appropriate flows of t00 cc/kg/min for patients ranging from 
newborn to approxtmately six years of age. Shtn't-tarm chronic expea'nnnnts of left 
ventricular assistance were conducted in 18 baby goats and 10 young calves. Pumping 
duramen averaged 19 days (range=l-29 days). Mecbanica/failures occtnred in 18%, and 
thrombus formation associated with the pump or canunlae was noted in 64% of animals 
despite aggressive anti-platzlet activation and heparin regimens. Embolic events were 
documented at autopsy in 18% of animals. The Pennsylvania State University is now 
planning further in vitro and animal stadies to addi'ess these problems. 
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HYDRODYNAMIC PERFORMANCE OF A PEDIATRIC VENTRICULAR ASSIST DEVICE 
Timothy W. PettiU, M.D., Salvatore P. Sulera, Ph.D., Bill B. Dally, M.D., Ph.D, 
Washington University, St. Louis, Missouri 

Despite the success of vnntncalar assistance in selected adult patients and the clinical need for 
similar assistance in neonates and infants, no such pediatric device is currently available. The 
development of a pediatric ventricular assist device (PVAD) has been hindered by the lack of 
small, commercially available valves. A sealed down version of the Pierce-Donachy VAD, with 
specially designed ball valves, has been fabricated by Surns 3M, Inc. Animal studies, performed 
at The Pennsylvania State University, demonstrated a tendency for thrombus to form on the blood 
sac surface with peripheral microthiombcembolism. Except for the valvular apparatus, the adult 
and pediatric devices are geometrically similar and made from the same materials, Therefore. we 
hypothesize that the increased thiombogenicity of the pVAD is flow related, principally due to 
less effective washing of the sac surface. We suspect that the maximal wall shear stresses are 
substantially lower in the PVAD because of lower flow rates imparted by the smaller size of the 
device and restrictive nature of the srnall, hemodynamically inferior 6 mm ball valves. We tested 
the hydrodynamic performance of this PVAD in vitro mock circulation studies using two different 
valve/cannulae systems: (1) the original 6 mm inner diameter ball valves and (2) commercially 
available 12 mm porcine tissue valve conduits, Over a physiologic range of Bows and pressures 
and fof an operational range of drive parameters (beat rate, drive air pressure, systolic duration) we 
found the mean pressure gradients (AP) and energy losses (AE) were significantly reduced 
(see Table) across the 12 mm Mean Flow Mean AP (mmH/~) Mean AE (mJ/ml) 
valves. By incorporating (ml/min) 6 mm 12 mm 6 ram 12 ram 
larger, hemodynamically supe- 
rior valves, we expect to 1000 7.36 2.34 1.04 0.35 
improve washing of the blood Inlet 1500 14.94 3.72 2.10 0.56 
sac surface by increasing the 20(30 28,10 5.10 4.04 0.78 
kinetic energy of the inlet jet 2000 16.88 8.02 2.75 IA-3 
as it impinges on the blood sac Outlet 3000 34.45 13.51 5.43 2.26 
surface. 4000 58.67 19.00 9.26 3.08 
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BIOMEDICAL ENGINEERING CONSIDERATIONS FOR CHRONIC DEVICE PATIENTS 
J.M. Pristas, S. W'mowich, CJ. Capretta, R.L. Kormos, H.S. Borovctz 
University of Pittsburgh Medical Center, Pittsburgh, PA 15213 

As the cardiac transplant waiting time continues to increase, current generation mechanical 
circulatory support (MCS) systems are being used to support patients for longer poriods of 
time. There are several biomedical engineering issues that must be addressed when designing 
the ne~ version of these systems. Currently, at the University of Pittsburgh Medical Center 
(UPMC), a biomedical engineer (/]ME) is avai/able in-hospital 24 hours a day to provide 
technical support to the medical and nursing staff. When the patient's condition permits, a 
traimng program is initiated to teach the patient and family about the support system. This 
teaching is essential to the progression to our out-of:hospital facility, Family House (FH). We 
intend to initially keep a BME on duty at FH, but slowly wean them from that position as the 
patient and family become more comfortable with the MCS system. Should a technical 
emergency arise, the patient and/or their s i l~can t  other becomes directly responsible for 
implementing the proper emergency procedures. As the patient moves farther away from 
UPMC, their role becomes even more critical and training is more intense, and may be 
extended to include community hospitals. Other issues that our BME staff have discussed 
include system hardware components, such as display monitors, backup controllers and 
adequate battery support. The patient should carry a portable cellular telephone so that they 
can contact 911 or the medical/techulcal staff directly if they have a medical or technical 
problem. A BME may need to perform occasional system checks on the equipment to ensure 
continued safe operation. Alarm systems must be designed into the system to alert the patient, 
or perhaps a BME at UPMC, of conditions that require immediate attention. Messages on the 
device monitor should instruct the patient as to the resolution of the alarm. Also, as required 
by the FDA, data collection must be maintained, either by the patieot, the MCS itself, or 
through remote monitoring via modem. All of these BME issues must be considered when 
designing the future chronic MCS systems. 
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PERCUTANEOUS ACCESS (PA) AND V ~ C ~  ASSIST DEVICES (VADs) 
John C. Woodard 
Novncor Division, Baxter Healthcare Corporation 

The current generation of ventrieular assist devices are externally powered or 
extracorporeal and therefore require chronic penetration of the integument for either power/control 
or vascular access. As VAD implant durations increase nod device recipients begin m be cared for 
out of the hospital environment, the PA device and the clinical management of the exit site will 
become critically impoaant for the survival of these VAD patients. 

An ideal PA device would provide a durable seal at the skin surface functioning as 
impervious barrier to bacterial penetration while requiring little or no maintenance in the form of 
dressings or cleansing. Unfortunately, none of the current PA devices fulfill these criteria. The 
design of a number of these enrreedy-used VAD PA access devices will be reviewed and 
comparative photographs of the associated exit sites will be shown. Clinical experience gained 
from the Investigatioaal Device Exemption trials of the Novacor Left Ventriculat Assist System 
(LVAS) indicates that although wound dehiscence may occur at the exit site and iufectioa occurs 
in a small percentage of patients, iufectioa has always been resolved and no life-threatening 
events have been precipitated. 

A common feature of the Novacor LVAS and many other VAD PA devices is the use of 
a long transcutaneons cuff fabricated of low-pile Dacron velour. This is in contrast to the short, 
high pile subcutaneous Dacron cuffs on the Tenckhoff Chroaic Ambulatory Peritoneal Dialysis 
catheter. Other implants that cross external membranes such as dental implants and fixation 
posts for auricular prostheses utilize titanium rather than polymeric materials. Long survival and 
low infection rates seen with these devices suggest that the design of VAD PA devices may be 
improved by both design and material changes. 
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DEVELOPMENT OF A WEARABLE CONTROLLER FOR THE NOVACOR LVAS 
P. Miller, J. Billich, D. LaForge, J. Lee, A. Naegeli, J. Jassawalla, P. Portner 
Novacor Division, Baxter Healthcare Corporation 

The Novacor left ventdcular assist system (LVAS) has been utilized in an ongoing 
clinical tdal as a bddge to cardiac transplantation since 1984, using an implanted blood 
pump and electromechanical ddver, and an extracerporeal control console. Since 
patients supported by the LVAS typically become rehabilitated and highly mobile, a 
wearable control system configured expressly for the ambulatory patient was developed. 
This controller was ergonomically designed for portability, convenience and appearance, 
offering the recipient improved mobility and enhanced self-image. 

The wearable control system is comprised of a compact controller and rechargeable 
battery packs. The microprocessor-based controller provides all of the functions vali- 
dated dudng 15 patient-years of clinical experience with the control console, including 
synchronous operation based on internal sensing of pump filling rate. The main battery, 
capable of supporting pump operation for up to seven hours, includes a "smart" 
monitoring circuit, providing a display of battery charge level and a two-stage low charge 
alarm. The smaller reserve battery provides a redundant source of power and supports 
pump operation while a depleted main battery is being replaced. A monitor unit, based 
on a portable PC-type computer, provides the operator interface for device monitoring 
and adjustment. It displays patient ECG and pump volume waveforms, along with 
numeric values of rate, stroke volume and output. The monitor also supplies power 
(from AO or internal battery) to the wearable controller in lieu of the main battery pack. 

The wearable control system has been tested extensively in vitro and in vivo, with dem- 
onstrated multi-year reliability. A clinical tdal of the system is currently underway. 
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ONGOING DEVELOPMENT OF COMPLETELY IMPLANTED HEART ASSIST AND HEART 
REPLACEMENT SYSTEMS 
A. J. Snyder, G. Rosenberg, W.J. Weiss, W.E. Pae, W.S. Pierce 
The Pennsylvania State University 

We have for over ten years been engaged in the development of completely implanted, long-term 
systems for assistance of the left heart and for orthotopic heart replacement. Both are based upon a 
smooth-surface sac type pump actuated by bmshless motor and rollerscrew electromechanical 
energy converter. These pumping units have been successfully coupled with implantable electronic 
controls, and transcutaneous energy and telemetry subsystems, enabling tether-free, intact-skin 
operation in experimental animals. 

Our experience with animals indicates that the devices can function for extended periods without 
hemolysis requiring red cell replacement or clinically relevant changes in end-organ function. 
Although long-term durability cannot be demonstrated except through real-time testing, devices 
have repeatedly operated continuously for hundreds of days in vivo without detectable wear ufthe 
mechanical components. 

Both systems are now reaching their final physical configurations, in preparation for durability 
testing. These later-stage design decisions made by consideration of reliability, implantation 
procedures, long-term availability of materials and components, and human factors. 

Human factors considerations weigh heavily in the design of the extracorporeal equipment 
(energy transmission primary package, battery package, and battery charger), but also affect other 
parts of the design, such as the required capacity of the implanted battery. We have drawn here upon 
our experience with patients undergoing bridge to transplant procedures with pneumatic devices. 
This experience indicates that the majority of patients are easily made to feel comfortable with the 
equipment, tend to be highly confident in their devices, understand the relative importance of various 
alarms and indicators without extensive training, and are eager for mobility. Thus, the system 
configuration requires that the user attend to it periodically (typically every four hours) and assumes 
a modest amount of training in its use. In return, the user is granted a high degree of mobility, and, 
we hope, a sense of normality. 
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IMPLANTED ROTARY BLOOD PUMPS - DEVELOPMENT CHALLENGES 
K. Buffer, T. Maher, H. Bomvetz*, J. Antaki* 
Nimbus, Inc. and *The University of Pittsburgh 

A number of investigators, including ourselves, are developing rotary blood pump 
technology for implanted cardiac assist systems. Our motivation to pursue such devices 
stems from inherent advantages rotary pumps offer relative to existing pulsatile blood 
pumps. In particular, there is the potential to very significantly decrease the size, 
weight, complexity, and cost of implanted systems if  rotary blood pumps having the 
necessary biocompatability, durability, and reliability characteristics can be developed. 
We think that indeed this is possible and that rotary blood pumps may evolve to the 
point where implanted heart assist systems become a widely used form of treatment for 
end-stage heart disease. 

Along with those important advantages, rotary blood pumps have their own 
development challenges which must be met if  our evolutionary vision is to be fulfilled. 
The main ones lie with (1) achieving blood seal integrity, (2) verifying pump reliability, 
(3) providing pump speed control, and (4) demonstrating long-term physiological 
compatibility of diminished pulse flow. The systems Nimbus and the University of 
Pittsburgh are jointly developing utilize axial flow blood pumps. We have sufficient 
in vitro and in vivo experience with these devices to indicate that our unique system 
concept, as well as our basic development approach, will succeed in effectively 
addressing all of those challenging issues. 
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CLINICAL EVALUATION OF THE CARDIOWEST C-70 TOTAL ARTIFICIAL 
HEART 
R. G. Smith, MSEE, CCE 
University Medical Center, Tucson, Arizona 

The purpose of an Invastigafional Device Exemption (/DE) application is to collect 
specific information to support the safety and effectiveness of a device. This information 
includes system description, manufacturing, in vitro testing, in vivo testing, and data from the 
clinical investigation. The goal is for this data to support a premarket approval application 
(PMA). 

The CardioWest C-70 Total Artificial Heart (TAH) system is similar to the old 
Symbion J7-70 TAH system. During the study design, having data on over 140 past bridge- 
to-transplant patients provided many advantages. For example, additional entrance criteria 
were based on limitations observed with previous patients. Study exclusion criteria now 
address small size, elevated cytotoxic antibody levels, currently on a ventrizular assist device, 
and chronic steroid therapy, because all were associated with poor outcomes in the previous 
study. Data collection was structured to minimize different interpretations in a mniticenter 
study. For example, "irreversible kidney function" as a contraindicatiou to implant was 
replaced with "no dialysis for the past seven days and a serum creatinine less than or equal 
to five." Study success criteria and risk analysis were also based on previous human studies. 
Prospective controls and investigator bias were addressed in the new study. The learning 
experiences of past studies have allowed a more focused approach to the new clinical 
evaluation. This should minimize variability that would extend the study and require more 
data to meet PMA requirements. 



BMES Abstracts: Advances in Artificial Organs 19 

97 

AN ENTERIC POUCH TRANSFORMER FOR CIRCULATORY SUPPORT DEVICES: 
ANALYSIS OF A NEW TRANSFORMER CONFIGURATION 
A Helmicki, T Henderson, D Melvin, D Gloa, D Nebrigic; 
Colleges of Engineering and Medicine, University of Cincinnati. 

Circulatory support devices for indefinite heart failure treatment require I0 to 20 watts of 
power. Transmission of this power via transcutaneous electrical induction was demonstrated 
over 30 years ago [Scuder et al, 1961]. Three such devices now approach requirements for 
human use (Novacor, Therrnedics, and Ottawa). All of these devices are air-cored with the 
secondary implanted subcutaneously and the prim~-ry worn externally. In 1989 work began 
at the University of Cincinnati on a transcutaneous electrical induction device utilizing high 
permeability core material. This configuration offers significant advantages in two respects: 
First, the use of high permeability core material concentrates the magnetic fidd thereby 
resulting in greater efficiency of power transfer and less heat dissipation in surrounding tis- 
sues. Second, the use of high permeability core material allows the device dimensions to be 
reduced to the point where a novel method of implantation utilizing an isolated intestinal 
pouch is possible. This, in turn, helps to alleviate problems with existing approaches in the 
area~ of device positioning and allgnment~ and patient comfort due to tactile sensitivity of 
skin. A first generation device has been developed employing this principle. This device uses 
a high permeability cored primary mounted axially within a toroidal secondary. Preliminary 
test results are given in a companion paper appearing in this conference. The purpose of 
this paper is to report on the development of a second generation device which employs high 
permeability core materials in both the primary and secondary. This new configuration has 
resulted in even further increases in operating ei~ciency and decreases in device size. The 
specific research reported herein includes an analysis of this new configuration together with 
validation of this design based on: (i) simulation results obtained from computer modeling 
using the MSC/EMAS CAD package, and (ii) preliminary results of calorimetry studies of 
device energy transfer and heat loss. 
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AN ENTERIC POUCH POWER TRANSFORMER FOR CIRCULATORY SUPPORT 
DEVICES: HEAT DISSIPATION D Melvin, D Glos, D Nebrigic, A Helmicki, T 
Henderson, D Duplain, 1 Sail~li, S Hunter; Colleges of Medicine and Engineering, University 

of Cincinnati. 

Circulatory support devices for indefinite heart failure treatment require 10 to 20 watts of  
power. Transcutsneous wires or tubes risk infection while neither battery nor skeletal muscle 
power has to date been quantitatively sufficient. Effective transcutsneous electrical induction 
was demonstrated over 30 years ago[Scuder et al, 1961] and three such devices now approach 
requirements for human use (Novacor, Thermedi~ and Ottawa). We postulated that power 
induction from an isolated intestinal pouch might have advantages in position stability, heat 
dissipation, comfort, and device size. Studies began in 1989. Acceptable energy transfer and 
negligible tissue wanning data has been published. Our earlier reports involve trials with small 
groups of many design iterations. In this study, six transformers of a fixed design, were built 
and implanted in dogs for periods from 18 to 28 days. A cylindrical (26 ram long by 22 mm 
diameter) ferrite-cored primary coil is placed within a small ileal pouch and a torroidal 0 1 . 5  
nun ID, 9.5 ram. thickness/width) secondary coil surrounds it. Primary wires exit through a 
miniature stoma or Witzel tunnel. Secondary wires traverse a cervical exit site to apparatus for 
measurement and dissipation of transmitted power. All survived to elective termination 
without complications. The full power transfer goal (15 • 2 W at 10 V, 163 KHz) was 
achieved in all and maintsined for 7 to 16 days. Coil heat loss at this power level by 
calorimeter is 1.75 -+ 0.25 W. Tissue warming (thermistor fixed on inner surface of secondary) 
was 0 to 1.2~ over peritoneal reference. Mucosa showed no substantial histologic damage. 
Despite a design not yet optimized for efficiency, these data support the postulated surgical 
feasibility and effective heat dissipation of a power transformer, positioned within a small 
enteric pouch, transmitting a quantity of power useful for circulatory support. The goal of 
current study is optimization of core material, and of mechanical and electrical design, based 
on computer inductance modeling. 
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GEOMETRIC CONSIDERATIONS IN THE DESIGN OF MICROCAPSULES 
FOR A HYBRID ARTIFICIAL P A N ( ~ A S  
Michael FL May, Michael V. Sefton 
Department of Chemical E a ~ g  and Applied Chemistry, University ~" 
Toronto, Toronto, Canada. 

A Thiele medulu~/effuctiveau~ facRg analysis and process conlrnt modeling 
wean used to assess micrcencapsulaled islets nsed as a hylmd artificial pancreas. 
Compm'isons were made on the ~ that an ideal mlificial pancreas would 
respond in neax physiological time, would consist of a minimum number of islets 
and would occupy a minimum volume. The firs~ requirement is related to the 
function of the device, the second to the limited availability Of islets and the third 
to the simple constraint on the volume that can be implamed. Results indicat~ 
that a spherical capsule, with an outside diametex only slightly larger than the 
islet it surrounds, and with a membrane insulin peamcability that is an order of 
magni[nde larger than the ctm'ent estimale for our hydmxyethyl methucryiste- 
methyl methasrylato (HEMA-MMA) mion~)sales would satisfy the basic 
requirements of an artificial pancreas. For 150 lain diameter islets, this 
con'esponds to a capsule approximately 200 ttm in dinmeteL with a 25 ttm thick 
membrane wall (i.e., a negligible stagnant _aqueo_ns layer around the islets) and a 
membrane insulin permeability of 3.5"10 -8 em2/s. The effects of geometry, size, 
membrane thickness, membrane permeability and the number of isle.ta per 
capsule we~ alao assessed. 
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THE NEOVASCULARIZED BIOARTIEICIAL PANCREAS ORGANOID 
RL Foumiet ~, JG Salver +, RJ Mellon*, PJ Goldblatt e, JM HornerQ, 
SE OeMerdttO, 11.. Pharos', SH Selman a 
Dept. of Chemical Engi.eadr~g*. Uidversity of Tolecio; Depl of Path~iogy ~, 
Dept. of PediatficsO, Dept. of UmlogytSurgery &, Medical College of Ohio, 
Toledo, Ohio 

A neovasculadzed bioartificial olganoid is being iovest[gated as a vehicie for the 
transplantation of therapeutic cells. For exarnpie the islets of Langerhans for the 
treatment of diabetes. In the ofganoid approach a fibrobinst growth factor is used 
to facilitate the growth of capillaries into an ined support ma'd~ adjacent to a 
membrane enclosed compartment that contains the cellular material. This 
approach provides an environment with a noncictting blood supply in which the 
trenspianted calla can perform their therapeutic funCtion without the danger of 
immune rejection. Several techniques are being used to quantify the blood supply 
and to characterize the mass transfer chareCterlslics of the device. Blood flow 
rates to the device have been measured asing radioactive m i c ~ .  A tracer 
molecule technique has been developed to measure the mass transfer rate from 
the cellular compartment of the bevica into the body fluids. Results will also be 
presented showing the level of glucose control achieved using porcine islets in 
diabetic rats. 
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XENOGENEIC TRANSPLANTATION OF MACROENCAPSULATED ISLET TISSUE 
ICE Dionne, OD Hegre, DW Scharp +, PE Lacy ~" 
CytoTherapeutics Inn; "tWashington University 

Immunoisolation provides a mechanism to test the utility of xenogeneic 
endocrine tissue transplantation therapy in models of Type I Insulin Dependent 
Diabetes Mellitus. Encapsulation devices are configured in a variety of geometries 
including hollow fiber and flat sheet with membranes of various cutoffs. Each device 
is of a size which can contain large numbers (>100) of islets or insulin producing cells 
and be handled easily during surgical implantation and removal. The physical 
nature of the membrane surface coming in contact with recipient tissue is controlled 
to optimize biocompatihiUty in a site dependent fashion. 

Membrane transport properties and device configuration are modified to achieve 
a pattern and time course of encapsulated insulin release in vitro that is similar to 
that of unencapsulated islets. In successful devices, delays do not exceed 5 rain 
following change in glucose stimulus. 

Noninsulin treated, nen-immunosuppressed sireptozotocin diabetic mice have 
been n~versed of hyperglycemia using xenogeneic rat islets encapsulated in either fiat 
sheet or hollow fiber devices, the latter implanted in either the subcutaneous or 
intraperitoneal site. Success rates exceed 80% at elective termination at sixty days. In 
similar experimenfs, normoglycernia has been maintained out to 8+ months. Insulin 
independence has also been achieved in BB rats and NOD mice. 

With consistent reproducible success in large animal models, immunoisolation 
therapy by macroencapsulation may prove efficacious in the clinical treatment of 
hunmn diabetes; overcoming the constraint of human islet tisane supply, providing a 
retrievable (replaceable) therapy for reestablishing normal carbohydrate metabolism 
without immunosuppression. 
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P O L Y ( E T H Y L E N E  G L Y C O L )  C O A T I N G S  OF  ISLETS OF  L A N G E R H A N S  
Cruise,  GM,  Sawhney,  AS, Pathak, CP, Luther, KM,  Hubbell,  JA 
Depar tment  o f  Chemical  Engineering,  University of  Texas,  Austin,  TX,  78712 

The  potential o f  treating certain diseases,  such as diabetes, with allogenic or  
xenogenic  t issue transplantation is high. However ,  the transplanted t issue is 
o f ten  re jec ted  by the host 's  i m m u n e  sys tem.  Microencapsu la t ion  o f  the 
transplanted t issue in a biocompatible,  permselect ive membrane  shows promise 
for  a l levia t ing the problems o f  gra f t  rejection. Nutrients ,  wastes ,  t ransport  
proteins and aU other low M W  compounds would freely permeate the membrane,  
but h igher  M W  compounds  such as immunoglobul ins  and complement  proteins 
would be unable to diffuse through the membrane.  

W e  have  deve loped  a m e t h o d  of  pho topo lymer iz ing  a thin layer  o f  
po lye thylene  g lyco l  (PEG)  direct ly  on the sur face  o f  islets to act  as a 
p e r m s e l e c t i v e  m e m b r a n e  for  t ransplantat ion.  Th i s  me thod  has  severa l  
advantages  ove r  convent ional  microencapsulat ion,  namely  reduced diffusion 
barriers and transplantation volumes .  The islets are exposed  to an eosin Y 
solution and then suspended in a 23% w/w PEG solution with tr iethanolamine 
and vinyl  pyrrol idinone and irradiated wi th  an argon laser. The excess  PEG 
solution is washed  away,  leaving islets with a eonformal ,  20 micron coat ing of  
PEG.  

Coated  islets show no signif icant  difference f r o m  control islets in viabili ty 
us ing  e th id ium bromide  and f luorescein  diaeetate s taining.  No  s ign i f ican t  
d i f ference  was  observed between coated and control islets '  abili ty to secrete 
insulin in repsonse  to glucose us ing  a static g lucose  st imulation procedure.  
Addit ionally,  the microstracture  of  coated islets is normal  using t ransmission 
electron microscopy.  Presently,  the permeabil i ty  of  conformal  coat ings with 
various PEG composit ions are being investigated. 
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BLOOD GLUCOSE REGULATION USING A SLIDING SCALE ALGORITHM 
S. M. Abraham, J .H. Strickland Jr., MD., M. J. McCutcheon, Ph.D. 
BME Dept., The University of Alabama at Birmingham, Birmingham, AL 35294 

Many of the current algorithms for closed-loop regulation of Hood glucose level (BGL) 
consist of mathematical equations which vary insulin infusion as a function of glucose 
kinetics. As a result, these equations can become quite complex since they are based on the 
assumption that the current insulin infusion rate is a combined function of current and prior 
glucose and insulin levels, infusion rates and time. base, they may introduce observer bias 
because of human preconceptions of how glucose-insulin interactions occur in-vivo. The 
algorithm developed for this study ns~ a simple, self-correcting Icok-up table to continually 
adjust the insulin infusion rate in direct Wopo~on to the BGL and concen~rahon change 
with time. Thus, the algorithm implements a simple proportional-derivative controller based 
on what physicians call a sliding scale, Observer bias is minimized because the edjusunents 
to the infusion rate are based upon the "experience" which the controller gains from 
historical glucose level changes. The algorithm was used to predict the insulin infusion rate 
required to clamp BGL in a set therapeutic range (lZ.f,-175 rag/all) in computer simulations 
and (15) patient clinical trials on Type I and 11 diabetics. Current results show the n~ean 
clamp level at the end of the 12 hour study specification to be 172 + .707 mg/dl, and the 
mean clamp level during the last 4 hours to be lSS .1- 13.5 mg/dl. Total algorithm code size 
is 21K. These results support the hypothesis that a sliding scale scheme can be used to 
achieve efficient glucose clumping. Applications of the algorithm are a microcomputer- 
based controller or possibly an implantable artificial pancreas closed loop system. 
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IN VITRO AND IN VfVO STUDIES ON QUANTITATIVE MAPPING OF TURBULENT 
STRESSES DOWNSTRF_/MVl OF MECHANICAL AORTIC HEART VALVES 
H. Nygaard, P. K. Paulsen, J. M. Hasenkam, E. M. Pedersen, P. G. Walker and A. 
P. Yoganathan 
Georgia Institute of Technology, Atlanta, GA and Aarhus University Hospital, 
Aarhus, Denmark 

Comparative in vitro and in vivo studies of velocity fields downstream of 
different designs of artificial aortic valves have shown similar quantitative 
results. However, quantitative turbulence measurements in vivo are virtually 
non-existent, mainly due to the lack of necessary inlraoperallve techniques and 
instrumentation for accurate measurements. 

The purpose of this study is to compare quantitative in vivo turbulence 
measurements obtained intraoperatively using a new perivascular ullrasound 
Doppler technique, with in vitro measuremenls obtained with a two dimensional 
laser Doppler anemometer system. 

The in vitro and in vivo turbulent stress measurements indicate that the 
magnitude ot the stresses are large enough to cause sub-lethal and/or lethal 
damage to blood elements, such as red cells and platelets. 
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DECELERATION OF I~ILEAFLET MHV AT CLOSING AND TRANSIENT PRESSURE 
REDUCTION 
S.K.Wang, Z,J .Wu, Y.Wang and N.H.C.Hwang 
Department of Biomedical Engineering, University of Miami, Coral Gables, FL 
33124.  

Early results from this laboratory have shown that the leaflet impact velocity at 
closing of a mechanical heart valve (MHV) may hold the key to valve sound and 
to in vivo cavitation of MHV. The contribution of the transient squeeze flow in 
the gap space between the closing occluder and the valve housing has been 
reported elsewhere. 
MHV leaflets were found to rapidly decelerate immediately before impact the 
valve housing. The drastic deceleration is believed to generate a transient 
pressure reduction (Ptr, or commonly termed as "water hammer pressure') on 
the in-flow side surface of the MHV occluder. Based on the measurements using 
the laser sweeping technique (LST), the final stage MHV leaflet closing 
decelerations (LCD) were calculated for 29mm St Jude Medical (SJM) mitral 
MHV and a new equivalent size 1205 bileaflet MHV. The LCD measurements were 
found to vary from beat to beat, but were distributed within a finite range. The 
mean values of LCD increase with the heart beat rates for each MHV tested. The 
leaflet closing deceleration at 120 beats/min of the 1205 MHV was measured to 
reach -5000 m/sec 2, while that for the SJM was -14000 m/sec 2 . Assuming a 
stroke volume (SV) of 66 cm 3 at 120 bpm, and a dynamic closure volume of 5% 
SV for both valves, the estimated magnitudes of Ptr for the two MHVs were -25 
KPa (or -190 mmHg) and -70 KPa (or -530 mmHg) respectively. 
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INLET-OUTLET VALVE HEMODYNAMICS IN THE NOVACOR LEFT VENTRICULAR 
ASSIST SYSTEM (LVAS) 
Harvey S. Borovetz, Richard D. Schanb, Frank D. Shaffer, and John C. Woodard 
University of Pittsburgh, Pittsburgh Energy Technology Center, and Novacor Division, Baxter 
Healthcare Corporation 

This work evaluated reside.r~ce tivaes and flow chnraeteristics in regions local to the 
inflow and outflow valves of the Novacor LVAS (Novacor Division, Baxter Healthcare 
Corporation). The influence of valve housing geometry and pump hemodynamics on the flow 
characteristics in these areas was of specific interest in this study. Residence times were 
measured under clinically relevant bemedynamic conditions in the inflow valve region of four 
different valve housing geometries: 21ram triple sinus, 21ram no sinus, 21ram shallow sinus 
had 25mm shallow sinus. Velocities were sampled at six times during the pump cycle 
corresponding to different phases of pump systole and diastole. 

Key results of  this study are: i) significant differences (p<0.05) in residence times in the 
inflow valve region were obtained for the various housing geometries tested; if) both flow rate 
through and motion of the valve leaflets influence the magnitude of velocities measures in the 
areas of interest; iii) higher velocities were measured adjacent to the outflow (versus inflow) 
valve; iv) the magnitudes of the measured velocities varied as a function of time during the pump 
cycle. These data suggest that global bemedynamlc factors such as pump output and frequency 
strongly influence the local bemedynamies in the areas of interest. Not unexpectedly the 
geometry of the inflow valve housing governs, in part, the flow characteristics local to the 
inflow valve. These findings imply the possibility of improved "valve washing" with 
modifications to the valve housing design and operation of the pump at increased frequencies and 
pump outputs. 
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IMPACT AND REBOUND OF MECHANICAL HEART VALVEIMHV) LEAFLETS AT 
CLOSING 

Z.J. Wu, S. Menon and N.H.C Hwang 
Department of Biomedical Engineering, University of Miami, Coral Gables, FL33124 

The terminal closing behavior of MHV leaflets was monitored using a laser sweeping 
techniqus(LST) which measures the angular displacement of the MHV leaflet with 
microsecond preeisions. The test valve was installed in the mitral position of a 
physiological mock circulatory loop which mimic the geometries of human left 
ventricle and aortic root. The system includes a computer-controlled preload driven 
by a textbook left ven~ricular volume curve, which allows variations of stroke rate, 
stroke volume and systolic/diastolic ratios; and an adjustable afterload to generate 
physiological ventricular and aortic pressure waveforms. 

This communication elucidates the optical arrangements and technical considerations 
involved in the application of the LST technique for measuring the leaflet closing 
velocity in the mock circulatory loop, The measured results and the characteristics 
of the leaflet movements at closing in two types of commercially available MHVs are 
presented, The impact and rebound of the leaflets in a bilnaflet St. Jude Medical 
29mm mitral valve and a monoleaflet Medtronic Hall 29ram mitral valve are 
compared. 
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COMPARISON OF CAVITATION FIELDS FOR MONO-LEAFLET MECHANICAL HEART VALVES 
C.S. Lee, K.B. Chandran 
Department of Biomedical Engineering, University of Iowa, Iowa City 

Three types of heart valves having mono-leaflet tilting disc as an occluder were 
investigated to clarify the cause of cavitation bubbles developing at valve closure 
and to delineate the effect of valve design on the cavitation field. Simultaneous 
recordings of the pressure waveforms and photographs of the inflow surface of the 
valve were attempted using the flow chamber simulating the mitral valve closing 
event under the controlled ventricular pressure rise rate (dp/dt). Vapor bubbles 
were observed around the inflow metal strut (stopper) of the valves. Pressure 
waveform measured at the same region showed an abrupt fall below liquid vapor 
pressure (-700 mmHg) at the beginning of the impact, followed by pressure 
oscillations about the liquid vapor pressure for less than 0.5 msec. Medtronics- 
Hall and Jomed valves, having the stopper at the major orifice area, were found to 
cavitate far below the physiological loading rate (estimated to be 750 mmHg/sec) 
while Bjork-Shiley valve having the stopper near the central diameter of the 
orifice did not show cavitation bubbles up to 1500 mmHg/sec. Medtronics-Hall 
valve with larger stopper showed larger intensity of bubbles compared to Joined 
valve. On the other hand, the Joined valve was found to have lower threshold 
loading rate for cavitation incipience. The results of the study indicate that 
cavitation in prosthetic heart valves is caused by the flow field generated by the 
squeezing of fluid between the stopper and occluder due to the impact of the two at 
the instant of valve closure. Intensity of cavitation field is found to depend on the 
location and size of the stopper. Flexibility incorporated in the disc material of 
the Jomed valve is not found to have a considerable effect on the cavitation 
incipience. 
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EFFICACY OF THE GORLIN FORMULA FOR THE ASSESSMENT OF PRO$TI:IETIC 
VALVE FUNCTION 
Flavio B. Souza-Campos and Richard T. Schoephoerster 
Mechanical Engineering Department, Florida International Univea'sity, Miami, FL 33199 

Natural and prosthetic valve function is commonly assessed in cardiac cathetexization 
laboratories by effective valve area estimates using the Gorlin equation and measurements of 
mean valve flow and pressure drop. However, large errors have been found using the Gorlin 
formula for the prediction of effective opening area of prosthetic valves. The Gorlin formula 
is derived from hydraulic equations of conservation of mass and energy and contains a constant 
empirical discharge coefficient to adjust the equation for energy losses in the wake region of 
the valve. We have previously shown that this discharge coefficient varies with Reynolds 
number as well as the geometry of the valve itself. In this study, we test the efficacy of the 
Godin formula for the prediction of effective orifice area of several designs of valve prostheses 
(bileaflet, tilting disc, and tissue) in states ranging from normal to mildly to severely steaotic. 
The valves were mounted in the mitral position of a flexible, in vitro model of the left 
ventricle. The pumping action is produced by a piston driven by a step motor where the 
velocity of the piston is controlled with a microprocessor to produce physiological railral and 
aortic flow. The left ventricolar model is incorporated in a mock flow loop containing 
characteristic and peripheral compliance and resistance to produce physiological pressure 
waveforms. 'I~e system was run at heart rates ranging from 50 to 140 beats/rain and cardiac 
outputs of 3 to 8 liters/rain and measurements of mitral valve flow, pressure drop, and actual 
projected orifice areas were obtained. At this time data are still being analyzed, but 
preliminary results indicate a strong dependence of discharge coefficient with valve flow rate, 
geometry, and degree of stenosis. Based on these preliminaD' results, the efficacy of the 
Gorlin formula for the evaluation of prosthetic valve function is quite suspect at best. 
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H E M O D Y N A M I C  EEHAVIOR OF VENOUS VALVE: IN VITRO QUANTIFICATION RY 
LASER OPTICS 
Y.C.QIn, S.K.Wang, N.H.C.Hwaag 
Department of  Biomedical Engineering, University of Miami, Coral Gables, FL 33124. 

The dynamic performance of the glutamldehyde treated bovine jugnlur vein valves (VV) was 
studied using both steated and unstented models. The experiment was carried out in a hydraulic 
system which provides a steady energy source for desired discharge rates. An adjustable 
oscillatory pulse was superimposed to the downstream of the testing valve to simulate the 
intrathoraeie pressure changes. A 10row He-Ne laser beam was expanded and projected along the 
axial direction to cover the entire valve surface area with uniform intensity. After passing through 
the opened valve area, the laser light was collected by.a photodetector to =flow quantification of 
the valve opening area. A second 5row He-Ne laser beam w ~  optically dispersed by a cylindrical 
Inns to form n parallel Iigbt s~eet that orthogc=a2~y i~tersects the external diameter of  the 
compliant valve conduit to allow continuous monitoring the diameter change, A cannula type 
electromagnetic flow probe w ~  plar upstream of the testing valve to me, inure VV flow rate. 
Using an aqua-glycerol solution (33 % by volume), the experimem was camod out to quantify the 
relationships between the steady pressure drop, discharge rate, end VV opemmg area. The 
experimental Reynolds number (Re) was defined by the equivalent circle diameter of  the opetmag 
area. For the stented VV, the cusps were found extremely sensitive to the flow rate that the 
opening area reaches 95 % of total opening at Re= 397. The pressure<lrop coefficient, Cr, reaches 
peak value of 5.8 at Re = 88, and gradually decreases to a nesr constant 0.3 when Re ~ 1050. For 
the tmstunted VV, diameter dilation was monitored together with the pressure and flow.The soft 
VV conduit diameter dilates at closure and at sudden opening. The outflow fiold was observed 
to change with the oscillatory pressure gradient. LDA measurements inthc,~te Do reversal motion 
m the central core. 
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EFFICACY OF THE NEW ST-JUDE MEDICAL SMALL SIZE AORTIC VALVE 
O.Salat and N.H.C.Hwang 
Department of  Biomedical Engineering, Umversity of Miami, Coral Gables, FL 33124 

The hydraulic porformance of a small size (19nma) St.Jude Medical (SJM) aortic heart 
valve prosthesis was investigated in an experimental mock circulatory flow loop using aqua- 
glycerine solution (33 % by volume) as the blood analog solution. The new bileafhit valve (HP 
stands for Hemodynamic Plus) has the suture ring redesigned in such a way that the orifice 
diameter is increased by 2ram. This allows a 25 % larger flow area as compared to the traditional 
SJM model. The 19ram HP model was tested for a heart rate ofT0 beats/man and for different 
flow rntes (ranged from 2.5 to 4 liters/ram) at constant pressure levels. The mditiozml SJM 19 
valve was used as the study control. 

T~e first results indicated that t~e m ~  pres.rare dro~ (obtam~t by integrating the 
differential p ~ r e  between the left ventricle ~ad the aorta) in the HP model reduced by a 
measurable amount as compared to the trathtional SJM model, under the same flow rates and 
pressure levels for all three pulse rates (70, 90 and 120 beats per m u t e )  tested, T h ~  results 
were m accordance with the mean pressure drops measured in clinical implant  made on the 
traditional model. 
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FINITE ELEMENT MODELING OF THE AORTIC ROOT AND VALVE 
KJ Grande, KS Kunzelman, RP Cochran, TL Richards, *TE David. ED Verrier 
Bioengineering, Cardiothoracic Surgery, & Radiology, U el Washington, *U of Toronto 

We are using magnetic resonance imaging (MRI) to develop a morphologically 
exact 3-D FEM of the aortic reel/valve system for evaluation of normal and pathological 
valve function. Previously, finite element modeling (FEM) has only been applied to the 
valve (native or prosthetic) and assumed geometric shapes have been used. 
Moreover, no mechanical FEM's have included the aortic root in Iheir analyses. 

MRI was performed to obtain axial serial sections of the ex rive call aortic root 
and valve. The resulting MR images were analyzed digitally to obtain cross-sectional 
outlines of the root and valve (pressurized and fixed in position by infusing silicone 
rubber). Each outline was processed further to obtain 3-D coordinate points, which will 
be used to recreate the aortic root shape for finite element optimization of root 
replacement designs. Finite element analysis solves the matrix equation F = K D, 
where F is the force vector, D is the displacement vector, and K is the stiffness matrix. 
Following solution, the entire stress profile of a disoretized object may be examined. 
For our model, we will input the nondeformed geometry of the aortic root, physiological 
pressures, and the material proparties of the aortic root and valve. Model results will 
be compared with MR images of physiologically pressurized aortic roots. Surgical 
repair and replacement techniques, which are integrally related to the aortic root 
dynamics, will also be examined within the FEM. 

An additional goal of our investigation is to determine the optimal size, 
conlormalion, and material type for the development of a new aortic root vascular 
graft. This graft is being designed for use in a surgical technique which would leave 
the native aortic valve intact. Ideally, the graft will perform the same function as the 
aortic sinuses in contributing to aortic valve closure. 
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A LONGER BODY MECHANICAL HEART VALVE FOR IMPROVED HYDRODYNAMIC 
PERFORMANCE. 
S.Menon, W.Li, Z.J.Wu, "A.Haubold, N.H.C.Hwang 
Department of Biomedical Engineering, University of Miami, Coral Gables, FI 33124 

"Carbon Implants, Inc,, Austin, Tx 78754 

Investigations of the hnmodynamic performance of the new 1205 bileaflet 
mechanical heart valve (BMV) have shown that the profile of the valve has a 
significant effect on its hydrodynamic performance. Conventional BMV manufacturers 
prefer "low profile" valve bodies, although there has been no documented evidence 
that suggest such a configuration enhances the hemodynamie performance, The 1205 
BMV has e larger annular valve body formed with an interior sidewall which defines 
a central passageway in the downstream direction. The valve leaflets are mounted 
within the valve body and open to a maximum angle of 90 g, to provide a low 
resistance to forward flow. The leaflets close at 45o; which manifest a significantly 
smaller excursion compared to the current BMV. 

The energy loss through a MHV is a result of frictional and form losses through 
1he valve orifice, however the latter often dominates. The geometry of the new 1205 
valve body offers a significantly lower form loss than conventional MHV designs thus 
reducing the overall energy loss of the valve. The longer valve bodv provides the 1205 
with improved operating characteristics as indicated by the results of studies on leaflet 
closure velocity, The studies have demonstrated that the 1205 BMV has a significantly 
lower terminal closing velocity than the well established St. Jude MHV in the ranges 
studied. These results suggest that the new 1205 BMV provides superior 
hydrodynamic characteristics than currently available MHV while also reducing the 
potential for inception of cavitation, 
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C O M P U T A T I O N A L  ANALYSIS OF A O R T I C  VALVE DYNAMICS IN N A T U R A L  
AND P R O S T H E T I C  AORTIC  R O O T S  
Vinod B. Makhijani 1, H. 0 .  Yang I and M a s t  J. Thubrikar 2 

] 2 ( CFD Research Corporation, Huntsville, A L  35805. Heineman Medical Research Center, 
Charlotte, NC 28203) 

We study aortic valve performance in the natural aortic root (sinus diameter = 1.64 x vane  
annulus diameter, Do) at different left ventricular dp/dt by using a computational, two- 
dimensional, fluid-structure interaction model for aortic valve and blood flow dynamics. We 
also use the model to study valve dynamics in the absence of the sinuses in aortic root 
prostheses by simulating valve motion in two, tubular, aortic root grafts (1.12 Do and 1.25 
Do diameter). Physiologic ventricular (peak pressure 115 mm Hg) and aortic (115/75 mm 
Hg) pressure boundary conditions (75 beats/man) are used in the calculations. Fully 
coupled, time-accurate, cycle-independent solutions for leaflet configuration and flow field 
are obtained at 2 msec. intervals during an entire flow cycle. In the natural aortic root, 
when the average ventricular dp]di during valve opening is decreased t o m  1432 to 907 mm 
Hg/s, valve opening zime increases from 22 to 34 mace, ariel peak aortic flow re?toffy 
decreases from 80.5 to 42 cm/see [n the tabular graft simulations, we observe severe flutter 
near the fully open leaflet tip in the smaller graft. Also, regurgitation is higher (6.15%) in 
this case as compared with the natural aortic root (2.02%). In the larger graft, leaflet 
flutter is absent. Also, vortex formation in the smaller region above the leaflet results in 
slightly early valve closure (by 4 msec) as compared with the natural aortic root. Hence, 
regurgitation is lower (1.66%). In both grafts, the peak fluid shear stresses above and below 
the valve surface are significantly higher than in the presence of the sinuses. These 
preliminary results indicate that: a) valve function in the natural aortic root  could be 
adversely affected by the weakened contractility of  the cardiac muscles; b) absence of the 
sinuses in tubular grafts could compromise aortic valve performance, 
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A N  IN VITRO INVESTIGATION ON THE EFFECTS OF OFF-AXIS POSITIONING OF 
HANCOCK I AORTIC BIOPROSTHESES 
Jeffrey M, Gross 
Heart Valve Division, Medtronic l~e., lrvme, California 

An in vitro study was conducted to determine possible structural, wea l  and hcmaodyuamic 
effects of implanting a bioprosthetic valve at an angle relative to the flow field in the aortic 
position. The non-coronary leaflet of four 25ram Hancock I Aortic valves were mounted 
super annularly at 0 ~ 3.3 ~ 6.7 ~ and 10 ~ Each valve's hemodynamic performance was 
evaluated using a physiologic pulse duplicator and steady flow system prior to fatigue testing 
(1450 Beats/man) and at every subsequent 40 million cycles. Visual inspections were 
conducted initially and every 40 million cycles to document structural and wear 
characteristics of the valves. 

No statistically significant differences existed with regard to hemodynamic performance 
for any valve over time (p< 0.05), Wear on the 3.3 ~ and 6.7 ~ mounted valves exhibited 
normal patterns as did the control valve. "Foe 10 ~ valve showed significant acceleration in 
wea~ patterns beginning at 120 million cycles, i.e. abrasions and boles result~r~g from tissue 
contact with the bias strip and tears in the flee margin. In addition, the non-coronary leaflet 
was flattened at the tunica, and the free margin curled over that of the other two tenters. 

Rased on this initial study, it hypothesized that the permanent deformation of the non- 
coronary leaflet and excessive wear pattea~ns experienced by the 10 ~ valve may be due to the 
altered force structure seen by the non-coronary leaflet as a resuh of the off-axis mounting. 
It is important to note that the wear characteristics as a function of the off-axis position for a 
particular bioprosthetic valve cannot be generalized to all bioprostheses and must be 
experimentally determined for each valve design. Future studies will seek to validate this 
hypothesis for different valve designs in statistically significant nnmbers. 
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FLOW DYNAMICS IN FONTAN CONNECTIONS: PRELIMINARY IN VITRO 
STUDIES 
Young H. Kim, Peter G. Walker, Arnold Fontaine and Ajit P. Yoganathan 
CardiovaSCular Fluid Mechanics Laboratory, School of Chemical Engineering, 
Georgia Institute of Technology, Atlanta, GA 30.332-0100, U.S.A. 

The Fontan operation is performed for surgically correcting congenital right heart 
defects such as pulmonary/tricuapid atresia or uni-ventricular defects. Flow 
visualization and pressure mapping studies with anatomically correct Pyrex models 
were performed in vitro under steady flow conditions to study the flow dynamics in 
atrio-pulmonary connections. Since the graft conduit is connected with a curvature 
between the right atrium and the main pulmonary artery (MPA), swirling flow is the 
main flow characteristic. Flow separation was limited and the axial flow in the 
MPA became skewed toward the left wall. With a 50:50 flow-split-ratio between 
the left and right pulmonary branches, more significant secondary flow was observed 
in the right pulmonary artery (RPA). The proximal model whose conduit was made 
between the right atrium and the proximal location of the pulmonary valve has more 
swirling flow in the MPA. From the pressure mapping studies, it was seen that the 
major pressure drop occurred at the junction of the conduit and across the branches. 
The proximal model had large pressure drops compared to the distal model and the 
left pulmonary artery (LPA) had larger pressure drops than the RPA. This 
preliminary study suggests that the geometry of the conduit plays an important role 
in the flow dynamics of Fontan connections and it should be optimized to minimize 
pulmonary flow resistance. 
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PROXIMAL ISOVELOCITY SURFACE AREA CALCULATIONS IN EXTREME 
ENVIRONMENTS: THE LEANING PISA IN CROSSFLOW 
Edward G. Cape and Gerard J. Boyle 
University of Pittsburgh, Children's Hospital of Pittsburgh, PA 

Ventricular septal defects (VSD) are present in 30% of all cases of congenital heart 
disease, decreasing the efficiency of the heart and leading to pulmonary vascular disease 
if Qp/Q, is moderate or severe. Noninvaslve assessment of VSD's by ultrasound has not 
been achieved. A simplified approach using proximal Isovalocity surface areas (PISA) has 
been effective in correlating valvular regurgltant flows with catheterization grades. 
AlthoughPISA'sarereadilyobtainedMptswithVSD's, this Im ' n n t 
been successful since the PISA is interposed Into left veetricular outflow (LVO), causing 
a skewed Isovaloclty surface and misapplication of the mass balance between the PISA 
and lesion. In vitro modeling and clinical studies wore used to address the hypothesis 
lhet the PISA calcufatlOn can be moditlecl for PlSA/crossflow Intsractlon, allowing 
nonlnvasiVo assessment of VSD's. tn an in vitro model destgned to Isolate the interaction 
between converging VSD ifow and LVO, the basic PISA vs Qp-Q, correlation fell into two 
groups. Under resting conditions, PISA overestimat00 Q~-Q, (10-110%, r=0.g6). In high 
output ststes, PISA c~osaly estimated actual ifows 0t=0.92X+9.78, r=.96). In clinical 
studies, Op-Q, was determined by catheterization in 12 10ts (ago 1 month - 4 yrs) with 
Isolated padmembranous VSD's. Peak PISA flow correlated with but overestimated Qp-Q= 
0'=5.77X+0.667, r=.88). Correcting for the time velocity integral of VSD velocity 
improved correletlon (Y=4A35X-0.36, r=0.90) but still overestimated. Based on the in 
vitro studies, a dlmenskmfass correction factor was app~ind and markedly improve~ 
ogreemant (p < 0.01), Indicating proal:mctive c(inical studkm. Conr These studies 
nxplaln overestimations oslng the basic PISA calculation and give insight to potential 
correction factors which may be Incorporated into routine echo exams. 
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COMPUTATIONAL VALIDATION OF THE PROXIMAL ISOVELOCITY SURFACE AREA 
METHOD FOR ESTIMATING MITRAL REGURGITATION IN THE PRESENCE OF 
VENTRICULAR OUTFLOw 
Joanne Hopmeyer, Young H. Kim, Ehud Schwammenthal, Robert A. Levine, Ajit P. 
u 
Georgia Inatimte of Technology, Atlanta, GA and Massachusetts General Hospital, Boston, MA 

Recent studies have shown that the proximal isovelocity sm'face area (PISA) method can quantify 
valvular regntgitatiun. This method assumes that tbe fluid converges radially and uniformly 
towards an orifice creating concentric isovelochy layers. Using color Doppler flow mapping, and 
adjusting ~ Nyquist limit, the velocity will alias as the fluid accelerates towards the orifice. 
From the color flow ntap, the radios (R) can be. measured as the. distance where the velocity 
aliases. The p ~  of this snldy was to determine whether this method could be applied 
accurately in the presence of ventrinnlar outflow, which can distort the PISA field. Finite 
difference solution of the Navier-Stokes equations was therefov~ performed using Fluent in an 
anatomically correct 3-dimensioanl ventricular model. Flow was driven through 4-6 mm thameter 
regtrgitunt orifices by a 1(30 mmHg pressure gradient. Each orifice size was located centrally, or 
near the outflow tract or posterior wall. Regargitant flow tales (Q) ranged from 41 to lOl ml/sec. 
For each a/iasing ve/or (V) artd PISA z'a~us (R) along the ceaterline of the orifice, the flow 
rate was calculated by Qo=2rdT,2V. TO account for underestimation near the orifice and 
overestimation far from it (finite chamber and outflow effects), a polynomial was fitted to plots 
of Qc versos R, and Qc at the point of inflection was taken as the best estimate of actual Q. The 
results suggests that Qr at the point of inflection agrees well with actual values (mean error = 4.3 
ml/sec, or 6.1%), successfutly accounting for potential overestimation, particularly nearest the 
outflow. Thin computational study confirms that ventricuiar outflow can distort adjacent PISAs, 
but that flow rate can still he calculated accurately by analysis of the proximal flow field in a way 
that could potentially be automated. 
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NUMERICAL MODEL FOR BLOOD FLOW AND AORTIC VALVE DYNAMICS. 
Vinod B. Makhijani I, H. Q. Yang t and Mano J. Thuhrikar z 
(1CFD Research Corporation, Huntsville, AL 3.5805.2Heineman Medical Research Center, 
Charlotte, NC 28203) 

A numerical, two-dimensional, planar, fluid-structure interaction model is developed for 
studying aortic valve and blood flow dynamics. The computational domain comprises of the 
ventricular outflow tract, sinuses (diameter = 1.64 x valve annulus diameter) and part of 
the ascending aorta (one diameter length). The domain wails are aSsumed rigid. The 
leaflet is modeled as a thin, non-linear elastic beam. A radial strip of the leaflet from base 
to nodule of Arantius is taken as the representative section. Uniaxial stress-strain curves 
are used to describe its structural properties. Blood flow is modeled as laminar, 
inCOmpressible, Newtonian flow. Leaflet configurations are obtained from the variation in 
bending moment along their length due to the fluid-imposed load. The unstressed leaflet 
configuration is assumed to lie between the diastolic and systolic positions. The finite 
volume, computational fluid dynamics code, CFD-ACE, developed at CFD Research 
Corporation, is used to solve the Navier-Stokes equations. Structure dynamics and fluid- 
structure interactions are embedded within the iterative procedure of the code. A 60 x 34 
computational grid is used. The leaflet length is sub-divided into 16 elements. Physiologic 
ventricular (115 mm Hg peak pressure) and aortic (115/75 mm Hg) pressure wavelorms (75 
beats/min) arc imposed at the boundaries. Fully coupled, cycle-independent, time accurate 
solutions of the flow field and leaflet deformation are obtained at intervals of 2 msec. over 
an entire cardiac cycle. The model predicts the formation of vortices in the aortic sinuses. 
Model predictions also show fairly good agreement with published/n vivo data on: 1) radial 
leaflet configurations, 2) leaflet displacement, 3) valve rapid opening (22 msec) and closing 
(20 msec) times, 4) peak aortic flow velocity (80.5 cm/s), and 5) regurgitant flow fraction 
(2.02%). The model can be used to study valve performance under various flow conditions. 
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THE SQUEEZE FLOW FIELD OF A MECHANICAL HEART VALVE AT CLOSING 

D. Bluestein and N.H.C. Hwang 
Department of Biomedical Engineering 

University .of Miami, Coral Gables, FL 33124 

In vies structure damage to a few clinical Edwards Duromediee mechanical heart 
valves (ED-MHV) have been reported recently. Electron micrographs of the damaged 
Pyrolytic carbon (PC) explants indicated surface morphology similar to that of cavitation 
erosion. Upon examining the parameters which may lead to in vies cavitation inception, 
it was established that the closing velocity of the leaflet is the key to MHV eavitation 
potential. During the final phase of valve closing, the fluid mass in the gap space between 
the closing leaflet and the valve body is squeezed into motion by the approaching 
boundaries. The flow pattern created by this motion (termed "squeeze flow'), is related to 
the geometry of the approaching boundaries, and the terminal velocity of the closing 
leaflet. The olosing bebaviour of the 29ram ED-MHV "old spec" was studied by mounting 
the valve in the mitral position of a physiologic mock circulatory test chamber. The 
leaflet motion was monitored by a laser sweeping techniques (LST) with precision of 5 
microsec interval. The leaflet velocity and the valve boundary geometry were used as the 
input to determine the squeeze flow field in the gap space. Preliminary computations 
were made using the FIDAP software package. With a constant leaflet closure velocity of 
4m/s assumed, the two dimensional, time dependent model flow field show that transient 
flow vdocity in the gap space can reach values as high as 3Orals in regions near the edge 
of the inflow surface of the ED-MHV leaflet. This high speed stream ejected from the 
gap channel can create the conditions that characterize cavitation. The location of the 
isolated high speed region can be correlated to the surface erosion that was observed in a 
number of damaged ED-MHV explants. 
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ROLE OF VALVE DYNAMICS IN BLOOD DAMAGE 
T.M. Lamson, L.A. Garrison, J.A. Frangos, S. Dentsch*, D.B. Geselowitz and J.M. 
Tarbell 
Bioengineering Program and "Applied Research Laboratory 
The Pennsylvania State University, University Park, PA 16802 

Hemolysis and blood cell activation in flow through prosthetic heart valves are 
assocaated with three phases of the valve flow cycle: forward flow through the open 
valve, regurgitant back flow through the closed valve, and valve closure. The relative 
contributions of these phases to the overall hemolysis rate of mechanical disk valves 
will depend on the valve closure dynamics which affect cavitation and possibly other 
mechanisms of cell damage associated with valve closure. 

We have studied single leaflet tilting disk valves in several novel in vitro flow 
loops to estimate the contributions of the three phases of valve flow to the hemolysis 
of fresh porcine blood. We have used high fidelity pressure measurements near the 
inlet of a mitral valve to determine the intensity of cavitation in blood under various 
operating conditions which alter valve closure dynamics. 

The results indicate that regurgitant back flow can make a contribution to 
hemolysis which is comparable to that of forward flow even though*the regnrgitant 
flow rate is much lower than the forward flow rate. Cavitation can cause significant 
hemolysis which correlates with certain characteristics of the power spectrum of the 
preasurr signal. 
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BIOMEDICAL ENGINEER1NG'S ROLE IN THERMAL BALANCE 
Hugh N. Tucker, Ph.D. 
Clintec International, lnc; Deerficld, IL 60010 

The first law of thermodynamics states that energy can neither he created nor destroyed. 
Various forms of energy (thermal, chemical, electrica/, mechanical) are interconvertible, but 
the total energy of any closed system is intmutable. Man is not exempt. From a 
thermodynamic standpoint, the body does not expend energy, but merely converts it from one 
form to another. The final form into which energy is converted is heat, which cannot be used 
for work in a biological system and ultimately leaves the body to return to the environment. It 
has become evident that under nourishment, for even short periods, has an effect on tim 
central nervous system's ability to respond to internal and external stimuli. Thermal 
regulation is no exertion. Critical care medicine is now expanding the concepts of fuel 
utilization and fuel mix to include heat production. The overall conce~ of the body as a 
continuous energy exchange device may he represented as a *black box* with the entry of 
energy as food and its exit as heat. The associated gas exchange represents two matched 
balances that must proceed simultaneously - substrate balance that determines body 
composition and thermal balance that determines body heat content. The exchange of heat 
between the human body and its environment is accomplished at a rate and direction to 
preserve an almost constant internal body temperature. Given the critical importance of 
thermal regulation to the survival of organisms, it is surprising that the knowledge of 
mechanisms for controlling thermal balance is just beginning to emerge. Studies of 
calorimeh'y and indirect calorimetry have focused on the internal combustion of protein, 
carbohydrate, and lipid fuels with measurement of the resulting carbon dioxide and water. In 
the future attention will be directed to mechanisms and control of the entire fuel energy heat 
cycle. Thermal monitoring capabilities combined with multi-compartmental computer 
modeling will be required to begin to describe the complexities of thermal homeostasis. 
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DETERMINING EFFICACY OF ELECTRONIC MONITORING DEVICES. 
E. A. Tolley, G.W. Somes, E.S. Bryant and SJ. Phelps. 
University of Tennessee, Memphis, TN 38163. 

Electronic monitoring has become a widely used tool for clinical and diagnostic purposes. 
Two types of monitoring technologies are continuous recorders and real time systems. 
Frequently automatic warning systems, primarily visual and auditory alarms, are installed on 
medical equipment. Consequently, many technologies used to detect physiological 
abnormalities are programmed by imposing an arbitrarily chosen cutoff point on a continuous 
scale. Thus, continuous monitoring involves re.cording of sequential test results over varying 
lengths of time for each monitored individual. Choice of cutoff to discriminate between 
normal and abnormal states may alter the efficacy of the device. Furthermore, during 
monitoring the mac disease state of the individual may change hetwcon tests. We point out 
the connection between sequential testing by a electronic monitoring device and repeated 
screening tesLs by inboratory.based clinical chemistry. We suggest a practical and flexible 
method for determining the efficacy of monitoring devices based on the ManteI-Haeuszr 
estimator of an odds ratio. We point out the benefits of this method for estimating diagnostic 
test indices. From resulting sensitivities and specificities, we produce receiver operating 
characteristic (ROC) curves to compare performance of two or more monitoring devices. 
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NUTRITIONAL THERAPY IN THE HIV INFECTED PATIENT 
Terry Yamauchi, M.D.; University of Arkansas for Medical Sciences and Arkansas 
Children's Hospital 

Nutritional variations have been tried in the treatment of the patient infected with 
human immanodeficiency virus (HIV). Nutritional supplements including vitamins and 
trace metals have also been explored. While no single therapy has been universally 
successful, the improvement in quality of life for these individuals is documented. 
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CLOSED-LOOP TESTING OF A CONTROLLED ENVIRONMENTAL LIFE SUPPORT 
SYSTEM (CELSS) FOR A SPACE-BASED PLANT CULTIVAR 
Taylor, H.W. and G. Zrili~ 
New Mexico Highlands University School of Science and Engineering 

We have designed and built a 1.0 m 3 cabin enclosure for a Phototron TM plant growth 
chamber donated by Pyraponic Industries. The chamber is monitored by an array of 
temperature and air velocity probes and the cabin enclosure is monitored with CO 2, 
O z, relative humidity and pressure sensors. A condensing heat exchanger provides 
temperature, ventilation and relative humidity control supervised by a Motorolla 
68HC11 microprocessor. A Hewlett Packard 9000 series 382 instrument controller 
runs the UNiX software responsible for data collection and archiving as well as high- 
level control functions such as photoperiod regulation, atmospheric composition and 
nutrient delivery. The automated nutrient delivery system provides a constant 
pressure head in the solid plant growth media as well as an hour each day of soil 
aeration. 

A large number of engineering and life science undergraduate students have 
been supported in this research by the NASA Joint Venture and NASA Space 
Technology Development and Utilization Programs and by the NSF Coalition to 
Increase Minority Degrees, Closed-loop tests have focused on the response of chili 
cultivars to variations in atmospheric CO 2 in order to determine the feasibility of 
space-based applications, Novel control schemes explored include fuzzy processing 
of over-sampled delta-sigma data streams. 
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ETHICAL, LEGAL AND NUTRITION CONSIDERATIONS FOR FEEDING THE 
TERMINALLY ILL PATIENT. 
Carol O. Mitchell, Ph.D, R.D., LDN. 
Department of Consumer Science and Education, Memphis State 
University, Memphis Tn. 

Modern technology, including parenterai and enteral nutrit ion has 
had a great impact on the delivery of health care. Patients are 
surviving catastrophic illnesses that were previously fatal. This has 
led to much discussion concerning the ethical and legal issues and 
respons ib i l i t ies  of health care professionals  in in i t i a t ing  and 
withdrawing of nutritional support. As our technology becomes more 
advanced, this dilemma will  become even more complex. This 
presentation will address some of the ethical, legal, and nutrition 
issues involved in feeding the terminally ill patient. The primary 
consideration in any decision must be the wishes of the competent, 
informed patient or his/her surrogate decision maker, and each 
situation must be resolved individually. However, guidelines for 
deciding appropriateness of p rov id ing  or wi thhold ing  nutr i t ion 
support have been developed by several professional organization, 
and these will be reviewed. 

128 

HAZARD ANALYSIS OF THE ESCAPE FROM THE POST-PARTUM SUPPRESSION OF 
MENSTRUAL CYCLES USING TIME-SERIES NURSING AND ETHNOGRAPHIC DATA 
Taylor, H.W. and M. Vazquez-Geffroy 
New Mexico Highlands University School of Science and Engineering 

Full or nearly full breastfeeding on demand has proven to be the key factor in the 
balanced maintenance in human population ecology for more than 100,000 years. 
Even today, breasrfeeding provides significantly more women-years protection from 
pregnancy than atl other natural and artificial methods of regulating fertility combined. 
With support from the NIH Minority Biomedical Research Support program, we have 
begun a four-year study of postpartum amenorrhea among the women of rural 
northeastern New Mexico. The study combines computer cataloging of ethnographic 
data and a novel approach to discrete event recording using programmable scientific 
calculators. 

A pilot study of highly motivated mothers aware of the fertility-suppressing 
effect of breastfeeding showed a significant effect of the pattern of infant suckling 
on the timing of the first ovulation after childbirth. The present study seeks to extend 
the range of infant feeding behavior in order to assess the potential contraceptive 
effect of lactation in a geographically isolated population within the United States. 
Time-series data are used within a Cox proportional hazards model, Time-varying 
covariates are employed to identify a range of behaviors associated with the delay 
of postpartum ovarian activity and menstruation. 
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MINORITY CENTER OF EXCELLENCE PROGRAM: UT MEMPHIS COLLEGE 
OF PHARMACY--A NATIONAL MODEL 
Eoff, J., University of Tennessee, Memphis, TN 38163 

The UT Memphis College of Pharmacy Center of Excellence (COE) is funded in part 
by the U.S. Bureau of Health Professions Division of Disadvantaged Assistance of the 
Health Resources and Services Administration. The overall aim of the COE is 
strengthening the capacity of the College of Pharmacy to train minority students in the 
health professions. The grant will fund programs to improve minority student 
recruitment; improve minority student performance and retention; promote 
faculty/student research regarding minority issues; promote the recruitment, training 
and retention of minority faculty;, and improve information resources and curriculum 
regarding minority health issues. The UT College of Pharmacy will stage a series of 
recruitment, instructional, enrichment and research activities over a three year period 
to accomplish the stated objectives. 
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THE EFFECT OF REGULATORY AFFAIRS ON BIOMEDICAL ENGINEERING 
DEVELOPMENTS. 
DE Ott, 
Mercer University, School of Engineering 

The development of medical devices is a regulated activity. It 
is international in scope. The type and direction of research 
and development in biomedical related technologies is influenced 
by regulatory affairs. This influence of regulation is laced 
with the guise of credibility under the mantle of public safety. 
The mechanism of mandating a regulatory process with safety as 
its goal. influenced by a civil service interested in 
propitiating their positions, is tantamount to asking the fox to 
guard the chicken coup. The Safe Medical Devices Act ( SMDA ) 
of 1990 and the revisions of the International Organization for 
Standardization ( ISO ) 9000 series make good medical practice 
( GMA ) standards more urliversal but more cumbersome in 
application. These will lead to total quality management for 
device development and production. More science and less 
politics needs to be the outcome of any Center for Devices and 
Radiological Health ( CDRH ) evaluation and recon~nendation. 
Without knowledge of the tangled web of regulatory affails, 
biomedical engineering developments are doomed to failure or 
regulatory procedural prolongation creating paralysis and 
compromise in research, development and application. 
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ASSESSMENT OF MENTORING AND TEACHER INDUCTION MODELS 
E. Dean Butler 
Director of Research, Center for Research in Educational 
Policy, College of Education, Memphis State University 

The presentation will focus on two models of 
beginning teacher induction and mentorinq implemented in 
post-baccalaureate teacher education programs at Memphis 
State University. Specific features of the induction 
models used in year-long teaching internship will be 
described and evaluative results summarized. 

Institutional and personal factors that contributed 
to successful mentoring of beginning teacher interns will 
be identified. Influential personal factors included 
mentor status within the school, willingness to forge 
emotional bonds with the interns, gender and race 
similarities, previous experiences in mentoring, years of 
experiences in the classroom, and willingness of mentor 
to allow interns to attain authority and respect. 
Institutional factors included variations in work 
assignments, locations of teaching station3 within the 
schools, and role definitions. 
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MACROMOLECULAR TRANSPORT ACROSS ENDOTHELIUM AND 
INTERNAL ELASTIC LAMINA OF NORMAL AND INJURED RAT AORTA 
M. S. Penn, S. Rangaswamy, G. M. Saidel and G. M. Cbianlm 
Dept. of Cell Biol., Cleveland Clinic Fndn.; Dept. of Biemed. Engr., Case Western 
Reserve Univ., Cleveland, OH 

Endothelial cell (EC) injury accompanying etherosclerosis and angioplasty may 
influence lipid accumulation and transport of growth factors and cytokines. We 
have studied the permeabilities of the EC layer and the internal elastic lamina 
(IEL) in rive in rat aorta in normalcy and after injury by lipopolysaccharide (LPS), 
hypertension and oxidized LDL (oLDL), in an attempt to understand 
macromolecular accumulation in the intima and media. We used the enzyme 
activity of horseradish peroxJdase (HRP) as a macremolecular probe because of its 
intermediate size (44kD) between some growth factors (PDGF, 33kD) and albumin 
(69kD). We quantified intimal and medial HRP concentration profiles 15 minutes 
after IV injection of HRP (50mg/kg). Using a novel model of arterial wall 
transport that defined distinct permeability coefficients for endothelium and IEL, 
we found the IEL to be responsible for more than 45% of the barrier function of the 
normal blood-tissue interface. Using LPS-induced EC injury, we observed that  
increased HRP transport preceded EC death and proliferative response. LPS 
caused a transient apparent increase in IEL permeability at 24 hr, but a 
monotonic increase in EC permeability over a 120 hr period, oLDL infusion and 
chronic hypertension beth increased EC permeability to HRP. However, chronic 
hypertension did not alter IEL permeability to HRP. These data suggest the 
importance of the balance between EC and IEL permeabilities in regulating 
intimal accumulation and they suggest that  the IEL may piny a significant role in 
controlling paraerine communication between intimal and medial cells. 
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MONOCYTE DISTRIBUTION ON THE AORTIC SURFACE IN RELATION TO 
FOCAL HIGH PERMEABILITY SITES 

Susan M. Lessner and Clark K. Coiton 

MIT, Department of Chemical Eogineedng, Cambridge, MA 

En face studies of the rabbit aortic endothelium indicate a relationship between 
focal sites of protein accumulation ('high permeability sites") and adherent monocytes. 
We used biotinylated bovine serum albumin (BSA) as a macromoiecular tracer to 
identity high permeability sites in the aortic wall, and non-spedfic esterase (NSE) 
staining to visualize adherent monocytes. The distribution ot monocytes on the rabbit 
aortic wall is spatially very heterogeneous, with the highest densities of adherent cells 
occurring in the aortic arch and the upper descending thoracic aorta (up to 69 cells/sq. 
mm on average). The number density ot adherent cells is also relatively high along and 
distal to the flow dividers of ostia. In the aortic arch, adherent monocyles are assodaind 
with up to 4 t% of all high permeability rogions. In selected aor'dc regions chosen for 
more detailed analysis, the areas of highest monocyte density correspond 
topographically to regions where high permeability toci are abundant. 
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CHARACTERIZATION OF ELEVATED LOW DENSITY LIPOPROTEIN 
PERMEABILITY SITES AT LESION-PRONE AREAS OF THE NORMAL 
RABBIT AORTA Robert A. Herrmann, Richard A. Malinanskas, and George A. 
Trnskey, Department of Biomedical Engineering, Duke University, Durham, NC 
27708-0281 

En face autoradiography of the endothelium (Circ Res  1992; 71: 883-897) was 
used to quantify the distribution, size, and permeability of  simms of enhanced 
endothelial permeability to 125I-low density lipoprommin (125I-LDL) around the 
inmmrcostal arteries, celiac artery, and at the iliac bifurcation of normal rabbit aortas. 
Permeable sites were more frequent distal to the intercostal branch orifices, and 
lateral and distal to the orifice at the celiac branch. At the intercostal branch 
orifices, these sites were larger with a lower permeability and higher frequency 
than away from the branch. The mean regional permeabilities, which were an 
average of low and high permeability simms, were the same at and away from the 
intercostal branches. At the celiac flow divider, the sites were more permeable and 
larger than away from the flow divider. Within 0.25 mm and 1 mm of the celiac 
flow divider, the mean regional permeability was, respectively, eight and two 
times higher than away from the flow divider. Few sites of elevated permeability 
were found distal to the aorto-iliac bifurcation and the permeabilities at the medial 
and lammral walls of the iliac arteries were not different. Mitotic ceils aecounmmd for 
13+7% of all simms of elevated permeability and were not increased at branch simms, 
suggest ing that other mechanisms were responsible for increased LDL 
permeability in the rabbit. The results indieamm that the permeability and frequency 
of occurrence of simms of elevated permeability around the celiac and intercostal 
branches is associated with the distribution and severity of early lesions in rabbits 
fed a hypercholesterolemic diet. 
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ROLES OF HEMODYNAMICS AND ENDOTHELIAL CELL TURNOVER 
IN THE FOCAL NATURE OF MACROMOLECULAR TRANSPORT 
Shu Chien, Kenji Sakakibara, and Terue Sakakibara 
Institute for Biomedical Engineering, Univ. Calif., San Diego, La Jolla, CA., 
and Hamamatsu Univ., Hamamatsu, Japan. 

Rabbit thoracic aorta was subjected to systematic topographic mapping of 
endothelial cell nuclear morphology (used as an index of local blood flow 
direction and wall shear stress), mitosis and permeability of Evans Blue labeled 
albumin (EBA). The endothelial nuclear orientation indicated the presence of 
straight laminar flows along the longitudinal axis of the thoracic aorta and also 
spirohelical secondary flows. Endothelial nuclei with high shape indices (more 
spherical) were located mainly in regions with secondary flows, whereas those 
with low shape indices were primarily found in regions with straight laminar 
flow. Almost all mitotic ceils were located within EBA leaky spots, and the 
locations of EBA leaky spots and mitosis were found preferentially at sites of 
high shape indices which corresponded to regions of secondary flow. Around 
the orifices of intercostal arteries, endothelial nuclei morphology indicated a 
complex flow pattern, and mitotic ceils and EBA leaky spots were found to 
exist in high frequencies. Characteristic 'V-shaped' topography of mitotic cells 
and EBA leaky spots around these orifices, similar to that of lipid accumulation 
in cholesterol-fed rabbits, can be explained by the local flow pattern. These 
findings show a correlation among the local hemodynamic pattern, endothelial 
cell turnover and macromolecular leakage. The results are in support of the 
thesis that local hernodynamic factors may cause regional enhancements of 
endothelial cell turnover and permeability, which in turn lead to the focal nature 
of atherogenesis. (Supported by NHLBI Research Grant HL19454). 
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THE ASSOCIATION OF HEMODYNAMICS WITH INTIMAL WHITE BLOOD 
CELLS AND INCREASED LDL PERMEABILITY AT THE AORTO-CELIAC 
JUNCTION IN THE NORMAL RABBIT 
Richard A. Malinauskas, Kevin M. Barber, Robert A. Herrmann, Pasha Sarraf, 
and George A. Trnskey Department of Biomedical Engineering, Duke University, 
Durham, NC 27708-0281 

The objective of this study was to examine the relationship between arterial 
hemodynamics, endothelial cell (EC) nuclear orientation, increased EC permeability 
to radiolabelled low density lipopmteins (125I-LDL), and intimal whim blood cells 
(WBC) at the normal rabbit aorto-celiac junction. Flow visnallT~tion studies using 
a 0.5 mm wide laser sheet to illuminate 75-90 Itm diameter particles were 
conducted in an exact transparent aorto-celiac model. Under steady mean 
physiologic flow conditions, paired spiral vortices on the order of 1 mm in 
diameter were localized to the lateral-distal flow divider region of the celiac orifice. 
The size of the vortices increased with the celiac flow rate and extended towards the 
dorsal wall of the aorta. H~utchen EC preparations were used to create en face 
aortic maps of the distributions of EC nuclear orientation, intimal W'BC, including 
macrophages identified using RAM-11 immnnostalning, and increased 125I-LDL 
permeability. Around the celiac artery branch, intimal WBC and sites of 125I-LDL 
permeability were highest along the lateral-distal flow divider, where lesions 
preferentially originate in hypercholesterolemic rabbits. The EC nuclear shape and 
orientation were consistent with the time-averaged blood flow patterns, and were 
rounder with highly variable orientation along the flow divider. These results 
suggest that regions of time-averaged low wall shear stress are associated with 
intimal WBC and altered EC permeability in the normal rabbit and may have 
implications in atherogenesis. 
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SHEAR STRESS-INDUCED REORGANIZATION OF THE SURFACE 
TOPOGRAPHY OF LIVING ENDOTHELIAL CELLS IMAGED BY 
ATOMIC FORCE MICROSCOPY 
Kenneth A. Barbee*, Peter F. Davies*, and Rameshwar Lal* 
*Department of Pathology and *Department of Medicine 
University of Chicago, Chicago, IL 

Hemodynamic forces affect endothelial cell structure and behavior. The threo-dimeosioanl 
shape of the apical surface of the endothelium will determine the local flow patterns and 
therefore the distribution of shear stress acting on the cell membrane. The structure and 
compliance of both the membrane and the underlying cytoskeletal smicture will determine the 
deformation response* and the distribution of forces transmitted throughout the cell. We have 
imaged the surface geometry and submembranoas structures of living endothelial cells by 
atomic force microscopy. Cells in confluent raonolayers were polygonal with smooth, 
rounded mlrfaces undulating with all amplitude of 2-4 pro. Occasionally, a fiae fibrous mesh 
was detected. Cells exposed to shear stre~,s ( 12 dyn/cm2) for 24 hours were partially aligned, 
and the cells that had become elongated in the direction of the shear sla'ess had height 
variations of less than 2 ~trn. In contrast to the unsheared cells, sheared cells exhibited a 
prominent surface structure characterized by aligned arrays of submerabrancos eytoskeletal 
fibers. An overall cell compliance was estimated by comparing images obtained at different 
imaging forces. In addition, a bigh resolution map of ~ ~ o n s  in stiffness due to the 
presence of discrete cytoskeletal structures was constructed. This study relnesents the first 
observation of surface features ha living ~ cells and denumsWa~ significant changes 
in surface topography as a result of hemedynamic shear stress. 
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DISTRIBUTION OF ATHEROSCLEROTIC LESIONS IN THE HUMAN AORTA 
Rong Xue, J Fredrick Cornhill, Edward E. Herderick, Cynthia J. Roberts 

Biomedical Engineering Center, The Ohio State University 

Atherosclerosis is the most common disease that afflicts Western society, Preliminary 
investigations show that there is a very specific and well behaved topographical distribution on 
localization of atherosclerotic lesions in the aorta of young people. An automated image 
processing system and statistical analysis techniques were developed to study the distribution 
pattern of atherosclerotic lesions in the human thoracic and abdominal aorta. 

The In'st study subjects were 106 males, blacks and wbil~s, 15 to 29 years of age, who had died 
of violent causes. Techniques included image capture from color slides of the aorta. 
transformation of raw images to standard templates, image segmentation (lesion identification), 
computation of probability-of-occurrence maps and lesion percentage calculation. Regions of 
interest (boxes) were defined precisely on the probability-of-occurrence maps. The percentage of 
lesion intimal surface and their mean values were calculated out within each box, and areas of 
high and low probability were identified. The linear regression model and the palred-t test were 
performed to investigate the symmetrical property of lesion distribution between the left and 
right halves of the humall aorta. 

Secondly, the spatial localization of both sudanophilic (fatty streaks) and raised lesions were 
characterized using similar image processing and statistical analysis techniques in the human 
thoracic and abdominal half aorta, Their inter-relationship were further evaluated The study 
subject included 1378 males a,d females, blacks and whites, aged 15 to 34 years, wh0 died of 
trauma. Raised lesions with high probability were demonstrated to be co-localized with regions 
of high probability of fatty streaks in the abdominal aorta. However, not all regions of high 
probability of fatty streaks were associated with regions of high probability of raised lesions in 
young people. 
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LOW SHEAR, OSCILLATORY FLOW, AND ATHEROGENESIS: WHAT 
HAVE WE LEARNED FROM CELL CULTURE STUDIES? 
Gabriel Helmlinger, Olivier Thoumine, and Robert M. Nerem 
Georgia Institute of Technology, Atlanta, GA 30332 

In vivo intimal thickening correlates with regions characterized 
hemodynamically as low shear. Such regions also exhibit oscillatory flow, and 
the enhanced intimal thickness is believed to represent a nidus for the early 
events leading to the development of athemsclerosis. Through cell culture 
studies much has been learned in the last decade about the influence of 
hemodynamics on vascular biology and the role of the endothelium in the early 
athemsclemtie events. Although most of such studies have been for steady flow 
conditions, our group has turned its attention in the last few years to a 
systematic investigation of pulsatile flow. These experiments have 
systematically studied reversing and non-reversing pulsatile flows, as well as 
purely oscillatory flow, all characterized by a 1 Hz, sinusoidal waveform. 
Measurements have been made of cell morphology, properties ot the 
extracellular matrix, and signaling mechanisms. From initial results it is now 
clear that endothelial cells express differences due to these different pulsatile 
flow environments. Most notably, an endothelial monolayer in the presence of a 
purely oscillatory flow, with no mean flow component, is not the same as a 
similar monolayer for a static, no-flow condition. This suggests Ihat in vivo 
the vascular endothelium in oscillatory flow regions may possess different 
characterislics from those exhibited in regions of stasis. 
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A MODEL FOR THE GROWTH OF LI)L LEAKAGE SITES IN ARTERIAL INTIMA 
Y. Hanng 1, D. Rumschitski 2, S, Chien 3 and S. Weinbaum l 
Department of Mechanical I and Chemical Engineering 2, The City Coliege of CUNY; 3AMES- 
Bioengineering, University of California at San Diego 

Recent experiments on the spread of HRP and LDL from cellular level endothelial leakage 
sites have revealed a remarkably rapid initial growth and subendothelial concentration levels that 
can not be explained by models in which the interstitial matrix of the intima and media are 
assumed to have nearly the same permeability properties, Yuan el al (1991). In this paper a new 
approach is adopted in modeling the iotimal matrix. Direct observations of proteoglycan and 
collagen intimal matrix components obtained from the rapid freeze etching electron microgmphs of 
rabbit intima by Frank and Fogelman (19@9) are first used to determine the hydraulic conductivity 
and diffusivity of intimal matrix using random fiber matrix theory. This theory leads to the 
unexpected prediction that the permeability coefficients in the intima are nearly two orders of 
magnitude larger than in the media, These permeability properties are then used in a Brinkman 
eqaation to determine the lateral convective velocity in the intima in the vicinity of a leakage site. 
A combined convective-diffusive model for the intima, internal elastic lamina (IEL) and media is 
then sol'eed to determine spot size growth and intimal concentration proiiles in the vicinity of the 
leakage site. The resul~ of this combined model reveal that HRP spots can grow to nearly 200 um 
din. after only two minutes of labeling and that regions of high LDL eoneentrarion in the vicinity of 
the leakage sites grow to roughly 3000/*m 2 after the few minutes and then do not spread further. 
The model also predicts that the average LDL concentration in the region of elevated concentration 
is roughly one half the lumen concentration and thus at least six fold higher than could be 
accounted for if one assumed that the available volume for LDL were sinadar to the measured 
available volume for albumin in the thtima. The latter predictions are in cIose agreement with the 
experimental observations of Tniskey et at. (1992). Strong additional suppport for this cleat- 
dichotomy between intimal and medial matrix has been obtained from immunological studies with 
monoclonal antibodies which show that the matrix in the intima and the fenestral openings of the 
IEL differs markedly from medial matrix., Lark et al. (1987). 
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E N D - S T A G E  C L I N I C A L  ATHEROSCLEROSIS :  ROLE OF 
HEMODYNAMICS IN THE RUPTURE OF THE PLAQUE CAP 
David N. Ku, J. *Micah Downing, Barbara McCord and Sophie Biz. Georgia 
Institute of Technology, Atlanta, GA, *Armstrong Laboratory/OEBN, Wright- 
Patterson AFB, OH 

Advanced hnman atherogclerosis is characterized by a high-grade 
stenosis covered with a fibrous plaque cap. The end-stage event nsually comes 
when the plaque cap ruptures and exudes the contents of the atheroma into the 
bloodstream, The plaque rupture produces local thrombus occlusion or 
embolization of the contents downstream. The mechanism for rupture may be 
a direct consequence of the unusual hemodynamics associated with the high- 
grade stenosis. We have shown that the low fluid pressures in the throat can 
cause a collapse of the arterial wall, both theoretically and experimentally. 
This collapse subsequently leads to strong oscillations in wall motion, high 
frequency compression of the fibrous cap, and choking of the flow rate 
through the stenosis. The plaque cap can fatigue and eventually fracture from 
these unusual loading conditions. This mechanical mechanism of plaque 
rupture provides a new explanation for the catastrophic clinical consequences 
of end-stage atherosclerosis. 
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ARTERIAL FLUID FLOW AND ENHANCED PERMEABILITY IN THE RABBIT AORTA 
,,MXI~ I. Barakat and ClaIR K. Colton 
Department of Chemical Enginaedng, MIT, Cambridge, MA 

We have previously reported the exhaence of sites within the normal rabbit aorta that are 
highly permeable to horseradish peroxldase (HRP). These sites have also been shown 
to exhibit proferred spatial and angular odenlaliona and to correlate to some extent with 
the localization of early athemsolerotic lesions experimentally induced in hyperchoies- 
temlemic rabbits. In order to investigate whether or not the dlstdbulion of the HRP sites 
correlates ,#ith spadfic fluid medlanical phenomena, the detailed flow field in the rabbit 
aorta has been sludied both ex-vivo udng cinematographic techniques in nalursl aortas 
rendered transparent to allow flow viscalzation and in-v/vo usJng high resokdJon pulsed 
DOpphIr ultrasound veleoimetry. The cinematographic studies in the thoracic aorta 
d e - - r a t e d  the existence of induced clockwise helical flow idong the ventral a84)ect of 
the ao~c arch se wetl se reglona oi boundary layar separatldn idono the luw~r cuNatum ol 
the arch and 8t the proximal ~ of I:oth arch branches. The regton of flow segara~on w=ts 
occupied by a redrculMk~ zone which bedodicegy appeared and disappeared with flow 
pul~lJlily in the case of 9~e brachioeephaUc artery and by to.yard helical motion in the 
case of the lower curvature of the ar and the Jeff s u b c J ~ n ~  artery. In the abdominal 
aorta, fluid streamlines deflecled off the flow dividers of the major brenehes and 
rectr along the lateral walls of the aorta before entedng the branches. Exter",,~ve 
fluk:l mechanical interaotiona, and consequently morn complex flow w wece observed 
in the case of vessels in dose anatomicst proximity. The complex flow field in the aoda 
leads to sharp spa~l and temporal gtedieols in wall shear stress. The pulsed Doppler in- 
vivo studies demonstrated that artedal wall motion tends to decrease the extent of flow 
separation observed in the aorta and that flow near certain setia revemes direc=ion (from 
the branoh into the amla) dudng the diaotoic i~'mse of the car cycle. This mveme flow 
has ImlPortant i ~  on the resultin 0 waU shear stress disldbulion in the aorta. The 
flow patterns am compared to the distributions of the HRP siles, and conclusions 
rogadng ~mitad~s and altomnoes are drawn. 
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DISTRIBUTION PATrERNS OF ATIIEROSCLEROTIC LESIONS AND ENDOTHELIAL IN/URY IN 
AORTA. 
Knut Pettersson, Cardiovascular Pharmacology, Aslra H~s,sle AB, M6IndaI, Sweden. 

Atherosclerosis is not uniformly distributed over the arterial surface. The preferential 
location to areas close to brancNng points and curvatures suggests that hemodynamic 
strain may be involved in the initiation of atherogenesis Virchow (1856). Endothelial cells 
in predilection sites for atherosclerosis often lose their capacity to exclude anionic dyes, 
used in cell culture for evaluation of  celt viability. 'lqlese ceils also contain IgO, add the 
presence of IgG could be used as a marker for endothelial injury. IgG-contalning 
endothelial ceils in culture were detached from the endothelial mono4ayers while beeing 
undermined by surrounding cells, leaving no defect in the endothelium. These cells can 
thus be used as markers for non-denuding injury in the endothelium. 
In normal rabbits, few injured cells are found in the descendent thoracic aorta, except for 
the areas around the ostiae of branching intercostal arteries, where the occurrence of 
injured cells is 30- fold higher. This localisation corresponds to where the first intimal 
lesions occur in response to an atherogenic diet. We have observed that risk factors for 
atherosclerosis also cause non-denuding endothelial injury, e.g. smoking, 
hypercholesterolemia and sympathetic activation. We suggest that this form of 
endothelial injury can be a localizing, if not initiating, factor for atherogenesis. The 
distribution of such injury to arterial branch points and curvatures suggests that 
hemodynamic factor(s) can cause such injury, thereby leading to the development of 
atherosclerosis. 
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PRESSURE INDUCED WALL STRESS AND ATHEROSCLEROSIS IN THE CAROT/D 
ARTERY BIFURCATION 
Robert S. Salrar t, Mmao J. Thubrikar*, Richard T- Eppink t 
q)elx~meat of Civil Engineering and Applied Meehanies, The University of Virginia, 
Chartotte*ville, Virginia 
~Jt, teinema,~t Medical Research Laboratories, Carolinas Medical Ce~mr, Charlotte, North C.amli~ 

A possible correlation be.tween the locations of atheroscleretie lesions in the carotid artery 
bifurcation and the regions of tissue experiencing high pressure nidueed wall stress was 
invest/gated. Six cadaver spechnens were ohta/ned to detem~e the common areo.s of 
athemselerosis and the overall geometry of the bifurcation. Through the creation of the finite 
element analysis models, both the qusatitativr ns well as the qualitative behavior of the artery 
under internal pressure was investigated. In all gix carotid specimens, two distinct areas 
consistently exhibited mabstantial lesion growth. The most severe lesions occurred along the 
sinus bulb, with lesions hinging from a general thickening of the artery wall to the almost total 
blockage of the I ~ .  The second m'ea was at the point of bifiareation (crotch), where the 
l~ions were highly localized mad did not app~.r to threaten the blood flow. Through careful 
measurements of two representative artery spectmeas, including the overall dimensions as well 
as wall thicknesses, two fro/re element models were created. By applying the in vivO equivalent 
internal prepare as well ~s boundary conditions to the models, two areas of elevated pressure 
induced stress were discovered. The highest stre~s concetttration occunred at the point of 
bifureaUon, with s ~  9 to 14 times the first principal stress in the common carotid. This 
stress was distributed over a very small region of the model. The other area of high stress 
~curred along the sinus bulb. This stress was 3 to 4 times that of the common carotid, but was 
distributed over a much greater area, encomlmssing the whole of the sinus bulb. Thus, there 
appea~ to be a correlation between beth the magnitude and distribution of high wall stress and 
the locations of atherosclerotic lesions. 
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Mechanica l  Act ivat ion of  Endothel ial  Cells 
Scott L. Diamond, Fred Sachs, and Wade J. Sigdurson 
Depts. of  Chem. Engr. and Biophysics, S.U.N.Y., Buffalo, NY 14260. 

Measurements  o f  intracellular calcium were conducted in first passage 
human umbilical vein endothelia/cells (HUVEC) exposed to laminar fluid shear 
stress or  mechanical  perturbation using a micropipette. Gende  pushing on an 
individual cell using the side walls of  a micropipette caused transient increases 
in calcium each t ime the cell was poked (n > 3 pokes in over  27 cells using 5 
separate cell harvests). Some ceils responded more  than 6 times without dye 
leakage or  membrane  blebbing. Gentle  pushing on the cell did not  cause 
membrane  puncture as indicated by (i) the absence of  rapid dye leakage, 0i)  the 
regulated nature o f  the calcium response, and (iii) the absense o f  membrane  
blebbing. Similar responses were seen in passaged bovine aortic endothelial 
cells. Using positive pressure of  50 to 100 m m - H g  in a micropipette, we created 
very narrow fluid streams (with wall shear stresses of  -0.001 to 0.1 dyne/era 2) 
tangentially over  the ceils. However ,  these low shear streams had no effect on 
intraceUular calcium. Interestingly, normally impinging flows which caused 
slight depressions o f  the cell surface induced a calcium mobilization. The first 
poke-induced change in calcium was not affected by the stretch channel blocker, 
gado l in ium (Gd3+) ,  or  by low extracellular  ca lc ium (10 IxM), although 
subsequent poke-induced calcium transients were greatly attenuated by these 
actions. In the absense of  extracellular  calcium, however ,  the ability o f  
H U V E C  to respond to the first poke was not present, indicating the requirement 
of  some extracellular calcium as a mediator o f  signalling or as the major  source 
of  calcium during mobilization. 
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S I M U L T A N E O U S  S T R A I N  A N D  M O R P H O L O G I C  M E A S U R E M E N T S  
IN H U M A N  A O R T I C  C R O S S - S E C T I O N S  

R. V I T O * ,  S. G L A G O V * * ,  C. XU** ,  M. W H A N G * ,  D. B E A T I E *  
*GA.  I N s T r r U T E  O F  T E C H N O L O G Y ,  **U. C H I C A G O  

T h e  inf luence  o f  mechan ica l  factors such as the state o f  strain on the 
adapta t ion o f  the vessel  wal l  m a y  be  related to atherosclerosis.  In this 
work,  w e  e x a m i n e  mechan ica l  and histologic correlates in cross-sect ions 
o f  h u m a n  thoracic  and abdomina l  aorta obta ined at autopsy.  In prev ious  
s tudies  o f  vascu la r  mechan ics ,  the distribution o f  strain through the 
thickness  is a s sumed  ax i s - symmet r ic  and the wal l  homogeneous .  
H o w e v e r ,  it is wel l  k n o w n  that  variat ions o f  micros t ruc ture  occur  both 
wi thin  a cross-sec t ion  and a long the aortic tree. W e  measu red  the 
de format ion  o f  5 m m  long segments  o f  human  aorta by  t racking 10p. self- 
adheren t  part icles scat tered through the thickness at  posterior,  anter ior  and 
side locations.  The  s egmen t s  are  p laced ove r  a cyl indrical  latex tube  
wh ich  is inf la ted so that  pressure  exer ted on the vessel  l umen  is in the 
phys io logic  range .  Spec imens  are then pressure  f ixed and prepared  for  
l ight  mic roscopy .  Severa l  correlat ions were  observed.  In particular,  the 
a v e r a g e  peak  stra/n was  inverse ly  corre la ted with the i n t i m a / a r e a  fract ion 
which  could  imply  a role  for  strain level  in int imal  thickening.  
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MECHANO-SIGNALING IN V A S C ~  CELLS EXPOSED TO CYCLIC STRAIN 
Ira Mills and Bauer E. Sumpio 
Dept. of Surgery, Yale University School of Medicine, New Haven, CT 

Endothelial cells (EC) subjected to cyclic strain exhibit marked changes in morphology, 
proliferation and secretion of macromolecules including endothelin, prostacyclin and 
tissue pla,mdnogen activator (t-PA). We have begun to delineate the signal transduetion 
pathways that may be involved in coupling mechanical forces to cellular responses. Acute 
cyclic strain causes activation of phospholipid turnover leading to the production of both 
inositol phosphates and diacylglycerol in EC. The elevation of inositol phosphates is an 
acute, mouophusie response whereas generation of diacylglycerol production is biphasie 
and sustained. These events most likely reflect activation of both phospholipases C and 
D. Biphasie stimulation of dlacylgiycerol formation by cyctie strain is associated with 
biphasie activation of protein kinase C in EC. Activation of protein kinase C in EC by 
cyclic strain constituted a translocation of enzyme activity from a cytoanlic to a membrane 
fraction. Strain-induced protein kinase C membranous activitywas primarily found in the 
perinuclear region of EC. Adenylate cycla~ is also elevated acutely by cyclic strain in 
EC. Cyclic strain-induced activation of adenylate cyelase is ussociatedwith the transient 
loss of inhibitory G protein (G~,~a) immunoreactivity that is thought to involve a post- 
translational protein modification at the earboxyl terminus of the protein. In addition, 
cyclic strain-induced activation of adenylate cyeluse leads to the accumulation of cyclic 
AMP and activation of protein kinase A in EC. These data support the hypothesis that 
cyclic strain activates both the adcuylate cyelase/cyclic AMPt~protein kinase A and the 
Ca:§ kina.~ C signal transduetlon pathways in EC. Recent studies 
demonstrate that cyclic strain causes the generation of transcription factors AP-1, NF-kB 
and CREB in EC. Ongoing studies in our laboratory are being performed to delineate 
the coupling between mechanical perturbation and specific gane activation in EC. 
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PROTECTIVE ADAPTATION TO CHRONICAL MECHANICAL INJURY AS THE 
ETIOLOGY OF ARTERIAL OCCLUSIVE DISEASE 
Kenneth R. Kensey 1 and Young I. Cho 2 
1. Kensey Rash Laboratories, Exton, PA 
2. Dept. of Mechanical Engineering, Drexel University, Philadelphia, PA. 

The aim of this investigation is to identify one underlying cause for 
arterial occlusive disease. Presented is a hypothesis implicating an 
inherent protective adaptation process of the arterial wall to mechanical 
injury as the initiating event for arterial occlusive disease. Computer 
simulation and historical human pathological data are used to support this 
hypothesis. An amplified protosystolic pulse (AMPPULSE) is compared to a 
tess amplified pulse to quantitatively study the effect of AMPPULSE 
circulation on arterial injury patterns. Most commonly observed clinical 
presentations of atherosclerosis previously not explained nor understood 
can be explained using the present protective adaptation hypothesis. In 
general, to avoid rupture artery walls adapt to excessive tensile stress by 
thickening and stiffening, thus reducing vessel compliance and lumen size, 
Consequently, shear stresses in site-specific areas increase in magnitude at 
high shear regions and oscillate in directions more rapidly in low shear 
regions. It appears that the two types of shear stress cause injuries to the 
intima under amplified profosystolic pulse (AMPPULSE) circulation, 
Adapting to this injury, AMPPULSE circulation occurs and the heart must 
work excessively to circulate a particular blood volume. A vascular system 
that requires excessive work by the heart to perfuse has a high propensity 
for injury and thus eventual occlusion. 
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ENDOTHELIAL OPdENTATION AS A REFLECTION OF STRESS 
J.D. Deck 

Department  of  Anatomy and Cel l  Biology, University of  Vh'ginia Health Sciences 
Center, Charlottesville, Virginia 22908.  

Vascular endothelial calls a ~  generally thought  to be al igned wi th  the long 
axis of  the vessels they line by shear  stresses associated wi th  blood flow. One would 
expect the endothelium of aortic valve leaflets to be particularly affected by the surge 
of  syszolic blood flow. Inspection of  leaflet surfaces wi th  the scanning elecu-on 
microscope shows, however,  that  endothelial cells are aligned circumferentially on 
the leafier, parallel to its flee edge and perpendicular to the direction of blood flow. 
Endothelial cells on the aortic face of the leaflet are stretched out along the 
circumferential ridges of fibrous tissue which otherwise characterize this surface. 
Except over the leaflet nodule near the center of the leaflet's flee edge, the same 
orientation of endothelial cells is found on the ventticular face of the leaflet, the 
surface firsl encountered by ventricular outflow, It therefore appears that  shear 
s t ress  acting on the leaflet endothelial ceils is countered by other, s tronger forces, 
such as the s t r ~  of leaflet dos ing  and suspension during diastole, which  sU'ess 
seems to dictate the directionality of principal fibrous tissues wi th in  the leaflet. It 
would be interesting to observe whether  endothdia l  ceils at  arterial branching sites, 
also subject to differing types of stresses, likewise depart  from the expected 
longitudinal orientation. 
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C~ets atra~ch contributes to slootb muscle cell dlffaran~istlon 

in culture. 

g.~. eiru~ov, v.~. 6hirlnsky, O.V. S~epanova, ?.k.  Tkachu~ and 
t,J. RIs iAk.  

RUSSian Cardioloqy ReSearch Center ,  Moscow, mudsia and Dept.  o~ 
~ $ s L z ~ ,  ~a,el ~ m r s i ~ y  ~i~it, Basil. 591t~er1~n4, 

$1o o~h l uso l e  o e l l s  ($~C) i. e t t lw i l ~  w i l l  maintain a 
ds163  r  statm wh~Ze abeam i n  athe=omr 
p laque e=a p=o found ly  sodu la tad  t o  i yn~J~ l t i c  phenoZypm. Among 
otbmr w i r i&b laa  ~Jlela two anv i romlents  d l f f l :  i n  ~ha deqrae of  
ma~banical  a t l ~ l e t ion  excs~  on the  v l |m l l  va i l  by th~  blOOd 
pulsation. Whereas ~dc Of the normal ~ery  arm m ~ r  ~o the 
int~rmi~as~ a~r~in throug~uoC the i r  enq:lrm l i f e  cei ls i .  thm 
p i l ~ e  a r e  suca l ess  =echan i ca l l y  d l l t ~b l~ ,  l ~  i t  a l l .  ~nUS. 
cycllc s t r e t c h  (r /ms a iPo~;entJ.tl o f  b ~ i n ~  �9 a i f f m t l t t ~ i a t i n ~  
~ a c t o :  f e z  v a s c u l a r  aMC and we made an  a t t ~ p ~  eo s t u d y  this 
possibility experimentally. 

S~ en:y~atically Isolated f~:om rabble e ~  ~ e  i ~ J ~  
to CS in  a F laxe~ce l l  Strain U n i t  and i n  �9 l abo ra to r y  w a d e  
d ~ v i e e ,  Stretch s i s= i ons  o f  3 - 6  d ] y $  we~S & p p l s  ~ 10-20% 
a~pli~uda and 30-60 cycles/man friqUancy. The ex'pr~aaion of the 
i ~ o o t h  ~ s o l e  ph~no~YP@ p r o t e l ~  I~ t~ ' k~ l  ea ld~aom,  c a l p o n i n  and 
=yolin is~s vaa aasas~ed undar ~ s  oondltie~s. 

we e b a * r v i d  th l t  i n  ~he p r ~  ~ C U l t u r ~  cs a l~vs  a~n  
~/~l dii&~l~ea~ance o f  ~ l  amo~ ~o le  C o n t ~ : a ~ f . l l a  p h e . v ~ y p l  - 
m~Xm~ ~ i q h  m~lm~ le r  weie~t  r ~h-~aD).  ~ n  ~ h e  ps~aa~d  
5Hr r  i nd i t ed  mGrXed reexp~esmion o f  "r pro=e lm,  h - r  
r eap~azsn~e  was  t h e  moo,.: p~miment  in q~imlomnt SMC main ta ined  
in ~e  p t l i eng l  o f  0,st filal ellf s a ~ u m  ( t e l )  o r  �9 serum 
s~bo~ i tu t in t  f m u l a .  At $-1ot  f e l l  t h s  e~s  v ia  ~ i l l  v i s i b l e  
a l~oueh  Is le  s igni f icant ,  w e  i n v e a ~ i q a ~ l  h ~  1:ha r  
a g p c e e i i o n  o f  h-CiO dip,ends oa the t~1~ o f  �9 l u ~ t r l t ,  s~ c  * r l  
aaade~ on a~d qo~ a lm i l a r  rmaul~a imspec~ i vm  o f  whether ce l l s  
were  o u l t u r e ~  on co l l aqen  ~e  I o= ZV, o~ l ims  I n  a d d i t i o n  
ne i t he r  t h a  e~e@iion o f  smooth ~ i r  by0 l l i n  ~%or ea ipon in  o r  
low aolaoular wml.qh*~ cmldesp_en l soCot ' l  d~mtzatm~ a $%ron v 
d e ~ n d a n c t  on ~.~. 

us su~V.~% tha~: c$ night  be a physiologic  , ~ i m u l u a  
~ners t o  ~ h e  cont ro l  ~ f  Sac d i f fmr~ ,~18~ io~  in  ~ h e  veer.el 
wail. 8o far, i~ ia ~he o n l y  fa~ow known to induce h-CaD 
zs i n  m o d u l a t e d  SHC. H ~ . . m r .  ir i l l  hot  a u f f i c i e n t  t o  
r e ~ l a t a  t h e  express ion  o f  t h e  o t h ~ r  a m ~ t h  ~sc la  c o n f r a c t i l s  
pnanbeOitl'l~nnine marke r s .  The m ~ c / l a n i m  of cs-indueae h-CaD expression 
i r e  l n g  cu r ren t l y  invasti~ate~. 
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ABSENCE OF ATHEROSCLEROSIS 1N INTRAMYOCARDIAL CORONARY ARTERIES 
AND ITS RELATIONSHIP TO MURAL STRESS. 
Francis Rohicsek, M.D. ,  Mane L Thubrikar, Ph.D. 
Heinenmn Medical Research Laboratory, Carolinas Medical Center, Charlotte, N.C. 

The ocearrence of  atheroselerotic lesions was studied in both epicardial and 
intiamyocardial coronary arteries in 150 patients undergoing coronary bypass SUrgery. Most 
patients showed diffuse coromuy arteriuselerosis. In 17 patients the circumflex coronary 
artery gave off branches whose distal portions ram entirely intramyocardially. Of  these, 15 
had no atherosclerosis in the intramyocardial branch whereas the same arteries epicardially 
had lesions, I had a calcified plaque, and 1 had a recanalized thsumlms. To study this 
phenomenon further intramyocardial pressures (IMP) were measured in 8 canine hearts. The 
pres.sures were mensmcd with a micro-tip catheter which had a tiny recessed pressure sensor. 
The IMP was measured on the lateral wall of  the lefl ventricle (LV) and at the apex. At each 
location the pressure was measured within the myocardium at 3 depths: Near the epicardinm, 
in the mid wall, and near the endocardium. The myocardinm developed significant pressures 
within the muscle nm~ throughout the cardiac cycle. The IMP in the epicardial region wee 
the lowest, in the mid wall it  was higher, and in the endocardial region it was the highest. 
Sabepicardial pressures were as high as 30-80% of the LV cavity pressure which was also 
measured simultaneously using a fluid filled catheter. Suhendocardial pressures were 
generally higher than the LV cavity pressures. High IMP indicates that the pressure gradient 
across the intramyocardial coronary artery wall is significantly reduced, and sometimes the 
gradient may even be eliminated or reversed. Hence, the intramyocardial arteries experience 
less pressure gradient and therefore lower mural stress compared to the epicardial arteries. 
In conclusion, the absence o f  atherosderosis in the intramyocardial coronary arteries appears 
to he due to reduced mural stress, i.e. the lowering of absence of the transmund pressure 
gradient. 
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ARTERIAL TISSUE MECHANICS AND ATHEROSCLEROSIS 
Renu Virmani, M.D. 
Armed Forces Institute of Pathology 

A comparative morphologic study of aortic changes 
with aging will be presented in different populations 
with an attempt to separate the effects of 
hypertension and atherosclerosis. Chinese and 
occidental populations were chosen as they are known 
to have a high prevalence of hypertension and 
atherosclerosis, respectively. Aging resulted in an 
increase in aortic circumference with the greatest 
increase in ascending aorta in the Chinese and in the 
abdominal aorta in the occidental. Intimal thickness 
increased with age and was maximal in the abdominal 
aorta and was greater in the occidental population. 
In the Chinese population, isolated systolic 
hypertension resulted in greatest increase in the 
ascending aorta whereas idiopathic systolic 
hypertension caused the largest increase in the 
abdominal aorta. Intimal thickness was less in 
ascending aorta in isolated systolic hypertension and 
greatest in essential hypertension in abdominal aorta. 
These morphologic changes may account for the finding 
of increased aortic pulse wave velocity observed with 
advancing age and may be responsible for the systolic 
hypertension seen in aging population. 
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PSYCHOSOCIAL INFLUENCES ON ATHEROSCLEROSIS: EFFECTS AND 

MECHAN~MS IN NONHUMAN P~ MATES.  

J.R. Kaplan and S.B. M ~ u c k  

Dqmrtment of  Comparative Medicine, Bowman Gray School of Medicine of  W ~ e  Forest 

Uinve~ty ,  Wineton-Salem, NC 27157-1040 

Psychosocial factors are often implica~l  in the pathogenesis of  human atherusclerusis 

and coronary heart disease (CHD). Experimental mampalation of  animal models has shown 

that both eaviromoental perturbations and individual behavioral characteristics potentiate 

atherogenesis and, occasionally result in manifestations of CHD. The data to ha presented 

here provide initial evidence concerning the influence of behavioral factors on alherosclerosis 

as well as concerning the pathophysiological mechanisms or processes mediating such 

behavioral effects. These data support four preliminary conclusions: 1) psyehosocial factors 

influence atheroselerosis and impair vascular responsiveness in monkeys, two processes that 

contribute to the development end expression of CHD in humans; 2) clear analogies exist 

between the psychosocial factors that potentiate atherogenesis and v~eulas dysfunction in 

monkeys and those that are believed to influence the devehipment of  CHD in humans; 3) 

recurrent activation of the sympathetic nen, ous system is likely the common pathway 

mediating the influence of various payehosocial factors on vascular abnormalities and CHD 

in monkeys and, heece, possibly also m humans; and 4) such sympathetic nervous system 

activation ~ d y  damages the coronary arteries via hemodynamic or kinetic rather than 
metabolic (systemic) fnctors. 
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DETERMINANTS OF MECHANICAL PROPERTIES OF ATHEROSCLEROTIC ARTERIES 
Professor G.V.R, Born, 
The William Harvey Research Institute, 
S t .  Bartholomew's Hospital Medics[ Col~ege, 
Charterhouse Square London, ECIM SBQ. 

One determinant is calcium, which increases with age in normal 
arteries and accumulates excessively in atherosclerotie arteries. 
Another determiuant is connective tissue which thickens the 
intima. Elastin has ooposing effects: it ~ontribu%es to 
stiffening through association with LDL whereby hydrating 
water is decreased, and to softening through disintegration in 
the internal elastic lamina. Thickening and hardening decrease 
elasticity and distensibility and increase pulse wave velocity. 
Recent analyses have elucidated the dependence of plaque fissure 
(the immediate cause of coronary thrombosis) on the mechanical. 
biochemical and cellular properties of the lesions. 
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EFFE~'$ OF PLASUA CHOLs ~US LOCAL EFFE~ ON THE .~RTERhIL WALL F.~ERTF~ BY 
u MOC.oA R EI)OCTASE INHeffORS 

Uwdmo R, SOMA, AI~O OORSINI, Rodo~f 0 PbOCh'TT] 
lanll,le ~ ~ ~ U n~tor~J~y d M~, rr.~Y 
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P A T H O P H Y S I O L O G I C A L  A L T E R A T I O N S  O F  C O R O N A R Y  M I C R O V A S C U L A R  
RESPONSES IN A T H E R O S C L E R O S I S :  
Lih. Kuo, William M. Chilian, and Michael J. Davis. 
Department of  Medical Physiology and Microcircul~t]on Research Institute, Texas A&M 
University Health Science Center, College Station, TX 77843 

Atherosclerosis is known to alter the mechanical properties and pharmacological reactions of 
large conduit arteries. Recent studies suggest that such changes may also occur in microvessels 
which do not exhibit anatomical lesions. In this study, we hypothesized thal Jn addition to 
pharmacological alterations, endothelium-dependent vasomotor responses to a physiological 
stimulus, flow, are also altered in coronary resistance arterioles downstream from atherosclerotic 
lesions. To test this hypothesis, subepicardial arterioles (40-70 gin) from normal and 
atherosclerotic pigs were isolated, cannulated with micropipettes and connected to two 
independent reservoir systems. Initially, the cannulated vessels were set to the baseline 
condition, 60 c m H 2 0  intraluminal pressure (IP) without flow, for development of spontaneous 
tone. Pharmacological responses of these vessels to the endothelium-dependent agonists, 
serotonin (5HT), histamine and ADP, were assessed by studying the dose-diameter relationships. 
Vascular responses to physiological stimuli, flow, were assessed by studying the flow-diameter 
relationships. Flow was initiated by simultaneously moving the reservoirs in equal but opposite 
directions without changing IP. In arterioles from normal pigs, 5HT, histamine, and ADP 
produced dose-dependent, endothelium-mediated dilation. Flow-induced dilation was only 
observed in vessels with a functional intact endothelium. Conversely, in arterioles from 
atherosclerotic pigs, endothelium-dependent dilation to 5HT, histamine, ADP. and to flow was 
attenuated, but nitroprusside produced equal vasodi[ation of arterioles from both groups. L- 
arginine (3 raM), a biological precursor tbr nitric oxide synthesis, restored the impairment of  
eodothelium-dependent vasodilatory function in response to 5HT, histamine, ADP and flow in 
vessels from atherosclerotic pigs. We speculate that the synthesis and/or release of nitric oxide 
from L-arginine in coronmy arterioles downstream from atherosclerotic lesions is impaired, thus 
altering pharmacological reactivity of  the arterioles to endothelium-dependent agonists and 
compromising flow-induced vasodilation 
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H E M O D Y N A M I C  F O R C E - I N D U C E D  D I F F E R E N C E  O F  I N T E R E N D O T H E L I A L  
JUNCTIONAL COMPLEX OF RABBIT AORTA 
Yoshida Y, Okano M, Wang S, Kobayashi M 
Department of  Pathology, Yamanashi Medical University 

It has been proposed that hemodynamic forces play important roles on localization of  atherosclerosis. 
We reported that at surgically coarctated abdominal aortas of cholesterol-fed rabbits, endothelial 
cells (ECs) were long fusiform at the coarctation, which were nonsudanophilic and expected to be 
exposed to laminar and high shear stress. On the other hand, ECs were ellipsoidal downstream 
from the coarctation, which were sudanophilic and imposed by low shear stress. In this regard, to 
reveal why the difference of  EC permeability could occur. We compared the morphology of tight 
(T3) and gap (G J) junctions of EC in regions of interest using a freeze-fracture method. Surgically 
coarctated abdominal aortas of norms-  and hyperlipidemic rabbits were fixed by infusion of 
glutaraldehyde and cut into small pieces from [1] - [7] regions and the uncoarctatod abdominal 
aortas [8][9] as controls. TJs consisted" vontral 
of both continuous (zonular type) and 
focal, discontinuous (macular type) 
strands with free ending elements. The 
zonular / macular ratios were 1.91 - 2.86 
at [1][2][8][9], maximal at [3] (3,00 - 4.20), significantly small at [6] (0.29 - 0.35) and [7] (0.45 - 
0.58). At [4] and [5] regions, TJs were scarce with some macular types. The average numbers of 
strands at [3] regions (1.89 - 1.96) were larger than others. GJs were classified into two types: 
regular, with smooth perimeters, and irregular, characterized by bizarre shapes. The regular / 
irregular ratios at [5] (0.64 - 0.70) and [3][4][6][7] (0.80 - 2.00) were significantly less than 
[1][2][8][9] (2.56 - 5.60). It might be concluded that low shear stress modulates the ultrastructure 
of junctional complexes to become more permeable to macromolecules and subsequently to bring 
vulnearable properties to the vessel wall in atherogenesis. 
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ANTIOXIDANT-, CA ANTAGONISTIC-, AND ANTI-HYPERINSULINEMIA 
PROPERTIES OF AMLODIPINE SUPPRESS ATEEROSCLEROSIS 
RC Sharma, DM Kramsch, HN Hodis, CR Liu, G Izumi, P Liu, and 

A Sevanian. 
University Of Southern california, Los Angeles, CA, USA 

Site-specific progression of atherosclerosis was assessed in 
aorta of 26 cynomolgus monkeys at baseline, 6 and 12 months 
using B-mode duplex pulsed Doppler: i0 monkeys fed a high- 
butter atherogenic diet (AD), ii AD monkeys treated with 2 
mg/Kg body weight amlodipine (ADA} and 5 control animals 
(standard chow). Both AD groups showed comparable rises in 
(mg/dl mean _+ SD) total cholesterol (C), LDL-C and trigly- 

oerides (AD: 487 _+ i80, 308 _+ 129, 109 + 81; ADA 403 _+ 117, 286 
+_ 93, 75 +_ 19, respectively). Plasma oxidized LDL-C (LDL ) and 
fasting insulin (I) also rose significantly from baseline in AD 
monkeys (LDL : 1.8 to ii.i; I: 19.9 to 36.5) but not in ADA 
animals (p < 0.001). Arterial stiffness index beta increased 

significantly while blood flow arrival time decreased 
significantly in the AD but not the ADA group. At sacrifice AD 
monkeys showed marked atherosclerosis in aorta as well as in 
coronary arteries. By contrast, in ADA atherosclerosis was 
absent in 5 animals, mild in 4 and marked only in 2 monkeys. 
Conclusion: amlodipine, by preventing LDL oxidation and 
hyperinsulinemia, appears to intensify atherosclerosis ++ 
suppression of the Ca channel blocker without reducing 
elevated plasma levels of total C and LDL-C. 
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APPLICATION OF A MICROSTRUCTURAL DAMAGE THEORY TO MODEL ARTERIAL 
ANEURYSM FORMATION 
David A. Vorp, K.R. Rajagopal, M.L, Raghavan, and Marshall W. Webster 
University of  Pittsburgh, Department of  Surgery, Pittsburgh, PA 152fil 

A marked disparity is found in the microstroeture of the wall of arterial aneurysms flora that of  
the nonsneurysmal portion of  the vessel, suggesting differences in the elastic properties. We have 
adapted a recent theory describing the constitutive behavior of  a nonlineariy elastic material 
undergoing defotmation-inducod mi~ostnlctural damage to model the changing mechanics of the 
arterial wall as it dilates. The theory is based on the idea of "elastic mixtures" to describe 
inelastic deformations. Assume that a segment of  artery undergoes a defommtioa that satisfies 
an irrevers~le damage criterion, at which point it instantaneously converts to a mixture of  the 
original material and a newly formed material. Assuming that both behave as "power-law neo- 
Hookean" materials, the Cauchy stress Tii within the elastic mixture is given as 

~1' | 1 ,  ~ ( ' , - 3 ) ] "  B t o +  (1 - [ ) 1 *  [ 1 +  ~ ( , , - ~ ) ] "  r , - - ~ ,  �9 st ,  

where p is the hydrostatic pressure, Ig is the mass fraction of  the original material still present in 
the elastic mixture, and/6 b, n and their "hatted" counterparts are elastic constants of  the original 
and newly formed materials, respectively, B is the leR Cneen-St.Vensnt stretch tensor, and I t its 
first invariant. Subscripts 'o '  and '1'  refer to the configuration of the original reference (sBc.ss- 
free) state and when the new material is formed. Twenty-six (26) tissue specimens were obtained 
during elective repair of aneurysms of  the abdominal aorta, thoracic aorta, poplitoal artery, or lilac 
artery. These were loaded under unlaxial tension in an Instron TM machine providing stress-stretch 
data pairs. The model parameters were obtained using nonlinear regression analysis on the 
experimental datu. For all specimens, the deformation at which irreversible damage occurred was 
also determined. Our results uphold the hypothesis that marked mechanical differences exist 
between the normal and aneurysmal tissue. Further, we demonstrate that our model makes it 
possible to predict a critical stress level (or diameter) at which irrevers~le microstractural 
damage, and hence aneurysm formation, will occur. 
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ENHANCED MCP-I AND V C A M - 1  E X P R E S S I O N  I N  H U M A N  A O R T I C  
ENDOTHELIAL C E L L S  E X P O S E D  T O  P R O L O N G E D  L O W  SHEAR 
S T R E S S  
Eugene A. Sprague 
Universi ty of  Texas  Health Science Center, San Antonio, Texas 78284 

Enhanced monocyte  recrui tment is a hallmark of  focal arterial areas prone to 
develop atherosclerotic lesions. These sites are coincident with sites o f  low 
hemodynamic  shear  stress. Us ing  a parallel plate f low system,  we  have  
p r ev ious ly  demons t r a t ed  that cul tured bov ine  aort ic  endothel ia l  cel ls  
preconditioned to prolonged low shear  (LS, 0.5 dynes /cm 2) in vitro exhibit  
s ignif icant ly increased monocyte  recrui tment  and adhesion relat ive to cells 
preconditioned to either high (HS, 30 dynesdcm 2) or no shear (NS)stress. In the 
present studies, cultured human aortic cells (HAEC) were preconditioned to LS, 
HS,  or NS for  48h. Af te r  precondit ioning,  H A E C  were  either f ixed for 
immunocytochemis t ry  or  extracted for RNA isolation and analyses. Northern 
blot analyses of  total cellular R N A  revealed that H A E C  exposed to LS for 48h 
exhibit a greatly enhanced expression of  m R N A  for both monocyte chemotactic 
protein (MCP-1 ) and vascular  cell adhesion molecule (VCAM-1)  relative to HS 
and NS exposed HAEC.  Immunocytochemical  analyses confirmed increased 
VCAM-1 protein on LS treated cells. These  results sugges t  a mechan i sm 
through which hemodynamic  flow pattern may  influence the focal initiation 
and distribution of  atherosclerosis. 
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GROWTH FACTOR IMMOBILIZATION ONTO BIOMATERIALS TO INDUCE 
TRANSMURAL ANGIOGENESIS AND E N D O T H E L I A L I Z A T I O N  
HP Greisler, DU Kim, JW Winkles, and WH Burgess 

Endothelial recruitment to the blood-contacting surface can theoretically be 
enhanced by immobilization of specific endothelial cell ehemoattraetant and 
mitogenic substances. We have evaluated several immobilization schemes and find 
optimal in vitro and in vivo efficacy using fibrin glue (FG) suspension containing 
F G F - I  and heparin. These suspensions were impregnated into 60tJ internodal 
distance ePTFE grafts, 30ere x 8ram ID. Two control groups were either untreated 
or treated with FG without FGF- I .  Grafts were implanted into canine thoraeo- 
abdominal aortas for 10, 30 or 140 days (n=3/time/group) and harvested 10 hours IM 
injection of tritiated thymidine (0.SpCi/kg). Specimens were studied histologically 
and by autoradiography. Inner capsule collagen was quantitated and reverse 
transcriptase-PCR used for detection of altered gene expression for F G F -  1, FGF-2,  
TGF-BI, FGF receptor-l .  Results showed no thromboses or anastomotic intiroal 
hyperplasia. Abundant transmural angiogenesis was present by one month in the 
experimental group yielding a confluent endothelialized surface present also at 20 
weeks, not seen in either negative control group at any time point. Cross-sectional 
autoradiography showed an increased mitotic index at 30 days in the F G F - l  group 
only, returning to baseline at 140 days. Inner capsule thickness and total collagen 
content did not significantly differ  among the groups at any single time point. No 
FGF- l  induced modulated gene expression was found. The application of growth 
factor affixation to bioroaterials surfaces may promote spontaneous endothelialization 
in man. 

161 

REGULATION OF ENDOTItELIAL CELL MIGRATION BY PLASMA LIPOPROTEINS 
Fox, P.L., Chisolm, G.M., Murugesan, G., and Sa, G. 
Department of Cell Biology, Cleveland Clinic Research Institute, Cleveland, OH 44195. 

Endothelial cell migration is a critical and initiating event in the formation of new blood ves- 
sels, in the repair of injured vessels, and in the endothelialization of synthetic vascular grafts 
and other implants. We have investigated the role of lipoproteins in regulating the wound- 
healing response of vascular endothelial cells (EC) in vitro. Confluent cultures of bovine aortic 
EC were "wounded" with a razor, and migration into the wound was measured after 18 to 24 h 
as the number of ceils and mean distance. Compelling evidence suggests that oxidized low 
density lipoprotein (oxLDL) is present in atherosclerotic lesions, but its role in lesion 
formation has not been defined. Oxidized LDL reduced migration tip to 75% in a dose- and 
oxidation-depcudent manner. The inhibition was not due to cell toxicity since the inhibition of 
migration was completely reversed 16 h after removal of the lipoprotein. The inhibitor 
molecule was shown to be a lipid since organic solvent extracts inhibited migration to nearly 
the same extent as the intact particle. These data suggest that oxLDL may limit the healing 
response of endothelinm after a wound injury. We also examined the effect of plasma high 
density lipoprotein (HDL) on migration of EC in vitro. Physiological levels of HDL increased 
EC migration by up to 100% compared to controls. At an optimal concentration, ItDL was at 
least as stimulatory as basic fibroblast growth factor (FGF), and significandy more effective 
than acidic FGF. The EC response to HDL was seen within 1 h of treatment, and is therefore 
consistent with a signal transxluction mechanism. Treatment of EC with optima] doses of both 
basic FGF and HDL resulted in additive migratory activity, suggesting that these agents utilize 
distinct signaling pathways. To determine the chemical nature of the stimulator'/molecule, 
HDL was fractionated by solvent extraction. The apolipoprotein fraction contained essentially 
all of the promigratory activity of HDL, while the lipid fraction was only slighdy stimulatory. 
The promigratory activity of HDL may accelerate regeneration of the endothelium after a 
denuding injury in vivo. These Jesuits suggest novel mechanisms by which lipoproteias may 
be either causative or protective agents in the development of cardiovascular disease. 
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IN SITU P H O T O P O L Y M E R I Z A T I O N  O F  T H I N  H Y D R O G E L  FILMS F O R  
P R E V E N T I O N  O F  T H R O M B O S I S  A F T E R  V A S C U L A R  I N J U R Y  
JL Hill-West,  SM Chowdhury,  AS Sawhney, CP Pathak, M J  Slepian, I A  
Hubbell  
Department  of  Biomedical  Engineering,  University of  Texas,  Austin, TX 78712 

In situ photopolymerization of  very thin biodegradable,  hydrogel  f i lms on the 
lumen surface of  injured rat carotid arteries significantly reduces thrombosis and 
increases  long- t e rm vesse l  patency.  F i lms  were  fo rmed  by interracial  
polymer iza t ion  o f  a water-soluble,  biodegradable,  diaerylated polyethylene 
glycol (PEG) derivative within an artery which had the photosensit ive dye eosin 
Y adsorbed to its lumen surface. Polymerizat ion occurred upon i l lumination 
with an argon ion laser at low intensity, producing a c rossd inked  hydrogel.  
Environmental  scanning electron microscopy (ESEM) revealed the thickness of  
these f i lms to be approximately 10 gsn, and the f i lms to be adherent to the vessel 
wall  fol lowing exposure to prolonged blood flow. This  material degrades in 
v i v o  wi th in  several  days.  These  thin f i lms funct ion as b iocompat ib le  
mechanical  barriers to platelet interactions with the injured vessel. Platelets do 
not adhere to PEG as it is very resistant to cell adhesion and protein adsorption. 
Ef f i cacy  in locally p reven t ing  thrombosis  fo l lowing  a vesse l  injury was 
evaluated in a rat carotid artery fol lowing crush injury. The gels completely 
inhibited thrombosis at two hours post-surgery. At two weeks,  control vessels 
were  consistently obstructed, while treated vessels were  completely patent and 
did not exhibit  residual effects o f  injury. Future work will focus on the effects 
o f  the hydrogel  material  on vascular  wound heal ing and on the effects  o f  
preventing thrombosis on intimaI thickening. 
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WALL SHEAR STRESS A N D  GRAFT ORIENTATION O N  INTIMAL 
HYPERPLASIA IN  TAPERED G R A F I S  
"David  N. Ku, Tarek A. Salam, Alan B. Lumsden ,  ~/i l l lam D. Suggs,  'hi~eorgia 
Institute of Technology and  Emory  Univers i ty  Atlanta, GA 

Vascular  grafts  often fail f rom the deve lopment  of cellular s tenoses at the 
anastomotic ends. The smooth  muscle  cell thickening m a y  be s t imulated by the 
local hemodynamic stresses, both in magnitude and direction. This study was 
designed to evaluate the effect of wall shear st~em and direction of graft taper 
of anastomotic neointimal hyperplasia independent of flow rate in tapered 
polytetrafluoroethylene (PTFE) grafts. Twenty 4-7 nun tapered FIFE grafts were 
inserted in the femoral and carotid locations bilaterally in an end-to-side 
fashion in five mongrel dogs. The grafts were harvested after 16 weeks using 
a pressure perfusion technique. Mean thickness of anastomotic neointimal 
hyperplasia was measured by computer image analysis. 

At the time of implantation, the calculated mean shear stress averaged 
18 dyne/cm 2 at the 4 mm end and 3.4 dyne/era 2 at the 7 mm end (p<O.0001). 
Seventeen of twenty grafts were patent at the time of harvest. Mean 
anastomotic neointimal thickness was significantly greater at the 7 nun end 
compared to the 4 mm end of these grafts (0.29 mm vs. 0.18 nun, p<0.05). The 
amount of intimal thickening can be statistically correlated to the inverse of the 
local mean shear rate. This data shows that the development of thicker 
anastomotic neointima is primarily governed by low wall shear stress in 
tapered PTFE grafts even with varying flow conditions and orientation. 
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BIPHASIC ANISOTROPIC MODEL OF CELL-MATRIX INTERACTIONS 
Victor H. Barocas and Robert T. Tranqufllo 
Department of Chemical Engineering and Materials Science, University of Minnesota 

The interaction between fibroblasts and the surrounding extraceilalar matrix 
(ECM) is the driving force behind matrix restructuring in various physiological processes, in 
particular during the contraction phase of dermal wound healing. The fibers that compose the 
matrix are rearranged by the traction force exerted by fibrobinsts, causing changes in local 
matrix concentration and orientation. The changes in the ECM in turn affect the magnitude 
and orientation of the cell traction and migration. 

A bipimalc anisotropic model of the cell-ECM system has been developed 
based on previous monophasic model (Moon and Tranquifio, 1993) for eelI-ECM interactions 
and an existing biphasic isotropic model (Dembo and Harlow, 1986) for cytomeclmnics. The 
model is biphasin in that the ECM is treated as distinct fibril and medium phases; it is 
anisotropic in that the migration and the traction force of the cells are dependent on direction 
and degree of orientation of the fibrils. The orientation distribution of the fibrils is 
determined based on the macroscopic deformation of the matrix, and the effect on eal/traction 
and migration is determined by integrating over the dis~ibutioa. 

The model has been used to simulate/n vitro fibroblast populated collagen 
microsphcrr (FI~M) assays. Using literature and experimental data, we predict the ram of 
compaction of the Ft~M assay based on the traction parameter %, an intrinsic measure of the 
cell traction force. We compare observed reorientatiou of the collagen fibrils ~ith that 
predicted by the model. Finally, we have used the model to study a model in vivo wound. 
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ADSORPTION OF ALBUMIN ONTO POLY(ETHE~ URETHANE) 
J.S.Jeonl,R. Sperline2and S. Raghavan 
iDepartment of Materials Science and Engineering, and 
2Department of Chemistry, The University of Arizona, 
Tucson, AZ 85721 

Adsorption of bovine serum albumin onto a Pellethane 
2393 film was investigated using an ATR FT-IR tech- 
nique as a function of solution pH and albumin concen- 
tration. The extent of adsorption was calculated from 
the amide II peak area with the assumption of a step- 
type adsorption profile at the interface. At a pH of 
7, the adsorption of albumin increased linearly with 
solution concentration and at a physiological concen- 
tration of 45 gm/liter ~he adsorption density was cal- 
culated to be 3.9 ~g/cm . The extent of adsorption 
was sensitive to solution pH and exhibited a maximum 
near neutral pH value. 

169 

EXTRINSIC INFRARED LABELS FOR PROTEIN ADSORIrIION 
K.K. Chittur, S.A. Orr, J.M. Harris 
University of Alabama in Huntsville, Huntsville, AL 35899 MN 55311-3648 

The FT-IR/ATR technique for studying protein adsorption to solid surfaces 
aUows us to get both quantitative and qualitative information. Using this 
technique we can correlate protein conformation (fibronectin) with cellular 
spreading and growth. We will present examples. A major problem with 
the technique is the difficulty of working with protein mixtures. While 
infrared alone can provide limited differentiation between the different 
plasma proteins, our studies have indicated that this is clearly not enough. 
Often the protein of interest is adsorbed to a surface that will have 
perhaps hundreds of other proteins. Can we "extract" the spectrum of the 
protein from the mixture? Once a spectrum is obtained, we can analyze 
the spectrum for changes in conformation. We have covalently linked 
infrared active groupS (-CN) to albumin and gammaglobulin. This group 
can be clearly identified in a region free of interferences from water and 
other proteins. Our  talk will highlight recent results from this study. We 
will present adsorption experiments with labeled albumin and IgG from 
single protein solutions and from mixtures. Experiments illustrating 
protein self-exchange on surfaces will also be presented. 
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CONFORMATIONAL CHANGES IN LIGAND-BOUND PROTEINS BY ATR-FTIR 
D.S. Walker and W.M. Reichert 
Department of Biomedical Engineering, Duke University, Durham, 
NC 27708-0281 
Conformational changes of receptor binding proteins are often 
associated with changes in protein function and affinity for 
other molecules [Baenziger et al, Biophys. J. 61:983 (1992)]. 
The objective of the present investigation is to examine the 
conformational change of a protein-ligand that binds receptors 
at a surface. The ligand-receptor pair selected for this study 
is the well-known avidin-biotin system. The high affinity of 
avidin for biotin is often used as an antibody-antigen model. 
ATR-FTIR was used to follow the conformational change as a 
function of the concentration of biotin receptor in Langmuir- 
Blodgett films by exa/nining changes in the Cd~ ratios from the 

a/~ide I and II bands (between 1700 and 1500 cm-l). Lipids 
containing covalently linked biotin were deposited on to the ATR 
crystals and avidin was allowed to adsorb. A loss of a 
structure is seen up to surface concentrations between 0.5 and 
1.0 mol% biotin at which point a slight increase occurs. These 
changes are compared to native and thermally denatured avidin 
adsorbed to the same crystals. 
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KINETIC STUDY OF PROTEIN ADSORPTION BY 171"-IR REFLECT/ON 
SPECTROSCOPY 
P. Buscerni 
Science Director, SCIMED Life Systems, 6655 Wedgewood Road, Maple 
Grove, MN 55311-3648 

While the adsorption of plasma proteins, both singly and in multip! e 
combinations has been well studied by internal transmission techniques, 
less work has been committed to the study of surfaces by reflection 
spectroscopy. This is interesting in that while probing beams may 
penetrate some distances through protein coatings providing information 
on several layers, it is the outermost surface that is in contact with tissues. 
In this work we attempt to monitor amounts and types of proteins 
adsorbed from both diluted and  whole human plasma onto biodegradable 
surfaces. While the surfaces monitored have been aged in physiological 
buffers for periods of time up  to several months, plasma solutions are 
exposed only for periods ranging from seconds to hours. This is relevant 
in that degrading surfaces may remove older layers thus exposing new 
surfaces to fresh plasma. Results are compared to previous works_ 
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INTEGRATED OPTICAL WAVEGUIDE ATR SPECTROMETRY AND RESONANCE RAMAN 
SPECTROSCOPY OF ADSORBED CYTOCHROME C 
D.S. Walker and W.M. Reichert 
Department of Biomedical Engineering, Duke University, Durham, NC 
27708-0281 
Cyt c strongly adsorbs 514.5 nm light, has a well characterized 
resonance Raman spectrum, and its orientation at surfaces has been 
the subject of recent study [Pachence et al, Biophys. J., 58:379 
(1990); Fraaije et al, Biophys J. 57:965 (1990)]. Prism coupled 
laser light was used to evanescently interrogate horse heart cyt c 
adsorbed to the surface of micron-thlck siliconoxynitride 
integrated optical waveguides (IOW). Measurements were performed 
in a custom built flow cell device using both TE (horizontal) and 
TM (within 4 ~ of vertical) polarizations of the incoupled laser 
light. I0W ATR measurements determined the dB/cm propagation loss 
attributed to the adsorbed protein film by imaging the guided mode 
intensity before and after protein adsorption. IOW resonance Raman 
spectra of the adsorbed protein monolayer were collected using a 
high throughput single grating spectrograph with a holographic 
filter for enhanced laser rejection. The waveguide Raman spectra 
are the first reported of a protein film adsorbed to a non- 
conducting surface. ATR and resonance Baman measurements were used 
to calculate adsorbed amount and infer orientational information. 
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PENETRATION OF CIPROFLOXACIN INTO P. aeruginosa BIOFILMS 
P.A. Suci, M.W. Mittleman, P. Yu, G.G. Geesey 
Montana State University, Bozeman, Montana 59717 

Ciprofloxacin is among the newer quinolone 
antimicrobial agents whose primary action is inhibition 
of DNA gyrase. Its penetration into the base of 
Pseudomonas aeruginosa biofilms was investigated using 
ATR/FT-IR methodology. The technique collects IR spectra 
originating from an interfacial region approximately one 
micron thick. Lateral colonization of the IRE surface was 
monitored by computing IR difference spectra in the 
frequency range from 1800 cm -I to 850cm I. After a 50h 
colonization period 100#g/ml ciprofloxacin was introduced 
into the flow chamber for 21 minutes followed by 
reintroduction of culture media for 16 minutes. During 
this time interval spectra were acquired every 13.8s. 
Computed difference spectra revealed IR bands of the 
antibiotic. Rate of penetration and final concentration 
delivered to the base of the biofilm were estimated. 
Spectral changes in both the antibiotic and the biofilms 
were observed from the interaction. Viability of biofilm 
bacteria with and without exposure to the antibiotic was 
determined. Biofilm morphology was characterized by 
standard microscopy and thin film sectioning. 
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EFFECT OF CRYSTALLINITY OF CALCIUM PHOSPHATE COATINGS 
ON DISSOLUTION IN SALINE, PROTEIN. FT-IR/ATR STUDY 
Joe Ong  (1), Linda Lucas (1), K.K. Chittur (2) 
I) Biomedical Engineering, Universi ty of Alabama in Birmingham 
2) Chemical Engineering, University of Alabama in Huntsvil le 

Calcium-phosphate (Ca-P) coatings such as hydroxyapati te (HA) on dental 
and orthopaedic implants are primari ly used to induce bony in-growth and 
to provide rapid fixation to bone. However ,  Ca-P coatings are not inert 
and their rate of dissolution is dependent  on m a n y  factors such as 
chemical composition and structure. From our previous s tudy in saline 
solution, the amorphous  Ca-P coatings (0.6 pan thick) were completely 
dissolved within 4 hours whereas  the crystalline Ca-P coatings of similar 
thickness took a m i n i m u m  of 9 weeks to dissolve. We will describe our  
recent s tudy where we  are using F'fIR-ATR to evaluate the dissolution of 
crystalline and amorphous  Ca-P coatings in saline, a-MEM, and ct-MEM 
with proteins. 
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TOTAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPY 
(TIRYM): T O P O G R A P H I C A L  MAPPING OF RELATIVE 
CELL/SUBSTRATE SEPARATION DISTANCES 
J.L Yarbrough, J.S. Burmeister, G. A. Traskey, and W. M. Reinhert (Depamneot of 
Biomedical Engineea'ing, Duke University, Durham, NC 27706) 

Total internal reflection fluorescence microscopy (TIRFM) is a technique developed to 
excite fluorescent regions of cells in closest apposition to the subsWate surface. Using 
the theory of Tmskey et al., J. Cell Sci. 103: 491-499, 1992, TIRFM permits relative 
quamitation of the cell-substrate separation distances. The contact area between cells 
and substrate is an important parameter when measuring the strength of adhesion of 
cells to surfaces. Phase contrast and TIRFM images of bovine anode endothelial ceils 
(BAEC) plated onto glass microscope slides were collected. Calculated ceIl/substrate 
separations from theoretical fits to the TIRFM image brighmess were used to construct 
a topographical map of cog separations over the ventral surface of the enB membrane. 
The results indicate that TIRFM can provide quantitative information about changes in 
the cell/sm'faos o0~t~'t 
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IMAGING OF DNA BY STM AND AFM 
R. J. Warmack, T. Thandat, and D. P. Allison 
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6123 

Al~ough imaging of biomoleeules by scanning probe microscopy has been a challenge 
due to probe-sample interactions, examinations by both scanning tunneling and atomic 
force microscopes have now been made routine. Biomolecules do not ordinarily bind 
well to mounting substrates fiat enough to permit topographic contrast. For STM, this 
resulted in only very rare and unstable sightings of the nonconducting, uncoated DNA 
molecules. We have successfully used spectroscopic (dI/dV) imaging to distinguish 
equally rare artifacts from poorly conducting adsorbates. Subsequently, a chemical 
treatment for gold substrates was developed that successfully immobilizes the DNA ~. 
Now, large relaxed plasmids are seen at the expected density, so that artifacts are no 
longer a problem. 

For AFM, large DNAs from kinetoplasts, lambda phages, and cosmids can be 
mounted upon mica and routinely imaged. Instrumental effects caused by cantilever 
buckling, tip adhesion, and tip size have been studied. Lateral forces have been 
calibrated to obtain micro-friction measurements. Attachment of proteins at specific sites 
would allow high resolution mapping. The current challenge for AFM of DNA is to 
image under physiological conditions so that protein interactions could be observed in 
vitro. 

D. P. Allison, L. A. Bottomley, T. Thundat, G. M. Brown, R. P. Woychik, J. J. 
Schrick, K. B. Jacobsen, and R. J. Warmack, Prec. Nat. Acad. Sci. 89, 10129-33 
(1992) 

Research sponsored by the Office of Health and Environmental Research, U.S. 
Department of Energy under contract DE-AC05-84OR21400 with Martin Marietta 
Energy Systems, Inc. 
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ROLE OF ADSORBED PROTEINS IN ANIMAL CELL ADHESION TO FOREIGN 
SURFACES 
Thomas A. Horbett 
Chemical Engineering and Bioengineering, University of Washthgton, BF-10, Seattle, WA 
98195 

Most calls in animals are adherent throughout their lives, e.g., fibroblasts and myoblasts. 
Even those that are sot normally adherent such as the platelets and white cells in blood must 
undergo an adhesion step to perform their ultimate biological function. Many of the adhesion 
reactions of animal ceils are mediated by membrane bound receptor proteins that bind 
specifically to specialized adhesion proteins such as fibronectin, vitronectin, anti fibrinogcn. 
Therefore, the focus of this presentation will be on the adsorption behavior of the adhesiof~ 
proteins, the properties of the receptor proteins, and the interaction of these elements in th~ 
adhesion of ceils to surfaces containing adsorbed adhesion proteins. The presentation will 
largely concern cell adhesion to foreign surfaces, 
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VON WlLLEBRAND FACTOR STUDIED BY AFM UNDER AMBIENT 
AND AQUEOUS CONDITIONS 

C. Siedlecki, S.J. Eppell and R.E. Marchant, 
Case Western Reserve University, Cleveland, Ohio 

Protein adsorption on biomaterials and subsequent surface-induced 
conformational changes are determined by interactions which depend the 
properties of  the material surface and the plasma protein. We report on a 
molecular-level study by atomic force microscopy (AFM) of von Willebrand 
Factor (vWF) on hydrophilic and hydrophobic surfaces. In our early experiments 
on hydrated vWF deposited on mica, the protein molecules were easily swept 
across the surface by the lateral force applied by the probe tip. Removal of 
interfacial water by drying increased protein-surface adhesion and permitted 
molecular level imaging in air, in which the distinctive globular domains of  v W f  
were resolved. Surface features down to 20-40 nanometers in the x-y plane of  the 
protein were resolved, compared with nanometer resolution in the height direction. 
In recent experiments, we have successfully imaged vWF under aqueous buffer 
conditions, by using a surface modified by an octadecyltdclorosilane (OTS) self- 
assembled monolayer on glass. The hydrophobic OTS monolayer increased the 
protein-surface adhesion permitting the vWF to be imaged. A sub-monolayer 
network of  adsorbed vWF molecules was observed which showed individual 
globular domains. Analysis of  the structural information obtained under aqueous 
conditions showed a close similarity with our previous data on vWF obtained in 
air. Our results demonstrate that globular proteins can be imaged by AFM under 
aqueous as well as ambient conditions. Larger scale images can be used to 
determine organization and coverage of  a surface, while high resolution images 
can be used to measure molecular dimensions of  the adsorbed protein. 
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CHARACTERIZATION AND INITIAL BIOCOMPATIBILITY STUDIES OF NOVEL 
TiNbZr AND ZrNb MATERIALS 
S.M. Slack, Y. Yang, G. Lewis, J. Davidson, K. Daigle, and V.T. Turitto, Dept. of 
Biomedical Engineering, Memphis State University, and Smith & Nephew Richards, 
Inc., Memphis, TN 

Initial studies of the potential biocompatibility of two novel Ti13Nb13Zr (Ti) and 
oxidized Zr2.5Nb (Zr) materials were conducted. Using 1251-fibdnogen, the amount 
of fibrinogen adsorbed to these materials from both pure solutions and human 
plasma was determined; in addition, the ability of these materials to support activation 
of the intrinsic coagulation pathway was measured using chmmogenic assays for the 
presence of Factor Xa and kallikrein, one of the initial products of contact activation. 
The amount of fibrinogen adsorbed from pure solutions to both materials ranged from 
20 to 300 ng/cm 2 as the fibrinogen concentration varied from 0.001 to 0.3 mg/ml. 
From plasma, fibrinogen adsorption increased with increasing plasma concentration 
on both materials and was greater on Zr (50 ng/cm 2) than Ti (25 ng/cm 2) at a plasma 
concentration of 10%. The amount of functional Factor Xa adsorbed to Ti and Zr, as 
determined from a chmmogenic assay using the Spectrozyme substrate, was similar 
to that measured on the negative controls (silicone robber) and was several times 
less than that measured using glass. Finally, kallikrein generation by Ti and Zr 
surfaces previously exposed to human plasma was approximately half of that 
observed with the glass (positive control) surfaces. These data indicate that both 
materials are poor activators of the intrinsic coagulation cascade and that they adsorb 
fibrinogen in amounts similar to those observed on various polymeric materials, such 
as silicone rubber, which are currently used in clinical settings. Based on these 
results, the Ti and Zr materials appear to be promising candidates for use in bleed- 
contacting devices and merit further investigation. 
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INTEGRIN/CYTOSKELETON INTERACTIONS IN MIGRATING 
FIBROBLASTS ARE DYNAMIC, ASYMMETRIC, AND REGULATED 
Schmidt, C.E.*, A.F. Horwitzt ,  D.A. Lauffenburger *,t 
Depts. of  *Chemical Engineering and "tCell & Structural Biology, Univ. of  
Illinois at Urbana-Champaign 

Integrin adhesion receptors are key components involved in cell 
migration over extracellular matrix proteins, transmitting intracellular motile 
force into traction on the surroundings. The mechanism by which integrin 
interacts with cytoskeletal elements,  permitting force transmission, is 
presently not  understood. We have applied nanovideomicroscopy and laser 
optical trapping methods to explore integrin/cytoskeleton interactions by 
following the dynamics  of  small particles coated with anti-integrin 
antibodies following attachment to the dorsal surface of  fibroblasts. We 
have further employed site-directed mutants of  the integrin ]31 chain 
cytoplasmic tail to investigate the role of  this domain in regulating these 
interactions. We find that integrin/cytoskeleton association is reversible, that 
it requires some part of  the [31 chain cytoplasmic domain, that it is affected 
by mutations mimicking or preventing phosphorylation events on certain 
serine and tyrosine residues. Significantly, we also find that these 
interactions are asymmetric across the dimension of  a migrating cell with 
stronger interactions in the front than at the rear. These findings help 
develop an improved picture of  the role of  integrin in cell migration, with 
implications for control of  cell migration by extracellular matrix molecules. 
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BIOFOULING OF MEMBRANES 
Kimberly Ward Anderson and Sue H. Strange 
Department of Chemical Engineering, University of Kentucky, Lexington, KY 40506 

Biofouling, or the adsorption and growth of bacteria on membranes is u topic of great 
industrial concern. Bacteria which adhere to membranes grow and reproduce and may 
eventually form a biofiim, a combination of cells and extracelhilar polymeric substances that 
hold the matrix of cells together. The development of the biofilm results in decreased 
membrane flux. To this date, the precise mechanisms by which bacteria adhere to surfaces 
is unknown, in this investigation, the parallel plate flow chamber is used to quantify the 
adhesion of bacterial cells to membranes. A thin layer of the desired membrane is placed 
onto the glgss slide of the chamber. A dilute suspension of bacterial cells is placed in the 
chamber and individual cells are allowed to settle onto the membrane for various times 
ranging from 5 minutes to 2 hours. The membrane with adhereat cells is then perfused with 
culture medium at various flow rates to determine the number of cells that detach as a 
function o f shear stress. Two strains o f bacterlal cells that were studied incinde Escher/chla 
coli and Staphylococcus epiderraidis. The effects of surface properties of the bacteria, 
membrane surface properties and growth phase of the bacterial cells on the adhesion 
properties will be discussed. 
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MODEL STUDIES OF RECEPTOR-MEDIATED CELL ADHESION USING 
RAT BASOPHILIC LEUKEMIA CELLS. 
D.A. Hammer,  L. A. Tempelman and L. Chu 
School of  Chemical Engineering, Comell University, Ithaca, NY 14853. 

We have developed a model system to study how cell and substrate 
chemistry affect receptor-mediated cell adhesion. In a flow chamber, we 
measured the adhesion of rat basophilic leukemia (RBL) cells to polyacrylamide 
gels covalently derivatized with the ligand dinitrophenol (DNP). The RBL cells 
possess Fcs receptors, which are filled with different numbers of  IgE molecules 
that recognize DNP. In this system, we control the number of  D N P  binding sites 
on the cell surface and the DNP surface density, as well as fluid shear rate. We 
quantify adhesion by measuring the surface density of  adherent cells on the gel 
surface as well as the percentage of  cells which have entered the chamber which 
ultimately adhere to the gel. 

There is a narrow range of ligand density, IgE surface density, and shear 
rates for which the percent adhesion can be modulated. By prebinding IgE to the 
gel surface, and using the slower kinetic recognition between IgE andFcs 
receptor, we show that low reaction rates and high shear rates lead to similar 
spatial patterns and extents of adhesion, consistent with a single dimensionless 
scale o f  reaction rate to shear rate which controls attachment. Adhesion in all 
cases exhibits a kinetic variability in which cells can adhere anywhere up to a 
thousand cell diameters from the start of  the DNP portion of  the gel. 

We complement these studies with centrifugation assay measurements of  
adhesion strength of lgE-sensitized RBL cells to DNP-coated gels after short (< 
20 rain) incubation times. When DNP and IgE densities are low, single IgE-DNP 
binding events mediate adhesion; centrifugation fields of  100-200 g reverse this 
adhesion and give an estimate of  2-4 microdynes as the strength of  the DNP-IgE- 
Fee receptor bond. Under most DNP and IgE densities, adhesion can be reversed 
with forces -< 13 microdynes, suggesting very few bonds mediate adhesion. 
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EFFECT OF PEPTIDE C O N F O R M A T I O N  ON THE S T R E N G T H  OF 
A D H E S I O N  OF E N D O T H E L I A L  CELLS T O  I M M O B I L I Z E D - R G D  
SURFACES Yao Xiao and George A. Truskey, Center for Biochemical  
Engineering and Department of  Biomedical Engineering, Duke University, 
Durham, NC 27708-0277 

The objective of  this study was to determine the effect of  ligand conformation 
on the strength of  endothelial cell adhesion. Two different conformational 
forms of  the fibronectin cell binding domain peptide, Arg-Gly-Asp (RGD), 
were used, a higher affinity cyclic RGD and a linear RGD. The peptides were 
covalent ly immobil ized on non-adhesive glycophase glass slides. Bovine 
aortic endothelial cells were dissociated from tissue culture flasks with 
EGTA.  Cells were incubated with the surfaces in serum-free Dulbecco's 
modified Eagle's medium containing 10% bovine serum albumin for 15 rain 
followed by exposure to laminar flow for 5 seconds in a variable height flow 
chamber.  Shear stress ranged from 10-80 dyne/cm 2. At a ligand density of  
about 5 fmol /cm 2 (3x109 molecules/cm2),  the critical shear stress at which 
50% of the cells were detached was 50% higher on surface containing cyclic 
RGD peptide than the linear RGD peptide. This difference corresponded to 
approximately 13 fold higher affinity of  cyclic RGD to the receptor than that 
of  linear one. At higher ligand densities, no effect of  peptide conformation 
was observed, presumably because a sufficient number of  bonds were formed 
to resist the hydrodynamic forces. 
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CULTURE OF HUMAN BONE MARROW PROGENITOR CELLS IN AN 
ARTIFICIAL CAPILLARY PERFUSION CULTURE DEVICE. 
William Kidwell, Cellco, Inc., Germantown, Maryland. 

Mononuclear cells derived from human bone marrow 
have been cultured in an artificial capillary culture 
device. The mononuclear cells secrete an autocrine 
factor that inhibits the growth of the producer cells. 
In the culture device, cells are plated on the outer 
periphery of the capillaries where the cells grow and 
receive their nutrientsand oxygen from recirculating 
medium flowing through the lumen of the artificial 
capillaries. When one uses capillaries having ultra- 
filtration properties, the inhibitor accumulates 
around the cells and blocks cell growth. However, 
when the capillary wall "pore" is large, as is 
the case with microporous hollow fibers, the inhibitor 
diffuses away from the cells and is diluted to non- 
effective concentrations, permitting cell growth. In 
addition to pore size, bone marrow cell growth is 
affected by co-cultivation with stroma, by the media 
perfusion rate and by coating the fibers to enhance 
cell attachment. Under optimum conditions, as much as 
i0,000 fold increases in cell number have occurred. 
The culture method may be useful for the production of 
large numbers of bone marrow cells for regenerating 
immune function following myeloablative chemotherapy. 
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THE EFFECT OF BIOMATERIAL SURFACE AND SHEAR ON THROMBIN 
GENERATION AND PLATELET ACTIVATION IN WHOLE BLOOD 
J. Jato, P. Kao and R. Beissinger, Illinois Inst. Teach., M. Teller and C. deLunnoy, Michael 
Recse Medical Center, Chicago, 1L. and V. Shankey and J. Fareed, Loyola University 
Medical Center, Maywood, IL. 

Our recent work has suggested a role for the local action of thrombin at a biomaterial 
surface (fluorinated ethylene propylene copolymer) bused on the platelet deposition results 
found during simple shear flow of whole blood. The objective of this study was to determine 
if thrombin was generated in the bulk fluid and if platelets were activated as a function of 
shearing conditions. Rut whole blood was defibrinated (and therefore anticoagulated) in- 
vivo with Ancrod, the purified coagulative fraction of Malayan pit viper venom. Whole 
blood samples were collected and sheared in a cone-and-plate viscometer to shear rates up 
to about 5000 s -~, which corresponded to shear stresses of 150 dyne/era 2. Although thrombin 
activity was found, it was shown to not be a function of the shear imposed on the blood 
samples in the bulk fluid. These preliminary results suggested, based on the value known 
for maximum thrombin potential in human whole blood (17.5 NIH units/ml) compared to 
that found in this study for rats (6.5 NIH units/ml), that the potential for additional thrombin 
generation had not yet been saturated. However, addition of tissue thromboplastin to the 
Ancrod-deflbrinated rat whole blood samples did not result in any further thrombin 
generation, suggesting possibly that thrombin was being generated due to the method of 
blood removal from the rat. Currently, we are evaluating if human whole blood, which is 
defibrinated in-vitro using Ancrod, results in shear-induced thrombin generation and platelet 
activation in the bulk fluid. Activation of platelets is being measured using flow cytometric 
analysis of CD-62 monoclonal antibody (GMP-140) expression on CD-61 monoclonal 
antibody (GP IIb/Illa) positive platelets. 
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LYMPHOCYTE ADHESION TO ENDOTHELIAL CELLS UNDER FLOW CONDITIONS 
Larry V. Mclntire't, David A. Jones'~, Louis J. Picker*, and C. Wayne Smith* 
Cox Laboratory for Biomedical Engineering, Rice University,t Houston, TX, 77251-1892; 
Baylor College of Medicine*, Houston, TX; University of Texas Southwestern Medical 
Center*, DalIas, TX 

The process of lymphocyte extravasation is believed to consist of specific receptor- 
mediated adhesion of lymphocytes to endothelial cells followed by activation of the 
lymphocytes and transmigration into the extravascular space. We have developed an in vitro 
model system for quantitative study of these processes. Appropriate flow conditions are 
produced using a parallel-plate flow chamber in which isolated peripheral blood T-cells are 
passed over a monolayer of human umbilical vein endothelial cells (HUVEC) or transfected 
cell lines. Adhesion is quantified using phase-conlxast video microscopy coupled to digital 
image processing equipment with which we can distinguish and quantitate rolling, firmly 
adherent, and diapedesed lymphocytes as well as measure rolling velocities. 

Or initial studies focus on the interactions between lymphocytes and endothelial cells 
mediated by receptors of the selectin and integrin families. These results suggest that as 
previottsly seen with nentrophil/endothelad cell interactions, sclectins are most important in 
arresting flowing lymphocytes from the free stream and mediate a rolling interaction. 
Integtins, on the other hand, appear unable to arrest freely flowing lympheeytes, but can 
mediate shear-resistant ftrm adhesion once initial selectin-mediated interactions have slowed 
the lymphocytes. These findings are based on experiments using tissue culture conditions we 
have developed to induce expression of particular endothelial cell adhesion receptors, using 
cell fines transfected with particular adhesion receptors, and using fluorescence-activated cell 
sorting to isolate particular T-cell subsets. 
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EFFECT OF SHEAR FORCES ON ICAM-1 EXPRESSION IN HUVECs. 
R. Sampath, L.V. Mclntire, S.G. Eskin 1, and C.W. Smith 2 
Cox Laboratory for Biomedical Engineering, Rice University, Houston, TX 
1Cell Biology Division, Texas Biotechnology Corporation, Houston, TX 
2Dept. Of Pediatrics, Baylor College of Medicine, Houston, TX. 

Extensive monOCyte recruitment is an early phenomenon associated with the development 
of athernsclerotic lesions, suggesting an active role for the adhesion molecules, ICAM-1 
and VCAM- 1 expressed by endothelial cells, which bind monocytes. Shear stress has 
previously been shown to selectively modify protein secretion and message for RNA 
(mRNA) levels of certain molecules like tissue plasminogen activator (tPA) known to be 
~sociated plaque formation and fibrin deposition. In this study we describe the 
contribution of hemodyuamic shear forces in regulating the monocyte adhesion lXX~ess in 
the presence or absence of other stimuli. Human umbilical vein endothelial cells 
(HUVECs) were subjected to arterial levels of shear ( = 25 dynos/cm 2) and analyzed either 
for surface expression of ICAM-I using flow cytometry or for shear induced changes in 
ICAM- 1 mRNA levels by Northern blot technique. Results were compared to basal levels 
obtained from unstimulated cells, and positive controls from lipopelysaecharide (LPS) 
treated cells. Preliminary results from the fluorescence analysis show no effect of 
prolonged shear stress on ICAM-I expression. However, a transient increase in the 
expression of ICAM- 1 was seen after 12 hours of exposure to arterial levels of shear that 
returns to basal levels within 24 hours, quite different from the well described time 
dependent response of ICAM-1 expression to LPS. Similar studies are underway to 
determine changes in ICAM-1 mRNA in response to exposure to shear forces as a 
function of time and the effect of stress magnitude (venous vs arterial levels) on the time 
history of ICAM- 1 expression. 
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LEUKOCYTE MIGRATION IN A NOVEL DISPERSED CELL FIBRIN GEL ASSAY 
Prabhas V. Mogbe and Robert T. Tranqnillo 
Department of Chemical Engineering and Materials Science, University of Mionesom 

In vitro assa~js of cell migration ilx response to chemulactic ~actor~ (CF) are of 
crucad imporlance to clinical diagn~es and scientific investigations. Meaningful parameters 
of population-level cell response in these assays can be measured in terms of 
pheuomenological coefficients, p. and X, the random motility and chemotaxis coefficients, of 
a constitutive cell flux equation characterising intrinsic cell movement in response to CF. 
The traditional under-agarose and Boyden filter assays, while popularly used, involve a 
concentrated cell sonrce. These high call densities invalidate assumptions of an isolated cell 
response to a wellMefmed CF field implicit to the theory behind definition of It and X, 

In response to the obvious need for a simple assay that removes these high cell 
density-associated complications, we have developed a novel dispersed cell assay. It involves 
starting with human blood cells dispersed uniformly at a suitably low density throughout a 
reconstituted fibrin or collagen gel followed by presentation of a CF diffusion gradient. 
Automated image analysis and video microscopy are used for measurement of departure of 
ceil density from the intial uniformity due to chemotaxis to yield values ofp. and X, 

The focus of this paper is the quantitation of cell migration by direct observation 
methods in the dispersed cell assay using time-lapse video microscopy and cell tr~king. This 
is the first quantitati-Je cliaracteri'ration of neatrophil chemotaxis for a large cen population in 
three-dimensional gels. Intermediate magnification two-dimensional projected tracking and 
high magnification three-dimensional tracking algorithms are used to generate cell tracks 
which are then processed to yield population level p and ~., as well as single cell movement 
indices, cell speed and persistence time, as a function ~f CF concentration and gradient 
steepnesses. These powerful techniques should be valuable in studying the extent and the 
precise mechanisms of three dimensional cell migration in reconstituted collagen and fibrin 
gels used for tissue engineering. 
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E F F E C T  O F  C E L L  A G E  O N  T I S S U E  F A C T O R  A C T I V I T Y  I N  
M A C R O P H A G E  C E L L  C U L T U R E S  S U B J E C T E D  T O  F L U I D  S H E A R  
L e e  J. C a r m a c k ,  S t e v e n  M.  P e c k h a m ,  Ya le  N e r n e r s o n * ,  a n d  V i n c e n t  T.  
T u r i t t o  ( D e p a r t m e n t  o f  B i o m e d i c a l  E n g i n e e r i n g ,  M e m p h i s  S t a t e  
U n i v e r s i t y ,  M e m p h i s ,  T N  38152, a n d  * M o u n t  S ina i  M e d i c a l  C e n t e r ,  
N e w  York ,  N Y  10029) 

W e  h a v e  i n v e s t i g a t e d  t h e  e f f e c t s  o f  f l u i d  s h e a r  o n  t h e  c o a g u l a t i v e  
b e h a v i o r  o f  c u l t u r e d  m a c r o p h a g e s  d e r i v e d  f r o m  p e r i p h e r a l  b l o o d  
m o n o c y t e s .  U s i n g  a pa ra l l e l  p l a t e  p e r f u s i o n  c h a m b e r  cells  c u l t u r e d  7 to 
14 d a y s  o n  T h e r m a n o x  s l i d e s  w e r e  e x p o s e d  to w a l l  s h e a r  r a t e s  of  6 to  
31 s -1 for  u p  to  2 h o u r s  in  0.01 M H e p e s  b u f f e r  c o n t a i n i n g  100 n M  fac to r  
X (FX) a n d  10 n M  fac to r  V I I a  (FVIIa) .  T h e  c o n v e r s i o n  of  FX to FXa  b y  
t i s sue  fac to r  w a s  d e t e r m i n e d  b y  m e a n s  o f  a c h r o m o g e n i c  a s s a y  u s e d  to 
m e a s u r e  the  c o n c e n t r a t i o n  o f  FXa  e x i t i n g  t h e  c h a m b e r .  M o n o c y t e s  c a n  
b e  s t i m u l a t e d  in vitro b y  b a c t e r i a l  e n d o t o x i n  a n d  c a l c i u m  i o n o p h o r e  
A23187 o n  t h e  d a y  of  col lec t ion to  c o n v e r t  b l o o d  c o a g u l a t i o n  fac to r  X to 
FXa. O u r  p r e l i m i n a r y  s t u d i e s  w i t h  m a t u r e  m a c r o p h a g e s  s h o w  t h a t  

s h e a r  of  cel ls  w i t h  a s o l u t i o n  of  c a l c i u m  i o n o p h o r e  A23187  (10 g g / m l )  
e n h a n c e s  t h e  c o n v e r s i o n  o f  b l o o d  c o a g u l a t i o n  f a c t o r  X to f a c t o r  Xa  o n  

c u l t u r e s  s u b j e c t e d  to  a s h e a r  r a t e  of  31 s -1. H o w e v e r ,  e x p o s u r e  to  

e n d o t o x i n  (1 g g / m l  f o r  4 h o u r s )  h a d  l i t t l e  o r  n o  e f f e c t  o n  t h i s  
p r o c o a g u l a n t  a c t i v i t y  in  t h e s e  o l d e r  call cu l tu res .  
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FLUORESCENCE FLOW CYTOMETRIC ANALYSIS AND MATHEMATICAL 
MODELING OF THE KINETICS OF NEUTROPHIL AGGREGATION. S.I. Simon, 
T.R. Lneero +, L.A. Sklar § and, M. Dembo t. Dept. Pediatrics. Baylor College of 
Medicine, Houston TX 77030. *Dept. of Pathology. Univ. of New Mexico, Albuq. 
NM. 87131. Vrheoretical Biol. %10, Los Alamos Nad Labs, Los Alamos NM. 87545. 

Human neutrophil suspensions shear mixed in a test tube exhibit revertible 
aggregation in response to formyl peptide stimulation. Singlet recruitment to form larger 
particles is most rapid over the first minute, at which time formed aggregates remain 
attached for several minutes until disaggregation rapidly ensues. Mathematical 
modeling of this phenomenon enables the prediction of particle kinetics in terms of 
unambiguous rate constants. The rate constants provide insight into several aspects of 
the process including the adhesion efficiency of cell encounters and the dependence on 
cell concentration. Recently, we have elucidated two adhesion receptors, ll2-integrin and 
L-selectin, as molecular requirements for aggregation. In these studies we employed 
fluorescence flow cytometry to identify two populations of cells, one labeled with a red 
fluorescent dye the other labeled green, In this way it was possible to measure the 
aggregation kinetics of red-red, green-green, and red-green cell populations. By treadng 
individual populations with lipopolysacharide endotoxin which alters the expression of 
adhesion molecules, we explored the change in adhesive avidity. We formulated a 
model to predict the aggregation kinetics between mixed cell populations. The rates of 
reaction are expressed in terms of three association rate constants (k,,~, k,o~, and k,~a.), 
and three dissociation rate constants (kay, kay,  and k,~o,). Differential equations were 
set up to describe 49 reversible reactions between 29 possible aggregate species from 
singlet to quartet combinations of red and green cells. The model was successful at 
fitting particle kinetics between control and endotoxin treated cell populations. 
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SEF~frlvrTY AND RESOLVABIUTY OF PHASED ARRAYSPECTRCE~COPY 
K.A. Kang and B. Chance 
Dept. of Biophysics, Univ. of Pennsylvania, Philadelphia, PA 19104 

NIR Phase Modulated Spectroscopy (PMS) characterizes a 
system by measuring the mean transport delay (between a source 
and a detector) of a sinusoidally modulaled lighl wave in lerms of 
the phase delay of the wave. In a homogenaous media, the wave 
propagation of PMS is concentric from the source position. 
Therefore, by correlating the information of the phase and the AC 
light intensity, the absorption and the scattering of a system can 
be characterized. Two sources with the same AC amplitude and 
different initial phases, 0 and n radians, may create a phase jump of 

radians and a null intensity in the center plane of the two sources 
in a homogeneous system. In the presence of an absorber, the in- 
and anti- intensity compensation loses its balance and the null plane 
becomes dislorled to the direction of the absorber. 

In this talk, basic principles of in- and anti-phase sourced 
PMS (Phased array) are explained. The detectability of a single 
heterogeneity by using phased array is discussed, and the 
resolvability of this instrument for mulliple absorbers is correlated 
with system and instrumental parameters. 
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NEAR IR FOURIER SPACE GATE AND ABSORPTION SHADOWGRAM IMAGES 
THROUGH RANDOM MEDIA 

J. J. Dolne, K. M. Yoo, and R, R. Alfano 
Institote for Ulmafast Speca'oscopy and Laser 

Mediphotonics Laboratory 
Departments of Electrical Engineering and Physics 

The City College of the Gradutor School of the City University of New York 
New York. NY. 10031 

S badowgram manges of objects hidden behind random intralipid solutions media were 
studied using a Fourier spatiai filter system using visible and NIR lights. Three Jaser diodes 
operating at 670 am, 830 am. and 1300 nm were ttsed to illuminate the samples_ These three 
wavelengths fall in the therapeutic window where light can peaetra/z deep into the human body 
and reach intmnal structures. Clear images are obtained by eliminating the diffum light and 
letting only the ballistic/snake light through. This is achieved by placing a spadal filter in the 
Fourier plane that cuts spatial frequencies higher than its cut-off frequency, Sons of the diffuse 
light that comes out paraxial to the ballistic/snake light may be eliminated by the absorption of 
the random medium, The decrease in scattering and the increase in absorption of these media at 
longer wavelengths were found to signifr...anfly improve the image quality at longer 
wavelengths. The image contrast at 1300 am was significantly better a/1300 nm than 830 nm 
and 670 nra. 

We thank Mediscience Technology Corp. and NSF for partial support of this research 
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DETECTION OF TUMORS WITH BACKSCATTERED LIGHT 
I,J. Bigio, J. Buyer, T. Johnson, J. R. Mourant, and T. Shimada. 
Los AMmos National Laboratory, CLS-5, MS-E543, Los AMmos, NM 87545 
D.J. Costello, Lovelace Solentifie Resources 
R Ley, and D. Conn, Lovelace Medical Foundation 
R Glickman, D. Gritz, K. Storey-Held, Dep. of Ophlh., UTHSCSA. 

Los Alamos National Laboratory has been develOping a versatile instrument, 
referred to as the Optical Biopsy System (or OBS) for noninvasive, real-time 
diagnosis of tissue pathologies. The OBS employs a small fiber-optic probe that is 
amenable to use with any endoscope or catheter, or to direct surface examination 
(e.g., as in skin cancer, superficial lesions or cervical cancer). The probe is 
designed to be used in optical contact with the tissue under examination and has 
separate illumination and collection fibers. Backscattered light, which carries 
information about the elastic scattering properties of the tlssue's cellular structure, 
(and fluorescence if desired) is examined over the wavelength range 250-80Onm. 
Differences in the measured spoclrum indicete differences in tissue pathology as we 
have demonstrated in several in vitro measurements. We have also conducted in 
rive clinical testing in various organ areas. For example, we have shown that/n vivo 
measurements on human conjunctiva reliably distinguish lesions from normal 
conjunctk, a. Recently, we have aise performed ia vivo meesurements on skin 
cancere in animal models, a wider range of superficial lesions of the eye, and 
bladder cancer in humans. Data from in vivo experiments on both animals and 
humans will be presented. 
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A MEASUREMENT OF ABSOLUTE ABSORPTION SPECTRA IN A 
MULTIPLY SCA'FrERING MagDIUM. 
Joshua B. Fishkin, Peter T. C. So, Sergio Fantini, Maria Angola Frmaceschini, 
and Enrico Gratton. 
University of Illinois at Urbana-Champaigla, Department of Physics, Laboratory 
for Fluorescence I)ynamics, Urbana, IL 61801. 

By combining visible intensity modulated illumination with frequency domain 
detection methods, we have used a diffusion model to determine the absolute 
absorption and scattering coefficients of a strongly scattering medium. This 
medium consists of a uniform mixture of horse hemoglobin, Liposyn @ III 20% 
(an intravenous fat emulsion), and water. The spectra were obtained using a 
rhodamine 6G dye laser that  was pumped by a mealy-locked Nd:Yag laser 
(frequency doubled to 532.8nm). The wavelength range covered was 560nm to 
620nm, in 5nm increments. The absorption spectra obtained of horse hemoglobin 
in this multiply scattarering medium were compared with horse hemoglobin in a 
sodium phosphate buffer. The values of absorption of the relatively non- 
scattering medium were obtained by applying the Beer-Lambert equation I~o 
steady-state measurements. The absorption spectra obtained for the multiply 
seattaring media (using the diffusion model) and the relatively non-scattering 
media (using the Beer-Lambert equation) were similar. These results illustrate 
the power of time resolved methods in obtaining absolute absorption spectra from 
multiply scattering media, and they point toward the possibility of using 
frequency domain methods for the spectroscopy of thick tissues. This work was 
performed at the Laboratory for Fluorescence Dynamics at the University of 
Illinois at Urbana-Champaign (UIUC), which is supported by the National 
Institutes of Health f/if[H), grant RR03155 and by UIUC. This work is also 
partially supported by grant CA57032 from the NIH. 
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UTILITY OF THE BEER-LAMBERT LAW IN NIR SPECTROSCOPY 
Liszka HA and Ultman JS, Penn State University. 
Hall M, Comfort BJ and Piantadosi CA, 
Duke University Medical Center. 

One strategy for employing near infrared spectroscopy (NIR) is to irradiate a tissue region 
with a laser source and to detect scattered photons at an angle of 30 ~ relative to the 
incident light beam. A relative calibration'of this method assumes that the Beer-Lambert 
Law is vMid for the 3-dimensional transport of photons. This calibration might be fully 
quantified by utilizing the pathlength of photons originating from a pulsed laser source. 
To determine if this is feasible, the intensity-time distribution of photons from a pulsed 
775 nm laser diode were detected in 10 ~ increments around the perimeter of a twelve-inch 
diameter cylindrical container filled with FC-43 fluorocarbon emulsion (The Green Cross 
Corp). While the integrated photon intensity was greatest at a detection angle of 180 ~ and 
decreased to a minimum at +90 ~ the mean time-of-flight of photons was smallest at 180 ~ 
and increased to a maximum at +90 ~ This behavior could be explained by a Monte Carlo 
simulation that incorporated a high degree of forward scattering. Photon absorption is 
now being added to the simulation so that calibration by the Beer-Lambert Law can be 
tested. 
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OPTICAL INDICATOR DILUTION MEASUREMENT OF LUNG 
PERMEABILITY-SURFACE AREA (PS) IS EQUIVALENT TO 
RADIOISOTOPE PS AFFER ALLOXAN INJURY IN THE DOG. 
L.E. Olson, S. DeMarino, A. Pou, R.L. Galloway and T.R. Harris. 

We developed a multiple indicator dilution (MID) technique to measure 
lung PS using optically absorbing tracers instead of radioisotopes. We 
obtained optical MID studies by measuring the change in optical density of  
blood at selected wavelengths. The optical tracers we used were 
sutfhemoglobinated erythrocytes (S) measured at 620 nm, indocyanine 
green-bound albumin (I) measured at 820 nm, and 1,2-propanediol (P) 
measured at 9.55 #m. Previously, we reported that PS values using both 
optical and radioisotope MID methods increased after alloxan infusion in 
the anesthetized, cannu|ated dog (FASEB J. 7(3):A2924, 1993). We  
discovered an overlap signal of in vivo P injections onto S and I 
measurement channels and an in vitro transfer function between I (or S) 
measurement and P. Correction of optical MID studies for these overlaps 
gave optical PS values at baseline and after alloxan injury which, when 
regressed against radioisotope PS values, gave an r 2 of 0.93 and a slope of 
0.99. We conclude that optical MID is an acceptable alternative to 
radioisotope MID. This work was supported by HL39155. 
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FLUORESCENCE SPECTROSCOPIC DIAGNOSIS METHOD 
FOR GYNECOLOGICAL CANCER AND NORMAL TISSUES 

Z.Z.Euang*,W.Sha Glassman*,G.C.Tang*, S.Lublcz**, and R.R.Alfano* 
* Institute for Ultrafast Spectroscopy and Laser 

The City College of New York,New York,NY 10031 
** La Guardia Hospital,Central Gynecology and Gynecological 

Oncology,New York ,NY 10128 

The steady state fluorescence spectra have been measured for 
54 malignant and 21 non-malignant gynecological tissues.Conslstent 
spectroscopic differences between malignant and non-malignant 
tissues have been observed . Although the fluorescence intensities 
and the profile changed from tissue to tissue and the tissue type 
were different, the spectroscopic differences were reproducible. 
The fluorescence spectral profile of both malignant and 
nonmalignant tissues consists of the 340nm band and the 475nm band 
for 300nm excitation. The intensity at the 340nm band is relatively 
higher and the bandwidth is narrow, while the intensity at 475nm 
band is lower and the bandwith is wider. The ratio of the 
intensity at 340nm to that at 440nm were calculated for each tissue 
to identify tissue state. The statistics and histogram have been 
established where 2 out of 54 malignant tissues were false negtive 
giving a sensitivity of 95%; and 2 out of 21 non-malignant tissues 
were false positive giving a specificity of 91% when compared to 
pathology. These results offer a new non-invasive approach to 
diagnose gynecological cancer. 

This work is supported in part by Medisceince Technology 
Coperation. 
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OPTICAL FIBERS AND FLUORESCENCE SPECTROSCOPY 
USED IN THE BACTERIA IDENTIFICATION OF OTITIS MEDIA 
Lou Reiniseh 
Department of Otolaryngology, Vanderbilt University Medical Center, 
Nashville, Tennessee. 

The management of  acute otitis media in children continues to be 
hampered by two fundamental problems: First, the prevalence of 
bactericidal resistant species has been increasing (frequent misdiagnosis 
leads only to enhancement of the growth conditions for the resistant 
species). Second, the identification of resistant species requires a painful 
invasive procedure--tympanocentesis. To develop a rapid and non 
invasive identification technique, we have investigated the fluorescence 
profiles of  four common pathogens: P. aeruginosa, S. aureus, B. 
catarrhalis and 1t. influenzae. The steady state auto fluorescence spectra 
of bacteria are measured as a function of the incident light from 200 to 700 
nm. The spectra for each bacterium are combined into a fluorescence 
profile or fluorescence finger print. Each bacterium produces a unique in 
vitro fluorescence profile when measured in a saline suspension. The 
profiles are reproducible, and independent of the bacteria growth stage. 
Suspensions of a bacterial strain, where the identification is not known, 
can be identified using a linear least squares fitting algorithm of the known 
fluorescence profiles. Thus, we have established the precept for a 
fluorescence based bacterial diagnosis technique to be used in otitis media. 
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R A M A N  S P E C T R O S C O P Y  F O R  D I A G N O S I N G  D I S E A S E  
C.-H. Liu, W.L. Glassman, H.R. Zhu, D.L. Akins, S.S. Lubicz', L.I. 
Deckelbaum b, j. Cleary ~, R. Prudente c, E. Celmer ~ and R.R. Alfano. CCNY, 
�9 La Guardia Hospital, b Yale Uni. School of Medicine, ~ Beth Isreal Medical 

Center. 

Near-infrared(NIR) Raman spectroscopic technique has an unique 
advantage to study fluorescence-free biological maeromolecules. NIR 
Raman spectroscopy may provide a new histological diagnostic tech- 
nique for monitoring tumor growth and to separate malignant from non- 
malignant biomedical media. Raman spectral measurements were per- 
formed on human tissues of breast, normal and atherosclerotic aorta and 
GYN tracts. The differences of Raman frequencies and their relative 
intensities for biomedical tissues are evidence between cancer, benign 
and normal tissues. The key Raman lines at 1659 cm% 1445 cm -~, and 
1262 cm q are assigned to the stretching vibration of C=O (Amide i), the 
bending vibration C-H, and the open stretching C-N ( Amide III) 
respectively. The data displayed in the studies suggest that in muscle tis- 
sues, the changes in the molecules occur mainly in the protein elastin 
and the lipoprotein collagen. The change in relative intensity between 
Raman lines and the number of the Raman peaks may be used to 
separate cancer from normal or benign tissues. Separation of calcified 
plaque using 1'O4 vibration line. The "optical Raman pathology" is 
defined from Raman cross section times the number of molecules i.e., 
o~N~. This work at CCNY was supported by Mediscience Technology 
Corp. and NSF. 

196 

DETECTION OF FLUORESCENT LIFETIMES FOR NON-INVASIVE 
CHARACTERIZATION OF TISSUE METABOLIC STATE 
C.L. Burch and E.M. Sevick 

Local tissue environment (i.e., pH, glucose, NADPH 
levels and oxygen tension) may be non-invasively 
probedin vivo with newly designed near-infrared 
fluorophore dyes and time-dependent measurements of 
photon migration. Time-dependent measurements 
consist of injecting a delta pulse of light into the 
tissue or scattering media of interest and recording 
the time dependence of the re-emergent light. The 
re-emergent light is peaked, yet broadened due to 
the optical properties of the tissue and the 
fluorescence lifetime of the fluorophore. From 
finite element simulations which utilize the 
diffusion equations describing light transport in 
tissue, we show that the fluorescent lifetime can be 
deconvolved from tissue scattering properties. The 
development of an optical system for the non- 
invasive characterization of tissues with near- 
infrared light is proposed. Supported by The 
Whittaker Foundation, NIH (CA61413-01), and NSF 
(BCS, NYI award). 
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FLUORESENCE ~PECTRAL METHODS TO DETECT COLON CANCER 
TISSUE 

'Yang Yuanlong,'G.C.Tang,"M.Bessler,'R.Alfano 
*Institute for Ultrafast Spectroscopy and Lasers,The City 

college of New York, New York, N.Y. 10031 
"Columbia University and The Columbia Presbyterian Medical 

Center. New York, N.Y.10032 

Two fluorescence spectroscopic methods have been used to 
distinguish between cancer and normal colon tissues using CD scan 
unit. 21 cancer colon specimens, 28 normal colon specimens and 3 
adenoma specimens were studied. 

The first optical method uses the intensity ratio of 360 nm to 
380 nm excited by 325 nm to distinguish between cancer and normal 
tissues. The ratio for most cancerous colon tissue is above 7.5 
while normal samples lie below 7.5. When the ratio value 7.5 was 
used as a criterion to distinguish between cancer and normal tissues 
a consistency of 89% for normal and 90% for cancer was obtained as 
compared with pathologic examination. 

The second method compares the fluorescence spectrum of each 
tissue excited by 325 nm with an average spectral curve obtained by 
averaging all the individual fluorescence spectra for cancer and for 
normal tissues separately. According to the value of standard 
deviation of each specimen from the average curve, cancer was 
distinguished from the normal with 85% and 87% accuracy for cancer 
and normal tissue, respectively. 

Combining the excitation and fluorescence spectra results, the 
origin of these differences is attributed to amount of tryptophan, 
collagen and elastin content excited and emitted from cancer and 
normal tissues. 

This work is supported by Mediscience Technology Corporation. 
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I N T R A C E L L U L A R  SORTING OF  EPIDERMAL G R O W T H  
F A C T O R  RECEPTORS IN FIBROBLASTS 
French,  A.R.*, G.P. Sudlow*, H.S. Wiley #, D.A. 
Lauffenburger*,t  
Depts. of  *Chemical Engineering and tCell & Structural Biology, 
Univ.  o f  Illinois at Urbana-Champalgn; #Dept. of Pathology, Univ.  
o f  Utah 

Epidermal  growth factor  is an important  regula tor  of  
proliferation of  tissue fibroblasts. Attenuation of  the proliferation 
signal  occurs by receptor  downregulat ion and l igand depletion 
arising f rom receptor/ligand trafficking processes. One key step in 
t ra f f ick ing  is endosomal  sort ing of  receptors  and l igands to 
alternative destinations of  lysosomal degradation or  cell surface 
recycling.  Us ing  a series of site-directed epidermal growth factor 
receptor mutants, we provide evidence that sorting to degradation is 
a stoichiometrically saturable process, involving specific interaction 
of  an endosomal retention component with the receptor cytoplasmic 
domain. W e  further show that this interaction requires occupancy of  
receptor by its ligand. Quantitat ive understanding of  this sorting 
process will help provide improved methodologies for regulation of  
cell proliferation in applications such as wound healing and tissue 
regeneration. 
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STOCHASTIC MODEL OF RECEPTOR PHENOMENA UNDERLYING LEUKOCYTE 
CHEMOTAXIS 
Prabbas V. Moghe and Robert T. Tranquillo 
Department of Chemical Engineering and Materials Science, University of Minnesota 

Mammalian white blood cells such as neutrophil leukocytes are known to bias the 
direction of their movement along concentration gradients of specific chemical ligands, a 
phenomenon called chemotaxis. On a molecular level, these cells sense the ligands (called 
chemoatt.ractants or 'CA') via specific receptors which bind CA molecules. This event 
triggers a complex signal transduction process eventually culminating in observable cell 
response via activation of cell motility. Previous theory has demonstralgd that statistical 
fluctuations in receptor binding arising from a finite receptor number, can lead to 'noisy' 
signals which may explain the imperfect cbemotactic response to CA gradient. 

The most recent stochastic model (Tranquillo and Lauffenburger, 1987) couples 
simple intracellular signal transduction and cell motility response with fluctuating receptor 
binding. However, this model employs several assumptions for receptor dynamics that are 
now known to be oversimphficatons. Extensions to the aforementioned model are sought in 
this paper by incorporating several known and speculated receptor states and allowing for 
physiologically meaningful receptor distributions. These include: a transient G-protein 
signalling state, a cytoskeletally-associated state, and receptor internalization and recycling, 
including statistical fluctuations in numbers of receptors among the various states. The 
stochastic model is solved to yield simulations of cell paths and their statistics for various CA 
gradient stecpnesses. More importantly, the strength of the model lies in its ability to examine 
the effect of stochasticity of various receptor dynamics schemes on orientation behavior and 
reveal, successfully, mechanisms of adaptation behavior of cells. Several parametric 
sensitivity studies of analytically derived persistence time and numerically estimated 
orientation bias for a simulated cell population will be presented to highlight this feature. 
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RECEPTOR-MEDIATED TARGET-FINDING BY NEURONAL GROWTH CONES 
Helen M. Buettuer and Julius J. Fernandez 

Department of Chemical & Biochemical Engineering 
Rutgers-The State University of New Jersey, Piscataway, 08855-0909 

The growth of pioneer neurites along specific pathways during nerve development 
or regeneration depends on receptor-mediated interactions between the growth cone 
at the leading tip of the neurite and molecular cues in the extracellular 
environment. These molecules are often concentrated at discrete regions along the 
growth path, forming a series of intermediate targets for the neurite to follow to its 
ultimate destination. In many cases, the distance between intermediate targets is 
large relative to the growth cone dimensions and to the characteristic distance of 
short term motion, which can be described as a random walk with drift. The 
effective sampling area of the migrating growth cone is increased by filopodia 
projecting from the growth cone periphery, but the filopodia structure is sparse, 
random and dynamic, leading to a probabilisllc sampling pattern. In the event of 
target encounter, target recognition depends on the binding of cell-surface receptor 
and extracellular ligand, also a probabilistic process. To provide insight into the 
way in which these stochastic events combine to accurately reproduce the paths of 
pioneer outgrowth observed in the embryo, we have developed a simulation model 
for growth cone target encounter and recognition. Filopodia dynamics are 
superimposed on the growth cone trajectory to simulate the growth cone sampling 
pattern and determine the probability of encounter; recognition is modeled in terms 
of the probability of ligand-receptor binding. The model serves as a general 
framework for investigating receptor-mediated mechanisms of neurite guidance. 
Supported by NSF Grant BCS 92-10540; J.J.F. was supported by an REU Supplement. 
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EFFECT OF RECEPTOR AGONISTS/ANTAGONISTS ON [Ca2+]i MOBILIZATION: 
DIGITAL FLUORESCENCE IMAGING AND MONTE CARLO MODELING 
Patricia A. Mah&ma and Jennifer J. Linderman 
University of Michigan, Department of Chemical Engineering 

Binding of ligand to receptors may activate a signal transduction pathway, resulting in 
an increase in intracellular free calcium, [Ca:+]i. Activation of the signal transduction 
pathway is a result of receptor-ligand binding and 2-dimensional (2-D) diffusion and in- 
teraction of membrane proteins. Thus, drugs which interfere with protein movement or 
protein-protein interaction as well as receptor antagonists, or blockers, may alter or pre- 
vent signal transductlon initiated by receptor-llgand binding. 

We have monitored [Ca2+]i changes in phenylephrine (PhE)-stimulated single BCsH1 
smooth muscle-like cells using fura-2 in a digital fluorescence imaging system. In addition, 
we have pretreated single cells with the receptor antagonist prazosin (Pz) and then re- 
peated PhE stimulation to determine the effect of the receptor blocker on [Ca2+]i changes. 
We find significant cell-to-cell variability in the calcium responses of single PhE-stimul&ted 
BCsfll cells. For the population-averaged calcium responses, we find that both the frac- 
tion of cells which respond to PhE-stimulation and the speed of the calcium response 
are increasing functions of ligand concentration for both PhE and Pz-PhE stimulation. 
However, when comparing the calcium response for equal numbers of ligand-receptor com- 
plexes on the cell surface, we find that cells pretreated with Pz are much less responsive 
than those stimulated with PhE alone. 

We have used Monte Carlo models of receptor-ligand binding and 2-D protein diffusion 
to determine the expected effect of a receptor blocker on G-protein activation. Our Monte 
Carlo models predict two regimes of G-protein activation: 1) when the time-scale of 
receptor-ligand binding is slow compared to 2-D protein diffusion or when the fraction 
of llgand-bound receptors is high and 2) when the time-scMe of receptor-ligand binding 
is fast compared to 2-D protein diffusion and the fraction of ligand-bound receptors is 
low. Receptor blockers will significantly reduce G-protein activation and thus the calcium 
response only in the second regime. Other results of the Monte Carlo models will also be 
discussed. 
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ION C H A N N E L  R E G U L A T I O N  OF INSULIN SECRETION IN T H E  
P A N C R E A T I C  BETA-CELL 
M.-L. Kohler and C. L. Stokes 
Department of Chemical Engineering, University of Houston, Houston, TX 

Oscillations of  the membrane potential of the pancreatic beta-cell help 
regulate the secretion of insulin by controlling the influx of calcium ions 
through voltage-dependent calcium channels. Both the oscillations and insulin 
release are graded responses that depend on blood glucose concentration, and 
the calcium influx associated with the oscillations are necessary for secretion to 
occur. The goal of our studies is to understand the regulation of the oscillations 
in membrane  potential as part of the stimulus-secretion mechanism. Several 
potassium and calcium channels are involved in producing the oscillations. We 
have conducted experimental measurements on these channels using patch and 
voltage clamp techniques at more physiological conditions than ever  previously 
used (body temperature and bicarbonate/CO2 buffer compared to room 
temperature and hepes buffer). We have found significant differences in 
channel characteristics such as the single channel conductance and open 
probability under these conditions. Such differences may call into question 
previous conclusions about the involvement of  various ion channels in the 
membrane  potential oscillations and regulation of insulin secretion. The  results 
o f  these experiments and analysis of  their importance will be presented. 
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A M O D E L  OF T H R O M B I N - M E D I A T E D  C Y T O S O L I C  CALCIUM 
MOBILIZATION IN HUVECs RESPONDING TO FLOW 
Theodore F. Wiesner, Gabriel Helmlinger, and Robert M. Nerem 
School of Chemical Engineering, Georgia Institute of Technology, Atlanta, GA 
30332 

Important among the responses of endothelial cells to flow stimuli are cytosolic 
free calcium transients. These transients are known to be mediated by several 
factors, including blood-borne agonists, extracellular calcium, and possibly shear 
forces. A mathematical model has been developed which simulates these 
transients as a function of an agonist. It has been applied specifically to the 
response of human umbilical vein endothelial cells (HUVECs) to a thrombin- 
containing medium in a capillary tube flow chamber. The conservation equations 
for momentum and agonist in the perfusate are coupled to the kinetic equations 
for receptor binding and mobilization of  cytosolic Ca 2+. Simulations of the 
time course of cytosolic Ca 2+ mobilization compare reasonably to experimental 
measurements in cuhured HUVEC. Parametric studies with the model indicate 
distinct contributions to the time course by each step in the process. Other 
computations indicate a flow region where the transient moves from transport- 
limited to kinetically-limited. 
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STRETCH-SENSITIVE WHOLE-CELL CURRENTS ARE ALIVE AND WELL 
F. Sachs, H. Hu 
SuNY, Biophysical Sciences, Buffalo, NY 14214 

It has been claimed that stretch activated ion channels (SACs) represent an artifact of patch 
clamping{ 1 }. This conclusion came from experiments in which the authors could demonstrate 
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single channeI activity of SACs il~ 
cell-attached patch clamped mem- 
branes of molluscan neurons but 
could not demonstrate corresponding 
whole cell currents with a variety of 
(unquantified) stimuli. The general 
conclusion has been Shown to be 
false. In plant protoplasts{2}, vascu- 
lar smooth muscle cells{3}, and tis- 
sue cultured heart ceils {figure}, sin- 
gle channel currents and whole cell 
currents have been demonstrated. 1. 
C.E. Morris, R. Horn, Science 251, 
1246 (1991). 2. M.C. Gustin, Science 
253, 800 (1991). 3 M.J. Davis, J.A. 
Donovitz, M.L Hood, Ant 1 PhysioL 
CellPhysiol. 31, C1083 (1992). 
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T H E  R O L E  O F  G - P R O T E I N S  IN M E C H A N O C H E M I C A L  S I G N A L  
T R A N S D U C T I O N  
J. Nolan, S. Gudi,  and J.A. Frangos 
The  Penn State University, Universi ty Park, PA 16802 

It is now well established that numerous  ceils and tissues can t ransduce 
external physical forces into intracellular biochemical  responses.  It  is not 
clear, however,  how mechanochemica l  t ransduction occurs. While there  
have been several mechanisms proposed,  few appea r  to completely account  
for all exper imental  observations.  One  proposed mechan i sm that  accounts 
for transduction of  physical signals, including shear  stress, stretch, and 
e lect romagnet ic  fields, involves guanine nucleotide (G)  proteins and their  
associated m e m b r a n e  receptors.  We  have  observed that  pertussis toxin- 
sensitive G-proteins  media te  shear  stress-induced gene  expression, 
prostagtandin production and nitric oxide release in endothelial  cells. We  
have  also shown that these  G-proteins  are  involved in mechanochemica l  
signal transduction in osteoblasts. The  role of  G-proteins  and their  
associated receptors  in mechanochemica l  signal transduction will be 
discussed. 

Supported by USARO DAAL0392G0014 and NSF 1BN9009675 
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MECHANOCHEMICAL TRANSDUCTION ACROSS THE CELL SURFACE AND 
THROUGH THE CYTOSKELETON: USE OF A TENSEGR1TY MECHANISM. 
Dotmld E. l~gber, MD,PhD, James Butler, Phi), and Ning Wang, Phl). 
Departments of Pathology & Surgery, Children's Hospital/Harvard Medical School, and 
Respiratory Biology Program, Harvard School of Public Health, Boston, MA 02115 

How do cells sense physical forces and transduce mechanical information into a 
biochemical response? We have been exploring the possibility that the cellular response to 
force is based upon transfer of mechanical signals across specific transmembrane receptors that 
mediate cell attachment to extracellulur matrix (ECM) and subsequent structural changes in 
the r This concept is based on studies with cultured cells which demonstrate that 
cell shape and funcdon can be controlled by varying the number of ECM attachment sites that 
can physically resist cytoskeletal tension. To test this hypothesis, mechanical stresses were 
applied directly to specific cell serface receptors without producing global cell shape changes 
using a magnetic twisting device. The trammembrane ECM receptor, B 1 integrin, effectively 
transferred mechanical loads across the cell surface and supported a force-dependent 
cytoskeletal stiffening response whereas non-adhesion receptors did not. Force transfer 
correlated with recruitment of focul adhesion proteins and linkage of integlins to the actin 
r Yet the r response to stress involved microtuhules and intermediate 
filaments as well as microfdaments. Furthermore, the stiffness of the intact cytoskeleton 
increased in direct proportion as the level of applied stress was raised. This behavior was 
mimicked using "stick and string" temegrity (tensional integrity) models that contain 
mechaulcally-interdependent structural elements that rearrange rather than deform locally in 
respOnse to stress. These results demonstrate that integrias can act as cell surface 
mechanoreceptors and transmit mechanical signals to the cytoskeleton. Mechanochemical 
transductioa, in turn, may be mediated simultaneously at multiple locations inside the cell by 
force-indhced cytoskeletal rearrangements. 
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T H E  I N T R A C E L L U L A R  F R E E  C A L C I U M  R E S P O N S E  I N  
E N D O T H E L I A L  C E L L S  S U B J E C T E D  T O  S T E A D Y  A N D  
P U L S A T I L E  L A M I N A R  F L O W  
Gabriel Helmlinger,  and Robert M. Nerem, Georgia Institute of  Technology, 
Atlanta, GA 

There is indirect evidence suggesting that the ]ntracellular free calcium ion 
concentration [Ca2+]i might play a second messenger ruin in the recognition o f  a 
fluid-imposed shear stress by endothelial cells (ECs). We measured [Ca2+]i in 
cultured bovine aortic ECs (BAECs) subjected to various steady and pulsatile 
(non-reversing, reversing, and oscillatory) laminar flows, using different flow 
media  (plain DMEM and DMEM + 10% calf  serum), digital imaging and 
ratiometric techniques. Steady flows of  various levels and non-reversing and 
reversing pulsatile flows elicited [Ca2+]i increases in EC monolayers,  the 
amplitude and rising time of  which were dependent on the flow and media  
conditions. For  all media  conditions, there was no [Ca2+]i increase in 
monolayers subjected to an oscillatory type of  flow. Individual cell analyses 
revealed asynchronous lCa~+]i oscillations for all flow conditions. The total 
number  of  such oscillations within a monolayer  increased with the level of  
steady flow. It was of  major interest to observe that oscillatory flow could 
induce, for any medium condition, asynchronous individual cell [Ca2+]i 
oscillations without yielding an overall monolayer  response. These results 
show that ECs are able to respond to different flow environments in terms of  
[Ca2+]i signaling. 
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SCROLL WAVE DYNAMICS 
.]ames P. Keener 
Department of Mathematics,  University of Utah, Salt Lake City, U T  84112 
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A DYNAMIC NUMERICAL METHOD FOR MODELS OF RENAL TUBULES 
E. Bruce Pi tman,  Dept. of Mathematics, SUNY at Buffalo, Buffalo, NY 14214 
Harold E. Layton, Dept. of Mathematics, Duke University, Durham, NC 27706 

Scroll waves are the three dimensional extensions of the rotating spiral waves seen in a 
variety of excitable media. Scroll wave dynamics are important to an understanding of 
ventricular tachycardia and sudden cardiac death syndrome. In this talk we describe 
some analytical and numerical features of scroll wave dynamics and their implications 
to understanding fatal cardiac arrhythmias. Results of numerical simulations will be 
shown in a video presentation. 

In this report we describe the application of a modern numerical method for solving 
hyperbolic part ial  differential equations to calculating solute concentrations in a renal 
tubule. Specifically, we implement an ENO (Essentially Non-Oscillatory) method that  
is aecond-order accurate in space and time. Implementation of this method eliminates 
numerical instability arising from transient reversal of flow direction, a common problem 
with other methods. We present examples of computed flows and concentration profiles 
in representative model contexts. We indicate how model tubules may be conjoined and 
coupled to construct large-scale simulations of the renal counterflow system, including 
recently meaaured nephron permeabilities. 
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MATBEMATICAL MODELS OF BLOOD FLOW IN T H E  MICROCIRCULATION 
T.W.  Seeomb 
Dept. of Physiology, Univ. of Arizona, Tucson AZ 85724 

In moat organs, the microcirculation consists of  an extensive and intricate network of  
very narrow tubes. Blood is a concentrated suspension, containing about 45% by volume 
of red cells, with unstressed diameters that  are typically larger than the diameters of  
the smallest capillaries. For more than twenty- five years, mathematical  models have 
been used to study the mechanics of blood flow in the microcirculation, and to predict 
physiologically important  parameters such as flow resistance and oxygen transport.  The 
baaic mechanical properties of individual mammalian red cells are known and provide 
a start ing point for models. A homogeneous viscous fluid interior is surrounded by a 
flexible membrane, which strongly resists area changes, but bends and shears easily. In 
capillaries, the flow of suspending fluid (plasma) in the narrow gaps between the cells 
and the vessel walls may be described using lubrication theory. Resulting predictions of 
flow resistance, assuming axisymmetrir cell shapes, agree with determinations in narrow 
glass tubes. Red cells flowing in microvessels typically assume non-symmetric shapes, 
with cyclic " tank  treading" motion of the membrane around the interior. Mathematical  
models including these effects suggest that they have lit t le effect on flow resistance in 
capillaries. At diverging microvascular bifurcations, uneven partition of red cells and 
plasma often results in different hematocrits in the two daughter branches. Simulations 
of blood flow in networks must take this effect into account, as well as including the 
effect of vessel diameter and hematocrit on flow resistance. Comparisons between results 
of such simulations and observations of blood flow in networks provide a critical test of 
current understanding of blood flow in the mierocirculation. Supported by NIH Grant  
HL34555. 
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MODELING OF PLATELET AGGREGATION 
Aaron L. Fogelson 
Department of Mathematics, University of. Utah, Salt Lake City, UT 84112 

We will present an approach to modeling and simulating platelet aggregation in arteriole- 
sized vessels. The model involves descriptions of dynamic mechanical and chemical 
interactions among platelets, a suspending fluid, a platelet activating chemical, and a 
reactive wall. The  model tracks the motion and behavior of individual platelets, includ- 
ing their possible adhesion to reactive portions of the vessel/prosthesis wall and cohesion 
to one another. Initially-nonactivated platelets may become activated through contact 
with reactive sites on the wall, or through exposure to a sufficiently high concentration 
of the activating chemical in the fluid. Upon activation, a platelet becomes capable 
of cohering to other activated platelets, and it secretes additional activating chemical 
into the surrounding fluid. Mechanical interactions among platelets, the fluid, and the 
ve~el  wall are handled using the Immersed Boundary Method. This is a general com- 
putational technique for studying interactions between a viscous incompressible fluid 
and immersed elastic objects. In the aggregation context, it  allows us to study two-way 
interactions between aggregate growth and fluid dynamics. In particular, it  permits 
study of embolic events and thrombus growth up to and including lumen cl~ure.  We 
will show a video of our computational simulations. 
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ANALYZING MULTI-PARAMETER MODELS USING VISUALIZATION 
Sorel Bosun, Thomas R. Harris 
Department of Biomedical Engineering, Vandarbih University, Nashville TN, 37235 

A visualization method was developed for observing the effects of parameter variations 
on multi-parameter models. The method was based on a visualization technique which 
allows the viewing of n-dimensioual surfaces as either 3-dimensional surfaces or 2- 
dimensional images. For illustrative proposes, the method was used for analyzing the 
behavior of a three parameter effective diffusivity model of pulmonary capillary 
exchange. Each model parameter, as well as time, was assigned a dimension. Then, a 
5-dimensional surface, consisting of model outputs as a function of time and die three 
model parameters was generated. Next, the 5-dimensional surface was mapped to and 
plotted as a 2-dimensional image. We repeated the above steps for different ranges of 
parameters. The resulting images enabled us to observe the moders behavior with 
respect to its parameters at a glance. Whereas, previously, information about the 
model's behavior was obtained only implicitly in the form of a mental picture, oar 
method made this information explicitly and readily available. Furthermore, whereas 
the previous method of forming implicit mental pictures required the modellers to go 
through die process of mnning large numbers of simulations, guided only by intuition, 
oar visualization-based method automated this process, greatly speeding up model 
analysis. Because of these advantages we conclude that our method, which enables the 
instant observation of a model's behavior with respect to its parameters, is a significant 
addition to the formal tools of model analysis. 

Acknowledgment 
This work was supported by NIH Grant RR0655g-03 
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MODELING OF HYPEFffROP~y' DUE TO REDUCED MYOCARDIAL CONTRACTILITY 
G. Drzewiecki and,J.K-J. Li 
Cardiovascular Research Labs, Biomedical Eng. Dept., Rutgers University, NJ 

A mathematical model of cardiac hypertrophy has been develoL'~ed. !n this 
study, the model is applied to study oardiomyopathy. The model defines a 
myofibril unit asthe basic building block of the left ventricle, whose function is 
specified. Myofibril units are arranged in parallel and series, assuming a 
cylindrically shaped chamber. The number of series and parallel fibril units 
and heart rate are then solved using the following criterion. The rate of 
myocardial oxygen consumption must be both minimal and in equilibrium with 
that supplied under chronic conditions. This' model has successfully 
demonstrated the concentric and eccentric forms of hypertrophy that arise due 
to pressure and volume overloads, respectively. 

Reduced myofibril contractility was introduced by lowering the value of 
the maximum stress-length slope, This is somewhat analogous to maximum 
elastanca of the ventricle but at the cellular level. Blood pressure and cardiac 
output were required to be constant, i.e. fully-compensated hypertrophy. It was 
found that the concentric type of hypertrophy developed as the fibril unit 
contractility was progressively lowered. A 10% decrease in contracti l i ty 
resulted in anearly 20% increase in wall thickness. In addition, heart rate was 
increased while stroke work, ventricular efficiency, and fiber stress w e r e  

diminished. Further decreases in contractility produced excessively large 
heart rates, indicating loss of cardiac reserve and onset of failure. Thsee 
results are consistent with clinical eardiomyopic hypertrophy. 
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SURROGATE DATA ANALYSIS OF MICROVASCULAR BLOOD FLOW DYNAMICS 
D.R. Sainani~, C.G. Ellist, T. Lookmarr 
tDep'ts of Medical Biophysics, *Electrical Engineering, =Applied Mathematics 
The University of Western Ontario, London, Canada 

Capillary red blood call (RBC) flow in the extensor digitorum Iongus muscle in the 
hindiimb of mate wistar rats was videotaped for periods of at least 10 minutes using 
intravital video microscopy. Time series analysis was used to analyse the dynamics 
of the RBC velocity records, and the autocorrelation function, correlation dimension and 
Lyapunov exponent were all computed for the data. While the results from these 
analyses demonstrate the existence of a strange attractor of finite dimension and small 
positive Lyapunov exponents, a clear charactedzation of the dynamics as Chaotic was 
not possible. It is possible that other types of dynamics could generate similar 
behaviour. Using a new method from the field of non-linear dynamics, an ensemble 
of "surrogate datasets" were constructed from the original in-vivo RBC velocity data. 
These surrogate datasets share some characteristics with the original data, such as the 
power spectrum, but are essentially randomly distributed data. These surrogate 
datasets permit us to distinguish whether the dynamics of a system are due to chaotic 
processes, linearly correlated noise, or non-linear transformations of a stochastic 
process. Time series analysis was again used to determine the dynamic characteristics 
of the data and the discriminating statistics used (dimension or Lyapunov exponent etc.) 
were compared for both the surrogate data and the original dataset. The results from 
the data analysed to date, point to a characterization of the dynamics of capillary rod 
blood cell flow as non-linear transformations of stochastic processes in some cases, 
and in other cases as linearly correlated noise. 
This study was supported by the Heart & Stroke Foundation of Ontario 
Dr. Ellis is a Career Investigator of the Heart & Stroke Foundation 
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SHOCK WAVE PROPAGATION IN RENAL CALCUU WITH LAYER STRUCTURE 
Pei Zbong, C.J. Chades Chuong, Glenn M. Preminger 
Division of Urology and Biomedical Engineering Program 
The University of Texas Southwestern Medical Center at Dallas 

To understand the mechanisms of stone fragmentation during extracorporeel shock 
wave lithotripsy, a theoretical model has been developed to analyze the transient 
impingement of cavitation microjets on renal calculi and the resultant shock wave 
propagation inside the stones based on geometrical acoustics. [JASA, 1993. (in press)] 

This model is used to calculate jet impact pressure at the impacting surface as well as 
stress and strain discontinuities at the propagating shock fronts in stones of various 
compositions. Shock reflection and transmission at interface of stone crystal and matrix 
were determined and the effects of stone size, layer thickness and compositions on the 
resultant shock propagation were examined. Model calculation under typical lithotripsy 
conditions predicted compressive stresses of 629 - 2,517 MPa and shear stresses of 81 

324 MPa at the impacting surface, and a tensile stress up to 7.0 MPa at the distal 
surface of the stone. Comparing with corresponding failure strength of the stone material, 
the model calculations predicted cavitation erosion at anterior and spalling damage at 
posterior surface of the stone as observed from stone fragmentation experiments. 

The modeling results also show that reflected tensile waves are generated when 
incident compressive waves reach the crystal-to-matrix boundaries. The intensity of the 
reflected tensile wave is generally higher for smaller stones and at layer interface closer 
to the anterior surface of the stone. These results suggest that stones with concentric 
layer structure are more prone to tensile failure (layer separation) and they are more 
fragile than homogeneous stones under the same shock wave intensity. These results 
may help to improve the treatment efficacy of stone removal using shock wave lithotripsy. 
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A Mathematical  Model of the Canine Circulat ion 

D. C. Chung t', J. W. Clark Jr. t, A. Bidani:~ & D. L. Traber:~ 

Rice University, Houston, Texas 772511 and 

University of Texas Medical Branch, Galveston, Texas 77550 :~ 

A lumped-parameter model of the canine circulation, which includes both the 
systemic and pulmonary circulations, has been developed. The model consists of 
the following components: the right heart (atrium and ventricle), pulmonary circuit 
(pulmonary arteries, capillaries, and veins), left heart (atrium and ventricle), aorta, 
systemic arteries, systemic veins, and the vena cavae. The passive elements, the 
arteries and veins, are represented by resistive, compliant, and inertial segments 
similar to those of previous studies. In addition to the mathematical description 
of the arteries and veins of both the systemic and pulmonary circulations, this 
model makes use of the elastance (instantaneous pressure-volume relationship) of 
the ventricles. Adopting el~stance functions for both the left and right ventricles, the 
model produces realistic left and right ventricular pressure and volume waveforms. 
Model parameters associated with the systemic and pulmonary circulations have 
been adjusted so that the pressure waveforms at various points in the circulation 
agree quite well with data from animal experiments. Furthermore, the model yields 
good estimates of cardiac output and ejection fraction for the normal dog. The 
model is capable of mimicing the response of the cardiovascular system to a number 
of experimental manipulations ( e.g. response to vasoactive drugs). 

This work is supported by the Biomedical Engineering Center at the University 
of Texas Medical Branch, Galveston, TX. 
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THE INFLUENCE OF MODELING ON FINITE ELEMENT RESULTS. 
C. McMahon, Dr. T. McGee, Dr. T. Rogge, G. Niederauer, R. Thielman. 
Iowa State University, Ames, Iowa. 

Stress analysis of dental implants is often performed using a two- 
dimensional (2-D) finite element analysis of models that represent 
cancellous bone as homogeneous. The models use a coarse mesh and 
often differ from one another without explanation in their choice 
of boundary constraints. This study uses a 2-D finite element analy- 
sis to investigate how cancellous bone modeling and the choice of 
boundary constraints affect the stress and strain distr ibution 
around a dental implant. The degree of  mesh refinement required 
for an accurate 2-D analysis is also determined using an h-conver- 
gence test. Three 9500 node, 2-D, plane strain finite element models 
using 8-noded isoparametric quadrilateral elements were created 
from a scanned image of the central slice of a retrieved implant. 
Each model represented the cancellous bone in a different way: 
completely homogeneous, partially inhomogeneous and inhomo- 
geneous with the entire cancellous structure being represented in 
the model. Preliminary results indicate that the choice of boundary 
constraints as well as modeling the cancellous bone as homo- 
geneous versus modeling its true inhomogeneous structure results 
in significant differences in both the magnitude and distribution 
of stress and strain in the bone around the implant. The conver- 
gence test indicates that a 3000-4000 node mesh is required for an 
accurate 2-D finite element analysis. 



42 BMES Abstracts: Hemorheology and Thrombosis 

2 2 0  

EFFECTS OF BLOCKING THE PLATELET GP Ib INTERACTION WITH VON 
WILLEBRAND FACTOR (vWF} UNDER A RANGE OF SHEARING FORCES 
Christos P. Markou, Anne K. LhndahI*, J. M. Siegel, David N. Ku, Stephen R. Hanson* 
School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332 
'Wochool of Medicine, Emory University, Atlanta, GA 30322 

Interactions between platelet receptors and adhesive plasma glycoproteins regulate the 
development of arterial platelet thrombi, and may be highly shear dependent. To study 
this process a recombinant vWF fragment (VCL: Leu504-Lys7"281, which blocks the GP lb 
binding domain for vWF was evaluated under different shearing conditions in vivo. 
Platelet deposition on collagen coated straight tubes and axisymmetric stenoses models 
exposed to nonantienagulated blood (100 ml/min) in a baboon AV shunt system was 
measured by m Indiu aa-platelet imaging. Results after 20 min exposure were: 

Average wall Platelets (x]09) deposited/era 2 
shear rote (s -r) Controls VCL Sisnificance 

265 (4 ram) 2,31_+0.28 1.91_+0,2 NS* 
630 (3 mm) 5.96--r 4.04_+0.28 N S * 
900 (50%) 16.51_+1.89 3.78-+0.62 0,0005 

2120 (2 ram) 22.06+_2,7 7.46_+0.79 0.0001 
2400 (75%) 24.59_+1.38 8.20+_2..38 0.13001 
7500 (90%) 33.71__+2.21 7.00-+0.84 0.0001 

(Values are mean + SE; n > 6 in each group; *NS, p>0.05) 
Platelet deposition increased markedly with shear rate. For the 2 mm tubes and the 75% 
and 90% stenoses occlusion occurred within 25 min. of blood exposure. VCL produced 
profound inhibition of thrombosis at shear rates > 900 s-l; these effects persisted 
throughout the 2 hr study period and no occlusions were observed. These results 
demonstrate that blocking the GP Ib binding domain for vWF using a r v W F  fragment in 
vivo can inhibit thrombus formation at sites of high shear, such as the apex of stenosos. 
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INHIBITION OF PLATELET THROMBUS FORMATION IN FLOWING BLOOD BY VON 
WILLEBRAND FACTOR AND GP ]b ANTAGONISTS 
BR Alevriadou, J Dent, R McClimock, J Ware and ZM Ruggeri 
The Scripps Research Institute, La Jo]la, CA 
Previous studies have demonstrated that a reduced and alkylated recombinant fragment ofvon 
Willebrand factor (vWF), conaprising residues 445 733 and corresponding to the binding site for 
the platelet receptor glycoprotein (GP) lb, inhibits platelet adhesion from flowing blood onto 
collagen-coated surfaces under arterial flow conditions. Two cysteine residues (positions 509 
and 695) form an intrachain disulfide bond within this region of vWF. Binding assays suggest 
residues 508 to 709 may be the minimal str~cture retaining affinity for GP lb, and that formation 
of the 509-695 disulfide bond may be important in modulating the binding. In this study, we 
have used a parallel-plate flow chamber to study thrombus formation onto collagen-coated 
surfaces by perfusing fluorescentlyqabelled platelets in whole blood containing PPACK (a 
thrombin inhibitor) as anticoagulant. A laser scanning confocal workstation, consisting of an 
inverted epJfluorescent microscope with an argon laser, was used for visualization with improved 
resolution of the thrombi formed. Surface topography software was employed to reconstruct the 
thrombi structures in 3D and measure their volume and surface coverage. A recombinant vWF 
fragment composed of residues 508-709 was expressed and purified in both the oxidized (with 
an intact 509-695 disulfide bond) and the reduced and alkylated states. Both forms inhibited in 
a dose-dependent manner platclet accumulation from whole blood onto collagen coated surfaces 
with an ICso of - 3  /zg/rrtl ( - 1 3 0  riM) at 1,500 s ~ (60 dynes/cm2). A monoclonal antibody 
against the GP lb-binding site in vWF inhibited platelet thrombus formation with an ICs0 of 
-0 .3  ~g/ml ( - 6  nM). When blood was incubated with both the receptor and the ligand 
antagonists, there was an additive effect on the inhibition of platelet accumulation onto collagen. 
These results provide information on the minimal structural requirements for vWF/GP Ib 
interaction, the initiation of arterial thrombosis, and may help design a new class of 
antithrombotic agents. 

2 2 2  

INHIBITION OF MURAL THROMBOSIS BY A CARBAMOYL-PIPERIDINE CONGENER 
Tabish N. Zaidi 1, Larry V. Mciatire 1 and R. GoUamudi 2 
1Cox Laboratory for Biomedical Engineering, Rice University, Houston, TX 
2Health Science Center, The University of Tennessee, Memphis, TN 

We have investigated the inhibitory potency of one of the most promising 
compounds in the list of carbamoyl-piperidine members, called A12, on type I bovine collagen 
induced mural platelet aggregate formation, over a wide range of whole blood concentrations 
and volumetric flow rates, A parallel plate flow chamber was employed to simulate 
kinematically a damaged blood vessel. The experimental conditions were monitored to be as 
close to physiological situation as possible. Heparinized human blood with fluorescenfly 
labelled platelets was perfused over collagen coated glass at 37oc. Epifluoresceot video 
microscopy and digital image processing enabled us to study the end point platelet 
accumulation as well as kinetics of individually growing thrombi with resolution of two 
components of thrombosis, viz. plalelet-wall interaction (adhesion) and platelet-platelet 
interaction (aggregation) made possible by the later technique. Both adhesion and aggregation 
were hnpalred in the presence of AI2 in a dose dependent manner, reflecting that the compound 
acted comprehensively, presumably by stabilizing lipid membranes. At a wall shear rate of 
800s "l the aggregation at the end of 2 minute perfasion was inhibited by 94% with 50~tM 
concentration of At2 in whole blood, and adhesion was reduced by 73%. At 21.51.tM, the 
compound inhibited total platelet accumulation by 56.8+5.0%, and by 79.2+4.3% at 50].tM, 
wall shear rate being 800s "1. At blood A12 level of 21,51xM, the percent inhibition with 
respect to controls was 52,3+6.2% and 61.1+6.8% for wall shear rates of 250s "1 and 1500s -1 
respectively. This difference was, however, not statistically significant. Preliminary toxicity 
stedies am anderveay for the carbamoyl-pipeddine fatal/y, and results are very premising. 
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ROLE OF THE vWF-AI DOMAIN IN PLATELET ADHESION UNDER 
CONTROLLED FLOW CONDITIONS 
G. A. Barabtno,  B. Zhang. S. Narlns. M. A. Cruz. B. M. Ewenstelu,  R. J .  Wise, 
and  IL L Handin 
Depa r tmen t  of Chemical  Engineering.  Northeastern University, Division of 
Hematology-Oncalogy, Brigham & Women's Hospital. Boston, MA. 

von Willebrand factor {vWFI serves as a molecular  bridge between platelets  
and  the subendo the l ium at  si tes of vascu la r  injury. For  s table  pla te le t  
adhes ion  a t  high s h e a r  rates ,  vWF m u s t  blnd to the glycoprotetn Ib / IX 
(GPIb/IX) receptor  on the platelet  surface. Fu r the r  platelet  sp read ing  and  
a t t a c h m e n t  is faci l i ta ted by the platelet  G P l l b / l l l a  receptor.  T h i s  work  
charac te r i zes  the a t t achmen t  of washed h u m a n  platelets  to purified vWF 
molecules  immobil ized on g lass  under  controlled flow condit ions.  Ei ther  
r ecombinan t  wild type or p lasma  derlved-vWF was coated onto g lass  sl ides 
which  formed the base of a parallel plate flow chamber,  vWF-coated sl ides 
were  perfused with reconst i tu ted  blood a t  a s h e a r  ra te  of 1 5 0 0 / s e e  and 
pla te le t  a t t achment  was  quantified using video microscopy. Both wild type 
r e c o m b i n a n t  and  p l a sma  vWF suppor ted  s igni f icant  p la te le t  adhes ion ,  
compared to BSA coated control slides (6468 + 1010 p la te le t s / sq  mm vs. 58 + 
53 p la te le t s / sq  ram). In order to assess  the relative importance of the GPIb 
b inding  domain,  contained within the vWF-A1 domain, we've expressed a 
recombinant  vWF-A1 fragment  {residues 474-709) in Chinese hams t e r  ovary 
(CHO) cells. This  f ragment  purified to homogeneity by one-s tep of ion 
exchange chromatography had a molecular  weight of 39 ,000 .  The vWF-AI 
f ragment  inhibi ted r is tocet in-dependent  platelet  agglutination,  bu t  did not  
suppor t  platelet  binding in the flow system, suggest ing the possibili ty of i ts  
use as a potential anti-thrombotic agent. 
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MODEL SYSTEMS OF THROMBUS FORMATION IN FLOWING HUMAN BLOOD 
AT THE APEX OF ECCENTRIC STENOSES 
Kjell S,Sakariassen and R.Marius Barsted 
Nyenmed Bioreg AS, Oslo, Norway. 

Thrombus formation at raptured stenotic plagues is often associated with life-threatening 
episodes, The mechanisms of thrombus formation at such lesions are not well understood, 
but the particular blood flow conditions introduced by the steeosis and the thrombogenie 
components of the fissure, e.g. collagens mad tissue factor, are apparently playing important 
roles. 

We have developed model systems to study thrombus formation m native human blood at 
the apex of eccentric stenoses. The thrombas formation is triggered by either collagen 
fibrils or tissue factor at wall shear rates varying from 2.600 to 32.000 see 1. The 
introduction of an eccentric stenosis enhances the thsombus formation two-fold when 
compared to thrombus formation at similar shear conditions without the inclusion of  a 
stenosis. The deposition of fibrin is particularly pronounced in thrombi formed at the 
stenotic apex. However, thrombus formation in blood from patients with low levels of FVII 
coagulant activity (1.3-4.5%) is siguificatuly reduced. In contrast, aspirin ingestion by 
healthy volunteers has much less reducing impact on thrembus formation than deficiency 
of FVII. 

Thus, it appears that a stenotic lurmnal outgrowth enhances the thrombus formation 
significantly. Thrombin generation at the evolving thrombus may play a significant role in 
this event. 
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ROLE OF HEMODYNAMICS IN PLATELET STIMULATION IN SEVERELY STENOSED 
CAROTID ARTERIES 
Boreda, R., Fatemi, R.S., and Rittgers, S E., Dept. of Biomedical Engineering, Univ. of Akron. 

Recent clinical studies have shown a high incidence of thrombus formation around 
severe arterial atenoses. Thrombosis superimposed on the a~ready existing atherosclerotJc lesion 
is known to contribute to a majority of cardiac and stroke related deaths. Flow disturbances 
caused by high grade atheroscierotic lesions are thought to be contributing factors in initiating 
and accelerating a thmmbus formation. The present study was undertaken in an effort to assess 
the role of abnormal hemodynamics existing in the vicinity of a severe stenosis in the stimulation 
of platelets. 

An in-vitro experiment was performed to study and quantify the flow patterns downstream 
of a stenos]s using an ultrasound Doppler Color Flow Imaging (DCFI) system. Compliant aderial 
models were fabricated with different degrees (51 2,  63, 72.5, 71 and 79.6% area reduction) of 
symmetric and asymmetric stenoses. These models were placed in a pulsatile flow loop and a 
blood analog fluid was circulated (Mean Re = 400, *x = 5.3 ) to simulate carotid artery flow. Flow 
images were recorded in real-time up to three diameters downstream of a stenosts using a 128 
channel, 7.5/5 MHz linear array transducer. These images were digitized, uploaded and later 
decoded into velocities using a color image processing set up. The velocity data from jet region at 
peak systole was used to obtain a) shear stress at each point in the flow feild, and b) exposure 
t ime for particles. Shear stress was plotted against exposure t ime to assess the potential of 
different degrees of stenoses in activating ptatelets. 

Results show that, shear stresses and particle exposure times vary with the degree and 
shape of stenosis. As the severity of stenosis increases, shear stresses attain higher values and 
exposure t imes become shorter. Based on the magnitude of shear forces known to activate 
platelets (Hellums et al, Studies on Shear Induced Platelet Activation, Cerebral tschemia and 
Blood Rheology, ' 87), it was found that in 71% or lesser degree of asymmetric stenosis and 
7g.6% or lesser degree of symmetric stenosis, shear stresses do not reach critical levels. 
Extrapolation showed that these parameters would attain critical levels when the degree of 
stenosis is in the range of 90 - 95%. 
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AUGMENTED MASS TRANSPORT IN SHEARED SUSPENSIONS OF RED BLOOD 
CELL GHOSTS 
W. Cha and R. Beissinger, Illinois Institute of Technology, Chicago, IL 60616 

Significant mass transport of macromolecules to surfaces in cellular suspensions undergoing 
laminar shear flow occurs in various biological systems. Both the dispersive and rotational 
motions of the suspended particles may augment the Brownian diffusivity of the 
macromolecular solutes. Shear-induced mass transport of albumin in a particle suspension 
of red blood cell (RBC) ghosts was determined by measurement under diffusion-limited 
conditions of macromolecular adsorption rates to the glass wall of our rectangular flow 
system. Adsorption was measured continuously using total internal reflection fluorescence 
rechuiques for suspension particle volume fractiolls (r of 5 to 70% and shear rate (y) of 
200 to 1000 s". The effective diffusivity of albumin was found to be enhanced compared to 
the Brownian diffusivity value measured for the homogeneous protein solution. 
Augmentation of protein transport (defined as DffD, - 1, where D, and D, are the effective 
diffusivities under flow and stationary condition, respectively) was found to increase from 17 
to 1300% as qb and y were increased to the maximum values used in the study. 
Augmentation normalized by the particle Peeler number was found to increase with ap to a 
maximum at 45% (as a result of the normalization) for all shear rates tested, Shear-induced 
particle diffusivity (Dp) was also determined from the augmented protein transport results. 
Based on a flow model, the effective diffusivity of the macromolecular solute was determined 
to be equal to D,, i.e., the diffusivity of solute in suspension without flow, plus Dp, i.e., the 
shonr-induced particle diffusivity, The shear4nduccd particle diffusivity (Dp) was determined 
based on the augmented protein transport experimental results, Values of Dp normalized 
by shear rate were observed to reach a maximum value (2.2xlll ~ cm~/s) at a �9 of 45%. The 
particle diffusivity values as correlated with �9 were found to be in good agreement with that 
in the literature. 
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NUMERICAL SIMULATION OF THROMBUS FORMATION IN STENOSED CORONARY 
ARTERIES. 
Acharya S ,  Rittgers S.E.,Mugler D.H, Dept of BME, University of Akron. 

Atherosclerosis in combination with thrombotic occlusion, is a major cause of deaths in 
United States. Even though these and related phenomena have been extensively studied, the 
exact chain ot events in thrombotic occlusion, is not completely known. In particular, the details 
of how abnormal hemodynam[cs in stenosed arteries may lead to plateiet activation and 
consequent thrombogenesis have not been established The purpose ot this study is to evaluate 
the shear stress - exposure time history and near wall residence times of plateqets passing 
through a severely stenosed artery 

A 2-D , Navier Stokes simulation of flow in an asymmetric stenosed artery ( Area 
reduction = 75%,90%,95%) was carried out on a commercially available finite element package 
for input coronary arterial conditions ( o. = 23,  Rein= 87, Rep : 220) and New~onian fluid Particle 

paths representing platelet trajectories were tracked through the stenosis The shear stress - 
exposure time history along a path was obtained The data was then compared with critical shear 

- exposure times to determine if the platelet analogs would be stimulated [1]. Statistical indices 
for correlation between severity of stenosis and probability of platelet activation were calculated. 

Results of this study show complex flow patterns in the stenosed region with jetting at 
the throat The jet bends towards the stenosed wall causing a wake of vortices For the more 
severe stenoses, we observed: (i) The shear stresses near the crown of the stenosis are increased 
and corresponding exposure times are decreased (ii) Vortices have larger size and corresponding 
residence times are higher 

The results of this study, are useful in determining the probability of platelet activation in 
stenosed coronary attetial conditions They also establish the likelihood for ptatelet adherence to 
the vessel wal l  and resulting thrombus format/on downstream of the stenosis This wifi be 
important in identifying a critical stenosis clinically 

1. Hellums et al, Studies on Mechanisms of Shear Induced Platelet Activation,Cerebral Ischemia 
and Hemorheoloqy, 1987 
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PHYSICAL EXPLANATIONS OF NEAR-WALL EXCESSES OF PLATELETS 
E. C. Eckstein, University of Tennessee, Memphis, Dept. of Biomedical Engineering, 
899 Madison Avenue, Suite 801, Memphis, TN 38163 

The initial explanation for large near-wall excesses of plutelets, which are observed at wail 
shear rates of 400 inverse seconds and above, involved a mechanism used to describe the shear- 
thinning property of blood viscosily. At high shear rotes, destruction of rouleanx was 
hypothesized to lead to a lessening of the available volume in the core region; as each red cell 
separated from the rouleaux, the available volume in the core would be w.duced by an amount 
equal to the excluded volume around the individual red cell. For small amounts of available 
core volume, there would be a high pistelet concentration, leading to a movement to the wall 
region, which was assumed to be relatively unchanged at various wall shear rates. Close 
inspection of the explanation revealed two defects; the method of estimating the excluded 
volume pertained to dilute solutions, which is not appropriate for the near-wMl excesses, and the 
statistical basis for the calculation was specially posed. These defects are specially problematic 
at high concentrations where near-wall excesses have also bean ohserved. Their correction 
would lead to a model that is exceedingly difficult to evaluate, and therefore, relatively 
unsatisfying as a physical explanation. 

A combination of other microrheological events, lmincipally, alignment of the flexible red 
blood cells in shear flows and flow-induced lateral motion away from boundaries, may provide 
a suitable explanation. Such events suggest that the random motion would not be uniform. The 
effects of imposed forces or induced drift can be included in random walks, fucluding such 
phenomena leads to forcing terms such as were used in an extended convective diffusive 
equation (E.C. Eckstelu, F. Belgecem, Biophys. J., 60:53-69, 1991). That model estimated the 
forcing (drift) term from the steady state, fully develoi:~l concentration profile. Physically, the 
above mentioned micrortieological events would act on the otherwise randomly moving particles 
to establish the fully developed profile. 
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INNNER CLOT PERMEATION CONTROLS RATE OF TltROMBOLYSIS 
Sriram Anand, Jung He Wu, and Scott L. Diamond 
Bioengineering Laboratory, 907 Furnas Hail, S.U.N.Y., Buffalo, NY 14260. 

Wc have developed a model of  fibrinolysis which predicts the diffusion and 
permeation of  two chain tPA or urokinase (uPA), plasminogen (plg; g lu l -p lg  or 
lys77-plg), and plasmin (plm) through fibrin clots as they undergo lysis under 
any AWL (0 to 60 mmHg/cm-clot) .  This simulation takes into account the 
kinetics o f  reversible fibrin adsorption, irreversible reactions in the plasma 
phase and on the fibrin. The model,  which has no adjustable parameters, 
evaluates: (i) the t ime-evolving clot structure/binding site stoichiometry, and (ii) 
lysis fronts moving  across clots for any fibrin structure (free or coarse gels), 
fibrin density, and therapeutic regimes of  uPA and/or tPA (bolus, constant dose, 
or mixed therapies). From simulations, we predict that: 
1) Partitioning o f  tPA between the plasma phase and the fibrin phase is not  at 
local equilibrium under conditions of  fluid permeation across the clot. These 
nonequilibrium conditions tend to front load the clot with tPA. 
2) The AWL controls the velocity o f  a lysis front. With inner clot permeation 
(Pe - 5 0  to 500), significant clot lysis occurs in under 45 rain. However, in the 
absence o f  permeation, the model predicts that lysis proceeds at the rate o f  
diffusion and requires many hours to achieve significant lysis. Small  amounts 
of urokinase (0.1 to 1 p.M) in conjunction with a tPA (1 ~M) 5-minute bolus are 
potent lyric cocktails due to the movement  o f  urokinase with the permeation 
front, especially at Pe > 50. An in vitro peffusion system was used for testing 
the predictions o f  the model. In agreement with the computer simulation, a 
pressure drop across a fibrin clot to drive fluid permeation allows for lysis to 
occur over 10 fold faster than by diffusion-mediated transport alone. 
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PARTICLE TRAJECTORY PATTERNS AND RESIDENCE TIMES DOWNSTREAM 
OF A CRITICAL ARTERIAL STENOSIS 
Cao, J., Fatemi, R.S., and Rittgers, S.E., Dept. of Biomedical Engineering, Univ. of Akron 

Severe thrombotic events frequently occur with critical stenoses of human left anterior 
descending (LAD) coronary arteries and internal carotid arteries (ICA). Mechanical Stimulation 
of platelets at the narrowed region of these arteries in conjunction with the longer residence 
times downstream may lead to platelet adhesion and thrombus formation. 

An in vitro flow visualization technique has been developed to quantify the flow patterns 
and compute platelet residence times downstream of a stenosis. Pulsatile LAD and ICA 
waveforms were applied to 75% and 95% area reduction asymmetric silasfic models. Neutrally 
buoyant platelet analog particles (amberlite) were introduced into the flow field illuminated by 
a c h o p #  laser (300roW Argon-ion). particle trajectories were recorded by a high re.~intion 
manochrome CCD camera operating at frame integration interlaced mode, and a pseudo-color 
display of the flow directions and platelet residence times were obtained by using a PC based 
image processing peckage. The software written in C language includes the procedures of 
thresholding, pattern recognition, gravity center calculation and pseudo-color display. 
Furthermore, 99 % particle washout intervals were calculated by injecting particles upstream and 
counting them at the end of each pulse cycle over four diameters downstream. 

Complex flow patterns inehiding jening and separation vortices were found downstream 
of the stanoses. Platelet residence times were higher for the LAD vs. the ICA and for the 95 % 
stemos~ vs. the 7555 ~tenoses. In addition, 99% particle washout intervals (PWI) illustrated 
that: PWI(95%/LAD) > PWI(75%/LAD) > pWI(95%/ICA) > PWI(75%/ICA). These results 
indicate that coronary flow conditions and critical stenuses favor accumulation of platelets and 
formation of arterial thrombosis. 
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A STUDY OF MICROSCALE FLUID FLOW IN TOTAL ARTERIAL OCCLUSIONS. E.T. 
Ozawa 'a, R.D. Kamm t'~, M. Johnson l, J- E. Brash 2, and f. Knian 2. Department of Mechanical 
Engineering, M.I.T., Cambridge, MA 02139x; Cardiology Section, University Hospital, Boston 
MA 021182, and tl~ Harvard-M.I.T. Division of Health Sciealnes and Technology 3. 

The use of a catheter to re,hove or reope~ thrombotic occlusions present in arteries is 
common and has made bypass surgery unnecessary in many cases. The procedure, known as 
porcutaneous translnmina] angioplasty (PTA), typically makes use of a balloon-tipped catheter 
to displace the occlusive material, thereby re-opoting the vessel lumen. The flow properties of 
fluid through a chronic total occlusion were studied to improve methods of introducing 
thrombolytic enzymes for the p ~  of facilitating guide wire penetration during angioplasty. 
Chronic total occlusions were induced in male New ~ rabbits by surgical constriction of 
the left interual lilac after. After 8 weeks, the artexias containing the mature occlusions were 
removed so that a variety of flow measureenents could be performed. Baseline measurements of 
axial flow conduCtivity at constant pressure through the total occlusion in 22 specimens were 
followed by a variety of protocols which included 1) treatment with testicular hyaluronidase 
(n=5), 2) pea'fusion with an Evans Blue solution (n--8), 3) oscillatory pressure perfiision (n--6, 
near physiologic, at 30 mm Hg and l(30 mm Hg), and 4) t~'fusinn at several different static 
pressure heads (n~6). 

The experimental results indicate that a possible path of flow past the occlusion is the 
annular region between the intact internal elastic membrane and the occlusive plug. This 
hypothesis is further supported by a mathematical model in which data from test (4)'we~ used 
to predict the elastic propmies of the artery wall, which was assumed to expand away from the 
pathologic lesion opening an annular channel. Oar experimental results were found to be in 
approximate agreement with publisbed measurements of arterial wall compliance. These 
findings may be relevant to the clinical setting since proteolytic enzymes could take advantage 
of this dissecting mechanism to "core" out the occlusive lesion, thus facilitating its removal. 

Support from the National Sulenne Foundation and the Division of Health Sciences and 
Technology at M.LT. for E.T. Ozawa am gratefully acknowledged. 
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EFFECT OF FLUID SHEAR ON THROMBUS FORMATION AND PLATELET 
FRAGMENTATION IN HEMODIALYZER 
M. Kapadvanjwala, W. Jy, and M.K. Dewanjee 
Departments of Biomedical Engineering, Hematology and Radiology, University of Miami, 
FL. 

The effect of pulsatile blood flow on platelet thrombogeneeity and platelet fragmentation 
(PF) in hollow-fiber hemodialyzer (HFD) was quantified with In-I 11 labeled platelets; 150 
ml of blood was collected from Beagle dogs, Yorkshire pigs and human volunteers (non- 
smoker). Platelets were labeled with ln-I 11 tropolone (300 #Ci) and sham-dialysis (SHD) 
was performed at 37"C, with flow rates of 150-, 250-, 500- and 950 mi/min, for three 
hours; after SHD, the washed HD-radioactivity was measured with ionization chamber. 
Platelet microparticles (PMP) was measured by flow-eytometry with GP lib-Ilia murine 
monoclonal antibody. Procoagulant activity of PMP was measured by Russell Viper Venom 
test. Platelet deposition decreased signifieaotly for 3 species at higher flow. Adherent 
platelet thrombus decreased from (8.2:t:3.4) to (3.1 + 1.0) with human blood as flow rate 
inoreased from 150 to 950 ml/min.; platelet thrombus level also decreased significantly from 
(20.35:6.2) to (4.55: 1.9) with canine plalelets. Higher values were obtained for canine than 
human and porcine platelets. Platelet fragmentation increased with time and flow rate from 
2.1-2.2 % to 10.2-11.3 % (human blood). Prneoagulation time for PMP decreased from 61 
see. to 19 see. with time (normal value 52-65 see.). Increase in platelet fragmentation 
provides more catalytic surface for coagulation and thus reduces the procoagulation time. 
,The study of adherent thrombus, platelet fragmentation and procoagulation activity identified 
an important flow region for reduced thrombogenieity and acceptable fragmentation 
encouraging extracorporeal circulation at higher blood flow. 
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FLOW CYTOMETRIC STUDIES OF PLATELETS FROM NORMAL SUBJECTS AND 
STROKE PATIENTS SUBJECTED TO SHEAR STRESS 
K. Konstantopoulos I, J.C. Grotta 2, M.M. Udden 3, E.I. B~nez 3, K.K. Wu 2, and J.D. Hellnms I 
Cox Laboratory for Biomedical Engineering, Rice Universityl; University of Texas Health 
Science Conter2; Baylor College of Medicine 3 

The objective of this work was to evaluate quantitatively the effects of flow on platelet reactions 
using a flow cytometric technique. Whole blood specimens from normal subjects and 
atherothrombotic stroke patients (up to 72 hours post stroke) were exposed to well-defined, 

shear stress in a cone-and-plate viscometer in the absence of added agonists. Specimens 
were fixed with formaldehyde, and then incubated with two flnorochrome -conjugated monoclonal 
antibodies. Antibody 6D1, specific for platelet membrane glycoprotein Ib (GPIb), was used to 
identify, and enumerate platelets and platelet aggregates, on the basis of their characteristic 
forward-angle light scattering and FITC fluorescence profiles. Antibody PAC1, specific for the 
activated form of GPIlb-llla, was used to measure platelet activation. Blood specimens were then 
analyzed in a FACScan flow cytomeler. The results on normal blood showed platelet activation 
and aggregation inceease with the shear stress. The stroke patients blood was found to exhibit 
much higher than normal levels of platelet activation prior to exposure to shear stress: 11% 
+1.7 (meaifl:S.E.M) activated versus 6% _+0.5 for normals. Furthermore, the stroke patients 
blood was much more susceptible to shear-indoced platelet activation and aggregation. At a 
stress level of 105 dynes/era 2 stroke patients platelets formed 3000+~00 large aggregates per Ill 
("large" deemed to be larger than leukocytes). In contrast, normal specimens formed only 400L-_80 
large aggregates per ill. The results show that shear stresses of the levels which occur in arteries 
partially occluded by atherosclerosis or vascular spasm strongly activate and aggregate platelets, 
and this response is much more pronounced in stroke patients. 
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EFFECT OF STERICALLY- STABILIZED LIPO SOME-ENCAPSU LATED 
HEMOGLOBIN AND SHEAR FLOW ON ACTIVATION OF COAGULATION AND 
THROMBOSIS 
J. Jato, S. Zheng and R. Beissinger, Illinois Institute of Technology, Chicago, I L  60616 
and V. Shankey and J. Fareed, Loyola University Medical Center, Maywood, I L  

Recent work conducted in our laboratories on a hemoglobin-based red blood cell 
substitute has demonstrated that administration of liposome-encapsulated hemoglobin 
(LEH) in rats was efficacious. Also it was found that sterically-stabilized LEH was 
significantly less immunotoxic than conventional LEH. The potential of these two types 
of formulations for activation of coagulation and platelets following interaction of either 
hirudin-anticoagulated whole blood or platelet rich plasma (PRP) under controlled shear 
flow conditions is being investigated in this study. Initially, conventional LEH containing 
phosphatidylglycerol (PG) and sterically-stabilized LEH in which PG is replaced with 
polyethylene glycol-phosphatidylethanolamine (PEG-PE) are compared for their effects 
on platelet activation. Activation is measured using flow cytometric analysis of CD-62 
monoclonal antibody (GMP-140) expression on CD-61 monocional antibody (GP lib/Ilia) 
positive platelets. These studies are being carried out in a rotational flow system, i.e. a 
cone-and-plate viscometer, to assess shear flow effects on bulk interactions between 
platelets and LEH. Activation of enzymatic coagulation reactions is being investigated 
under controlled shear flow conditions with either whole blood or PRP flowing through 
a capillary system with LEH coated on the capillary wall. Results obtained in these 
studies thus far indicate that the sterically-stabilized LEH do not activate platelets. 
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P L A T E L E T  A G G R E G A T I O N  AND SURFACE A D H E S I O N  IN PULSATILE 
SHEAR FLOW: EFFECTS OF RED BLOOD CELLS 
J. H. Joist*, J. A. Banman*,  S. P. Suterat  
*St. Louis University, iWashington University, St. Louis, MO 

Red blood ceils (RBC) are known to play an important  role in the arrest of  
bleeding following small vessel injury. They also support platelet adhesion to 
endothelial cell matrix and artificial surfaces as well as platelet aggregation in 
shear f low in different in vitro f low systems. Experiments were designed to 
examine the effects of  RBC on shear-induced platelet aggregation (SIPAG) and 
platelet adhesion (SIPAD).  Suspensions of  human platelets labeled with 
Mepacrine and suspended in citrated plasma were exposed to pulsatile shear 
stress of  varying amplitude (25-100 dyn/cm 2) in a cone-plate viscometer in the 
presence or  absence of  intact RBC or glutaraldehyde-fixed (GTA) RBC for 120- 
130 seconds. SIPAG was expressed as percent loss of  single platelets. SIPAD 
was assessed in terms of  Mepacrine-related, fluorescent materials remaining on 
glass disks inserted in the bottom plate of  the viscometer  after washing with 
EDTA-saline.  Intact RBC were twice as effective as GTA-RBC (which are 
depleted of  ADP) in potentiating SIPAG at all shear stress levels. Potentiation 
of  SIPAD by intact RBC was markedly less than that observed with GTA-RBC 
at stresses above 50 dyn/cm 2. These and additional findings indicate that RBC 
potentiate SIPAG by both physical and humoral  (ADP) mechanisms but support 
SIPAD largely ff not solely by enhancement  of  platelet transport from the bulk 
flow to the bounding surfaces. 
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FLOW CYTOMETRIC ANALYSIS OF SHEAR INDUCED PLATELET 
ACTIVATION 
N.B. Purvis, Jr. and T.D. Giorgio 
Department of Chemical Engineering, Vanderbilt Univ., Nashville, "IN 

Past studies of shear induced platelet activation (SIPAC) have been limited to assays of 
averaged platelet population changes. Recent studies of chemically induced platelet activation 
have demonstrated that 15% to 30% of the platelet population does not participate in 
activation and aggregation. Interpretation of assays, such as the measurement of intraceUular 
Ca 2§ concentration ([Ca 2+ ]i), may be compficated since the results average both activated and 
non-activated platelets. Flow cytometry provides the means to distinguish between activated 
and non-activated platelets. Furthermore, flow cytometrie measurements are made on 
individual platelets allowing greater sensitivity to changes that might otherwise be undeteclable. 

Platelet rich plasma (PRP) was exposed to a controlled, uniform shear stress of 32 
dynes/cni 2 in a cone and plate viscometer for 60 seconds. Sheared platelet samples were 
immediately fixed in 1% paraformaldehyde and subsequently labeled with the monodonal 
antibodies (MoAbs), which recognize specific epitopes on platelet membrane proteins and 
receptors. Control and phorbol myristate acetate (PMA) treated platelets were identically 
fixed and labeled. The platelet samples were analyzed in a FACScan flow eytometer gating 
only positive platelet events. Fluorescence data was converted to the number of botmd MoAb 
molecules per event and surface area normalized to decouple simultaneous changes in platelet 
size and receptor expression. CD62 binding density, a MoAb specific for a granule membrane 
protein GMP-t40, was determined to be 75-+13 molecules per am:: following a 1 minute 
exposure to 32 dynes/era 2. CD62 binding densities of 59-+16 and 313-+67 molecules per #m 2 
were measured for control and PMA treated platelet samples, respectively, which corresponds 
to an average percent c~ granule release of 6.0%. SIPAC induced binding of flbrinogen and 
von Willebrand Factor as well as changes in GP llb/IIIa expression were also measured by 
flow cytometry. Additional assays were performed to monitor [Ca2*]i , dense granule release, 
lysis, and aggregation. 
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EFFECTS O F  L O W  F L U I D  S H E A R  R A T E  O N  T I S S U E  F A C T O R  
A C T I V I T Y  I N  C U L T U R E D  H U M A N  M O N O C Y T E S  S t e v e n  M.  
P e c k h a m ,  L e e  J. C a r m a c k ,  Yale  N e m e r s o n * ,  a n d  V i n c e n t  T. T u r i t t o  
( D e p a r t m e n t  of  B i o m e d i c a l  E n g i n e e r i n g ,  M e m p h i s  S ta t e  U n i v e r s i t y ,  
M e m p h i s ,  T N  38152, a n d  * M o u n t  Sinai  M e d i c a l  C e n t e r ,  N e w  York ,  
N Y  10029) 

T h e  e f fec t s  o f  f l u i d  s h e a r  o n  t h e  c o a g u l a t i v e  b e h a v i o r  of  c u l t u r e d  
m a c r o p h a g e s  d e r i v e d  f r o m  h u m a n  p e r i p h e r a l  b l o o d  m o n o c y t e s  (PBM) 
h a v e  b e e n  i n v e s t i g a t e d .  U s i n g  a pa ra l l e l  p l a t e  p e r f u s i o n  c h a m b e r  cells 
c u l t u r e d  7 to  14 d a y s  o n  T h e r m a n o x  s l ides  w e r e  e x p o s e d  to w a l l  s h e a r  
ra tes  o f  6, 12, 24, o r  48 s -1 for  u p  to  2 h o u r s  in 0.01 M H e p e s  b u f f e r  
c o n t a i n i n g  150 n M  fac to r  X (FX) a n d  10 n M  fac tor  VI Ia  (FVIIa) .  T h e  
c o n c e n t r a t i o n  o f  FXa  e x i t i n g  t h e  c h a m b e r  w a s  d e t e r m i n e d  b y  
c h r o m o g e n i c  a s s a y  a n d  f o u n d  to  i n c r e a s e  w i t h  i n c r e a s i n g  t i m e  a n d  
d e c r e a s e  w i t h  i n c r e a s i n g  w a l l  s h e a r  rate.  O m i t t i n g  FVIIa  r e s u l t e d  in n o  
FXa p r o d u c t i o n  o v e r  a 1 h o u r  p e r f u s i o n .  Pr io r  to cu l t u r e ,  p e r i p h e r a l  
b l o o d  m o n o c y t e s  e x h i b i t e d  n o  t i s sue  f ac to r  ( ' IF)  ac t iv i ty ,  a s  m e a s u r e d  
b y  th is  a s s a y  s y s t e m .  T h u s ,  t he  c u l t u r e  o f  PBM to n e a r l y  c o n f l u e n t  
m a c r o p h a g e s  r e s u l t e d  in cells exh ib i t i ng  TF ac t iv i ty ;  t he  e x t e n t  of  this  
a c t i v i t y  d e p e n d e d  o n  t h e  loca l  s h e a r  c o n d i t i o n s  in  a m a n n e r  
q u a n t i t a t i v e l y  p r e d i c t e d  b y  t h e o r e t i c a l  c o n s i d e r a t i o n s  o f  s u b s t r a t e  
t r a n s p o r t  to t he  cells. 
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COMPARATIVE HEMORHEOLOGY OF ATHLETIC AND SEDENTARY MAMMALIAN 
SPECIES 
A.S. Popel and M.V. Kameaeva 
Dept. of Biomedical Engineering, Johns Hopkins University, Baltimore, MD 21205 and Dept. 
of Surgery, University of Pittsburgh, Pittsburgh, PA 15213 

Blood viscosity was measured with a Couetts rhoometsr in the range of shear rates 0.277 to 128.5 
s t and with a capillary viscometor at 500 s -j for samples of ovine, camne, atttetope (pronghorn 
antelope, Amilocapra amer/cana) and human blood. In addition, erythr(~yts sedimentation rats 
(ESR) was measured using the Wintrobe method. Among these tmmmalian species, sheep is a 
sedentary Slx~ie*, and dog and a ntslope can be charactsrized as athletic, based on mass-specific 
maximum oxygen consumption, VO2E, a parameter used to ehnraetsrize animals athletic ability. 
Humans are a special case in such chwsification, because of bipedal gait vs quadrupedal animals. 
Our data show that the degree of red blood cell aggregation, as charactsrizad by the visc.osity at 
low shear rate and ESR, is higher in the athletic antelope and dog, as comparad to sedentary 
sheep. Comparative analysis can also be done in terms of parameters in the Quemada rheological 
model. Analysis of data by others corroborats this finding: goat (sedantary) has similar low 
aggregation capacity as sheep, athletic horse has a high aggregation capacity, whereas in sedentary 
cow red blood cell aggregation is virtually absent. Hemodynamie analysis of re6istance changes 
and pressure distribution throughout the mierocirealation in skeletal mesele between resting 
conditions and strenuous exercise shows that a substantial increase in blood viscosity in the 
postcapiUary circulation would serve to prevent capillary pressure from falling to very low values 
in transition from exercise to re~t in athletic speeie~, in spits of significant increases in preeapillary 
resistance. We hypothesize that during evolution athletic species developed the capacity for red 
blood cell aggregation as a means of regulating postcapillary hemedymm]e resistance that serves 
to w.sintain levels of capillary hydraulic pressure necessary for normal fluid balance. Supported 
in part by NIH grants HL 17421 and HL 18292. 
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U L T R A S O U N D  M E T H O D S  F O R  I N V E S T I G A T I N G  B L O O D  
R H E O L O G Y  

R.S.C. Cobbold, R.E.N. Shehada, L.Y.L. Me  and P.A.J. Bascom 
Institute of  Biomedical Engineering, 

University of  Toronto, Toronto M5S 1A4, Canada. 

Although a great deal of  work has been devoted to studying the non-Newtonian 
characteristics of  blood in small diameter vessels, limitations of  current 
measurement  techniques have not enabled detailed studies to be conducted on 
blood flowing in large diameter (>1 cm) tubes. It is our purpose to describe some 
recently developed ultrasound methods that enable quantitative information to be 
obtained from large diameter tubes. 

A linear array 7 MHz B-mode imaging system was used to measure blood 
echogenicity and velocity profiles simultaneously as they developed with axial 
distance for a steady flow of porcine whole blood (Hct=28%) in a long, large 
diameter (2.54 cm) tube. Velocity profiles were measured using cross correlation 
between successive digitized images with a known time separation, and from 
these shear rate profiles were calculated. Mean echogenicity profiles were also 
determined from the digitized images for selected locations along the flow axis, It 
was found that over a range of  low shear rates, the echogenicity is enhanced 
similar to the previously reported influence on aggregation. The transient effects 
of  abrupt flow stoppage were also studied and it will be shown how these results 
can provide useful insights on aggregation kinetics. 
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S U R F A C E  S H E A R  V I S C O S I T Y  OF RED C E L L  M E M B R A N E  F R O M  
RHEOSCOPIC OBSERVATIONS 
A. Millous, S. P. Sutera, G. I. Zahalak 
Washington University, St. Louis, M e  

Measurements  o f  the deformat ion  and m e m b r a n e  rotational f requency o f  
individual red blood cells (RBC) steadily tank-treading in a Rbeoscope are used 

to calculate the surface shear  viscosity (rim) o f  the membrane.  The ca/calation 
employs previously developed algorithms based on a mechanical  energy balance 
plus an assumed membrane  velocity field. The method yields either a surface- 

averaged value of  r im corresponding to a l imited interval of  membrane  shear 

rate or a constitutive relationship for r im as a function of  the second invariant of  

surface strain rate. In the latter representation of  r im is found to decrease with 

increasing strain rate (shear-thinning behavior). The range o f  r im determined in 
this manner  tends to be substantially below those deduced from observations of  
the transient recovery of  RBC deformed by means of  micropipette manipulation. 
The discrepancy raises questions about  certain assumptions inherent  in the 
micropipette recovery approach. 
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INFLUENCE OF NON-NEWTONIAN BEHAVIOR OF BLOOD ON FLOW IN AN 
ELASTIC ARTERY MODEL 
A. Dutta and J.M. Tarbell 
Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

Two different non-Newtonian models for blood, one a simple power law model 
exhibiting shear thinning viscosity and the other a generalized Maxwell model 
displaying both shear thinning viscosity and oscillatory flow viscoelasticity, were used 
along with a Newtonian model to simuiate fully developed oscillatory flow of blood 
in rigid and elastic straight arteries. 

When the spring elements were removed from the viscoelastic model resulting 
in a purely viscous shear thinning fluid, predictions of flow rate and wall shear stress 
(WSS) for a fixed pressure gradient waveform were unaltered, suggesting that 
elasticity of blood does not significantly influence blood flow under arterial flow 
conditions. Simulations using a power law model with a high shear rate Newloninn 
cutoff v~seosity and a fixed pressure gradient waveform as input in both rigid and 
elastic tubes indicated that the mean WSS is quite insensitive to the fluid rheology 
but strongly dependent on the phase angle between the elastic wall motion and flow 
waveforms. The effect of elastic wall motion on WSS could be greatly reduced by 
matching the flow rate of the elastic and rigid models rather than the pressure 
gradient. 
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F L O W  I N D U C E D  M I C R O S T R U C T U R E  A N D  Y I E L D  S T R E S S  O F  
H U M A N  B L O O D  

George B. Thurston 
Rheology Laboratory, Department of  Mechanical Engineering 
The University of  Texas at Austin, Austin, TX 78712 

The viscoelastic properties of  human blood change with flow conditions, and the 
balance between elastic energy stored in the blood microstructure and the rate of  
dissipation of  energy is altered [1]. While at low rates of  flow the blood structure is 
isotropic on a macroscopic scale, it become highly anisotropic at high rates of  flow. 
Under oscillatory flow at controlled frequency and amplitude (in the range of  flow 
conditions in vivo),  the transition in structure is observed to be progressive with 
increasing amplitude. Near unit strain a dramatic change occurs which limits the 
increase in elastic energy storage per unit strain. This critical point is identified by a 
max imum in elastic stress, marking the onset of  formation of  cell layers separated 
by plasma layers [2]. This elastic yield stress is identified both in measurements of  
the viscoelastic stress-strain relation and in the transmission of  light through the 
blood [3]. Because the red cell dominates the viscoelasticity of  blood, the structural 
yield properties and the transition to  layered flow are dependent  on both the 
dynamic deformability and the aggregation tendency of  the cells. Examples  are 
given which show how these factors affect the elastic yield stress. In order to 
understand blood flow in r i v e  and the shear force on vessel walls, the effects of  
layered flow must be considered. 
[1] G. B. Thurston, Biophysical J. 12, 1205-1217 (1973). 
[2] G. B. Thurston, Biorheology 26, 199-214 (1989). 
[3] G. B. Thurston, Biorheology 27, 685-700 (1990). 
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OXYGEN DIFFUSION IN SICKLE CELL BLOOD 
Charles Y, Liu, 1 M. M. Udden, 2 and J. David Hellumsl 
Cox Laboratory for Biomedical Engineering, Rice University,1 Houston, TX, 77251-1892; 
Department of Medicine, Baylor College of Medicine, 2 Houston, TX 77030 

Polymerization of sickle cell hemoglobin accompanies deoxygenation and is known to be 
the primary event in sickle cell crisis. The present study used a diffusion cell to examine the 
effect of I-/bS polymerization on the oxygen effective diffusivity in sickle erythrocytes. 
Permeability experiments were conducted on samples of normal hemoglobin (HbA) solution, 
packed normal erythr0cytes, and packed SS erythrocytes which contained varying amounts of 
fetal and C hemog/obin. In increasing PC2 experiments, the samples were fully oxygen 
saturated after a very brief transient. In decreasing PC2 experiments, the average oxygen 
tension decreased progressively over the ilme cottrse of the experiment. 

At full oxygen saturation, the oxygen effective diffusivity in the packed sickle 
erythrocyte samples was not significantly different from that in normal erythrocytes, and was 
in agreement with prior worker's measurements of unfacilitated oxygen diffusion. The 
effective oxygen diffusivities measured in the decreasing PC 2 experiments on packed sickle 
erydirocytes were significantly different from those in normal erythrocytes. As the average 
oxygen tension decreased, the effective diffusivity in packed normal erythrocytes increased 
progressively to a maximum of 40% over its anfacilitated value, and then decreased. In 
contrast, in SS erythrecytas as PC-2 decreased, the effective diffasivity increased only slightly, 
and then decreased dramatically. The results of decreasing PC2 experiments on sickle 
erythronytes containing significant amounts of other hemoglobins (I-lbF, HbC) were different 
from those of both the normal erythrocytes and sickle erythrocytes with dominant labS 
fraction, showing the effect of hemoglobin composition on effective diffusivity. These 
results demonstrate a dramatic effect of HbS polymerization on the resistance to oxygen 
transport in sickle erythrocytes. 
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RED CELL DEFORMABILITY AND ADHESION TO ENDOTHELIUM AS 
DETERMINANTS OF VASO-OCCLUSlVE EPISODES IN SICKLE CELL DISEASE 
H, H. LIPOWSKY 
Bioengineering Program, Penn State University, University Park, PA 16802 

The onset of vaso-occlusive crisis in the sickle cell disease has been attributed 
to either diminished red blood cell (rbc) deformability, attendant to deoxygenation and 
polymerization of HbSS hemoglobin, or adhesion of rbcs to the endothelium (EC). To 
examine the role of rbc deformability in promoting microvascular stasis, measurements 
of the transit time of rbcs (lq-~) hardened by glutaraldehyde were made in the 
microvasculature of cremaster muscle (rat). RBC deformability was evaluated by 
filtration, in terms of the ratio of resistance to flow through pores of a Nuclepore filter, to 
that of suspending medium alone, i.e. ~ = Rrbc/Rpor~ It was found that TT,j1-Fp~ 
(normalized with respect to plasma transit time) was invariant with ~ for 2.5 < 13 _< 10 due 
to shunting of less deformable rbcs through pathways of lesser resistance, and rose 
significantly with ~ for #>10. In comparison, values for well oxygenated HbSS rbcs are 
on the order of [3 = 8 (Schmalzer, E. A. et al. J. Lab. Clin. Med. 113, 724-734, 1989), 
and upon deoxygenation, large decreases in rbc deformability preclude a determination 
of 13. Thus. the sickle cell patient appears to be functioning near a critical level of 
deformability, beyond which further increases in B may lead to microvascular staeis. To 
evaluate the potential for rbc-EC adhesion to exacerbate a low flow state, measurements 
of rbc velocity were made in nailfold capillaries of patients with sickle cell disease while 
reducing flow velocities by occlusion of the digital artery with a pressure cuff. It was 
found that creeping velocities of rbcs persisted at calculated wall shear stresses on the 
order of 0.25-0.5 dyn/cm 2 and that the inability to disrupt aggregates of rbcs appeared 
to result in capillary stasis in the nailfold. Thus rbc-EC adhesion may contribute less to 
vaso-occlusion than rbc deformability and aggregation 
Supported in part by NIH Grants HL-28381 and HL-39286. 
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ALTERATION OF SICKLE CELL ADHESION TO ENDOTHELIAL CELLS BY ATA. 
M. Natarajan 1 , M.M. Udden 2, D. Sears 2, J. Moake 3 and L.V. Mclntire 1 
Cox Laboratory for Biomedical Engineering, Rice University, Houston, TX I 
Medical Hematology Section, The Methodist Hospital, Houston, TX 2 
Department of Medicine, Baylor College of Medicine. Houston, TX 3 

Abnormal adherence of sickled erythrocytes to haman endothelial cells correlates with the 
clinical severity of the sickle cell anemia disease. Earlier work by Wick et al. (Am. J. 
Hematol., 42:284-292 (1993)) ~howed that human vWF pronaotes sickle erythrocyte adhesion 
to endothefial cells. Endothelial cells secrete ultra-large vWF that is thought to bind to GPIb- 
like receptors on erythrocytes. Our objective is to test die effects of anria tricarboxylic acid, a 
polycarboxylic, poIyphenolic compound that has been shown to interact with yon Willebr~d 
factor and inhibit its binding to platelet GPIb receptors (Blood, 81(5): 1263-1276 (1993)), on 
the adhesion of normal and sickled red blood ceils to endothelial cells. 

A parallel plate flow chamber and a phase contrast microscope with a computerized stage 
were esed to evaluate die effects of A T A  on this adhesion. Sickled reticelocytes were 
separated from whole blood, incubated with endothelial cell supernatunt (EC-sepematant) for 
one hour at 370C and perfused over a monolayer of endothelial ceils. ATA was incubated 
with the erythrocyte-EC supematant suspension for five minutes prior to its perfusion over 
the endothelial cell moeoinyer. The number of adherent cells were counted in sixteen random 
fields ranging over the entire flow chmnber. Reticul0cytes from donors with non-sickle 
hemoglobin served as controls for these experiments. 

Preliminary results demonstrate concentration and incubatioa time effects of ATA on the 
adhesion of red cells to endothelial cells. The effect of a recombinant vWF fragment from tbe 
GP/b binthng domain on the adlaesion of normal and siclded cells to emloll~lial cells will allso 
be investigat~L 
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RECEPTOR-MEDIATED ADHERENCE OF SICKLE ERYTHROCY'rES TO 
VASCULAR ENDOTHELIUM 
TM Wick and JR Eckman, School of Chemical Engineering, Georgia Institute of 
Technology, Atlanta, GA and Division of Hematology/Oncology, Depadment of 
Medicine, Emory University School of Medicine, Atlanta, Georgia. 

Occlusion of microvessels by sickle erythrocytes results in the episodic pain events 
characteristic of sickle cell anemia. Micmvascular occlusion is likely initiated or 
accelerated by adherence of sickle erythmcytes to the vascular endothelium. It is 
hypothesized that inhibition or reversal of adherence will reduce the frequency and 
severity of sickle cell pain events and lessen the accompanying organ damage. In 
vitro, adherence is dependent upon sickle red coil membrane aiteraticns, sickle 
plasma factors, endothelial cell phenctype, endothelial cell activation state, and local 
homodynamic conditions. Our group and others have recently described several 
receptor-mediated pathways of sickle cell adherence to large vessel and 
microvascular eedntholium. Both integdn and ncn-integnn receptors on sickle 
erythreoytes and endothelium padicipate in adherence. Adhesion is greater to 
cytokine activated endothelium. Our group has recently reported that 
mechanism(s) of sickle cell adherence to capillary and post-capillary venule 
endothelium are different (Brittain, etaL J Lab Clin Med 1992;19:538), These 
observations indicated that adherence of sickle erythrecytes to microvascular 
endothelium is elaborate and heterogeneous. In this report, the evolution of vase- 
occlusion theory will be presented and the role of adherence in the pathophysiology 
of vaso-occlusion will be discussed. Potential therapeutic targets based on the 
adherence data will also be discussed. 
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TISSUE PERFUStON IN M!CE CARRYING THE GENE FOR HUMAN SICKLE 
HEMC~.~LOE{!N 
Ingnd H Sarelius, Patncia A. Titus, and Giles R. Cokelet. 
Dept s I_hivelsity ol Rochester, Rc<;h~el. NY ~4$4.2 

Several tlans,:,jenic mouse models for sickle cell disease have been reported. We have 
established a colony of mice carrying the HSf-5(q~ s gene: 58% of these animals 
express human sickle hemoglobin (HbS) as 40% of total hemoglobin. This experimental 
model provides an opportunity to directly explore microvassular function in circulations 
that have adapted to the disease process (e.g. as a result of anemia or from repeated 
perfusion impairment) by remodelling or by changes in microcirculatory control 
mechanisms Mice with the gone (POS) have higher blood density, higher spleen 
weight, and lower hematocrit by 14 weeks of age than non gone-carrying matched 
controls (NEG). Cremaster preparations in anesthetised mice (7mg/1O0g, i.p.) were 
used to compare capillarity, capillary cell flow variables and arteriolar responses. POS 
mice had fewer capillaries than NEG mice but almost all of these capillaries were 
pertused at rest, whereas NEG animals had a significant capillary reserve. Cell flow 
capacity was higher in POS mice (90.6• vs 70.9-z-6.6 cells/see in NEG); also, 
in POS, capillary cell content was higher (25.5• vs 20 1• cells/100pm) while cell 
velocity was lower (192• vs 223• pmlsec) and perfused capillary segments were 
shorter (303• vs 387• pro). These data show that there are differences in tissue 
blood flow characteristics in HbS mice which may reflect adaptational responses to 
changes in blood cell characteristics or oxygenation. 
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LEUKOCYTE CAPILLARY OBSTRUCTION IN THE PERIPHERAL 
CIRCULATION. 
G. W. Schmid-Schrnbein 
Institute for Biomedical Engineering, University of California, San Diego, 
La Jolla, California 92093-0412 

Since the discovery of leukocyte entrapment in the capillary network of 
skeletal muscle during hemorrhagic shock, this phenomenon has been 
reported in the capillaries of t.he coronary, cerebral, hepatic, renal, pancreatic, 
dermal, mesenteric, and retinal circulation. Leukocytes are prone to such 
entrapment due to their large size, compared with the lumen dimensions of 
capillaries, their high cytoplasmic stiffness, and their ability to adhere to the 
endothelium. There are two mechanisms by which leukocytes may become 
entrapped in capillaries: by reduction of the microvascular perfusion pressure 
or after stiffening of their cell cytoplasm. Cell stiffening occurs after 
pseudopod formation and may be accompanied by an elevation of cell 
membrane adhesion via expression of membrane adhesion glycoproteins. In 
low flow conditions, reduction of the microvascular perfusion pressure may 
cause relaxation of the capillary lumen and protrusion of the endothelial 
nuclei, further facilitating leukocyte entrapment. The duration of leukocyte 
entrapment in capillaries depends on the perfusion pressure history, the degree 
of adhesion to the endothelium and membrane contact area, and may involve a 
wide range of times from temporary plugging at capillary entrances to 
permanent obstruction. Obstruction of capillaries after restoration of the 
perfusion pressure may lead to a capillary no-reflow phenomenon which is 
one of the complications that accompanies reperfusion after ischemia or 
shock. Supported by USPHS ~ant  HL 10881 and HL 43026. 
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SEQUESTRATION OF NEUTROPHILS INDUCED BY INTRAVASCULAR 
COMPLEMENT PROTEIN FRAGMENTS. C.M. Doersclmk, H. Inano, N.A Doyle 
and W.M. Quinian. H.B, Wells Center for Pediatric Researcb, Section of 
Pulmonology, Department of Pediatrics, Indiana University. 

Infusion of zymosan-activated plasma, a source of active complement-derived 
proteins, induced a rapid decrease in the circulating neutrophil count due to 
sequestration of neutmphils within all organs, particularly the lung. In the pulmonary 
microvasculature, the major site of neutmphil sequestration was the capillary bed, 
preferentially the junctions of the capillary segments. Recent studies have focussed 
on the roles of neutrophil deformability and neutrophil-endothelial cell adhesion in 
sequestration. Neutrophil deformability, determined by measuring the pressure 
required to pass neutmphils through a filter with 5 pin pores, decreased within 1 
minute after exposure to complement fragments. This decrease was prevented by 
pretreatment with cytochalasin B, an inhibitor of f-actin polymerization, but not 
colchicine, an inhibitor of microtubttle reassembly. Studies focussed on the role of 
adhesion molecules showed that chymotrypsin-induced depletion of L-selectin or 
inhibition of CDI1/CD18 did not prevent complement fragmont-induced 
sequestration. However, CD11/CD18 was required for the neutrophils to remain 
sequestered for >4-6 minutes, despite continuous infusion of mediators. These 
studies suggest that nentmphil sequestration is a sequential process whereby an initial 
decrease in deformability and stiffening of neutrophils preveots them from passing 
througb the pulmonary capillary bed followed by activation of adhesion molecules 
that is required for neutmphils to remain sequestered. 
Supported by PHS HL 48160 & a Career Investigator Award from Am. Lung Assoc. 
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N E U T R O P H I L  T R A N S I T  T H R O U G H  THE P U L M O N A R Y  
MICROCIRCULATION 
B.R. WIGGS* 
MIT Fluid Mechanics Lab, Dept. Mechanical Engineering, Cambridge, MA 

Several experiments have shown that neutrophils (PMN) are delayed with respect 
to red blood cells (RBC) as they pass thorugh the microvessels of the lung. The 
purpose of the present study was to develop a stochastic simulation of PMN 
transit to explore the role of ceil deformability in the observed differences in PMN 
and RBC transit in the lung. The pulmonary capillary microcirculation was 
modelled using mesaurements of capillary segment length and diameter, the 
number of segments in an alveolar wall and the knowledge that PMN pass 
through an interconnected network of alveolar walls as they travel from arteriole 
to venule. The time required for PMN to enter the small capillary segments was 
based on an exponential relationship (Pflugers Arch:430:396, 1985) that used the 
cell/vessel as the time determinant. The model, when coupled to a large vessel 
simulation of the arterial and venous networks, predicts RBC transit times similar 
to those found experimentally but the delay between PMN with respect to RBC 
was not fully explained by this simple model based only on differences in cell 
deformability. 

*Fellow of the American Lung Association 
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COMPUTER MODELING OF NEUTROPHIL TRAFFIC IN THE PULMONARY 
CAPILLARIES. W.W. Wagner, Jr., C.C. Hanger, R.L. Capeo. Indiana University 
Medical School, Indianapolis, IN and The Colorado College, Colorado Springs, CO 

To simulate neutrophil traffic through the pulmonary capillary bed, we developed a 
computer model of cells moving through a matrix of interconnected tubes. The 
matrix size, typically 27 X 27, was chosen so that the trans-matrix pathway was 60 
segments long, the calculated length of an average pulmonary capillary pathway. 
Because pmvions work using in vivo video microscopy had shown that neutrophil 
movement through the capillary bed involved a combination of rapid movements 
interrupted by pauses at discrete sites, individual segments in the model were 
designated as sites that would impede the movement of passing neutrophils. We 
were particularly curious to determine what percentage of the segments had to be 
obstlucted to impede 50% of the ceLls, because we have found that 50% of 
fluorcscein-labcled ncutrophils stopped in subpleural capillaries. Using runs of 
10,000 cells for each percentage impedinmnt, we were surprised to learn that 
obstmetion of only 1% of the segtmnts stopped 50% of the cells. This relationship 
held regardless of tim matrix design (adjacent triangles, squares, hexagons) or 
whether the obstructions were placed in the segments or the junctions. When the size 
of each neutrophil and each capillary segmont was chosen from histograms 
constructed from anatomical measurements (with beth vessels and cells being rigid), 
all cells stopped many times (average 38, minimum 12). These data suggest that 
deformability plays an essential role in the ability of the neutrophil to transit the 
pulmonary capillary bed. Supported by Howard Hughes Medical Institute 71108- 
503101 and NIH HL-36033. 
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EFFECTS OF LEUKOCYTE-CAPILLARY PLUGGING AND VENLrLAR ADHESION ON 
SKELETAL MUSCLE FLOW RESISTANCE. 
T.C. Skalak ~, M.C. Mazzoni 2, K.C. Waruke 1 
1Dept. of Biomedical Engineering, University of Virginia, Charlottesville, VA 22908, and 
2institute for Biomedical Engineering, Univ. of California, San Diego, La .lolla, CA 92093 

Leukocyte-capillary plugging has been suggested m play a role in the impairment of 
micmvascelar flow, particularly at'mr leukocyte activation. On the other hand, leukocyte 
activation also leads to significant venular adhesion, which represents an additional 
hydrodynamic obstruction that plays a role in the overall microvascular flow impairment. A 
network model of an arteriolar-venous capillary unit in skeletal muscle was used to evaluate 
the relative effects of leukocyte-capillary entrance plugging and venular adhesion on overall 
network resistance. The capillary unit resistance was oomputed for specified arterio-venous 
pressure gradion L systemic leukocriL leukocyte viscosity, and vessel dimensions. The 
conditions studied for impact of plugging alone were: control, hypopeffusion (45% decrease 
in pressure gradien0, capillary narrowing (21% decrease in diameter), and leukocyte activation 
(10 fold increase in cytoplasmic viscosity). The effect of venular adhesion on flow resistance 
was studied by reducing all venalar segment diameters by 5 p.m. In control the network 
resistance attributable to leukocyte capillary plugging was 1.8%, and hypoperfusion produced 
no significant change. Capillary narrowing elevated the value slighdy to 3.7%, and leukocyte 
activation elevated it to 5.5%. For conditions simulating hemorrhagic shock with 
hypoperfesion and capillary narrowing, the increase due to plugging is 2.1% for unactivated 
leukocytes and 12% for activated leukocytes. Under these conditions, the additional resistance 
change due to venular adhesion is 6%. Thus, the relative impact of capillary plugging and 
venular adhesion on network resistance depends strongly on the activation state of the 
leukocytes. If the cells are activated with elevated viscosities, then plugging has greater 
impact than venular adhesion, whereas the converse is true for urmctivated cells. 
Supported by NIH HL-39680. 
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LEUKOCYTE-CAPILLARY PLUGGING AND ADHESION TO ENDOTHELIUM AS 
DETERMINANTS OF MICROVASCULAR BLOOD FLOW IN THE LOW FLOW STATE 
H. H. Lipowsky and M. J. Eppihimer 
Bioengineering Program, Penn State University, University Park, PA 16802 

Obstrocllon of capillaries by leukocyte (WBC) sequestration has been implicated 
as a cause of microvascular flow degradation in the low flow state, and WBC adhesion 
to the endothelium (EC) of postcapillary venules has been shown to result in large 
increases in the resistance to blood flow. To examine the relative importance of these 
two mechanisms by which microvassular blood flow may be compromised, capillary 
plugging by WBCs and WBC-EC adhesion were quantitated in an induced low flow state 
in the cremaster muscle (hamstor). A continuous infusion of sodium nitroprusside was 
used to reduce Newtonian wall shear rate, '~, from a norm of 773 • 380 SD to 416 • 220 
SD sec ~ in the true capillaries, and from a norm of 760 • 450 SD to 270 • 147 SD sec; 1 
in postcapillary venules. These reductions in ~' resulted in a twofold rise io the number 
of WBCs adhering to the venular EC, which progressively increased with time as the low 
flow state persisted. Using the two-slit photometric technique, estimates of the 
perceotage increase in resistance to flow were made at the capillary level by assuming 
that the number of patent capillaries, relative to post-capillary collecting venules, was 
determined by the ratio of the volumetric flow in venules to that obtained in capillaries. 
In the low flow state, the number of flowing capillaries fell to about 65% of that in the 
normal flow state. The increased resistance in postcapillary venules was calculated from 
in vivo correlations of resistance vs the number of WBCs adhered per 100 pm of venulo 
length. Calculations ot the percentage increase in resistance to the t9tal throughput of 
the network in capillary and venular segments, revealed that WBC-EC adhesion in 
venules contributed to a 20% greater increase in segmental resistance compared to 
capillary plugging by WBCs. 
Supported in part by NIH Research Grants HL-28381 and HL-39286 
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ALTERATIONS IN MICROVASCULAR NETWORK PROPERTIES OF RAT CREMASTER 
MUSCLE DURING THE DEVELOPMENT OF REDUCED RENAL MASS HYPERTENSION. 
A.S. Greene, D.M. O'Drobinak, P.J. Tonellato, M.J. Rieder, and 
J.H. Lombard. Medical College of Wisconsin, and Marquette 
University, Milwaukee, WI 53226 

A mathematical model of the microcirculatory network in the rat 
cremaster muscle was defined based on morphological measurements 
from histologically prepared tissue whole mounts as well as from 
observations made in vivo. Measurements of mlcrovessel density, 
capillary red blood cell (R3C) velocity (video cross correlation), 
arteriolar flow rates, and diameters were performed during 
physiological salt solution and Adenosine (10-4M) superfusion in 
reduced renal mass (RRM) and Sham rats at control, 3 days and 
weeks following the onset of hypertension. Experimental results 
indicated a progressive microvessel rarefaction, but no change in 
average diameter of first, second, or third order arterioles at 
either 3 days or 4 weeks. Flow in the remaining third order 
arterioles of RRM was not significantly increased at 3 days but 
was slightly elevated by 4 weeks. Capillary RBC velocity was 
increased in RRMat 4 weeks. Integration of the experimental data 
into the model revealed an increased capillary flow heterogeneity 
and the presence of substantial changes in pressure distribution 
throughout the network of the RRM which was primarily the result 
of vascular rarefaction. Supported by NIH HL-25987 and AHA 92- 
F-II. 
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WHOLE ORGAN PRESSURE-FLOW CURVES PREDICTED FROM 
MICROVASCULAR HEMODYNAMICS IN SKELETAL MUSCLE. 
G. W. Schmid-Schtnbein, D. Sutton, S.-Y. I.ze, F. A. DeLano 
Institute for Biomedical Engineering, University of California, San Diego, 
La Jolla, California 92093-0412 

The quantitative prediction of whole organ hemodynamics from the properties 
of individual microvessels, the microvascular anatomy, and from the flow of 
blood ceils in the microcirculation represents an important objective in 
understanding the cardiovascular system. The microvasculature in skeIetal 
muscle can be classified into arcade arterioles with several inflows from 
central arteries, transverse (terminal) arterioles, capillaries, collecting venules, 
and arcade venules with multiple outflows into cen~al veins. All classes of 
microvessels are distensible so that steady flow in resting skeletal muscle 
depends both on the arterial and venular pressure, vessel distensibility, plasma 
viscosity, and the initial radius and length of the vessels. After integration 
over all vessel hierarchies, the theoretical relationship between arterial flow 
and pressure can predict the measured flow of  plasma with different 
Newton(an viscosities and vessels distensibilities within experimental error. 
In contrast, the prediction with non-Newton(an viscous properties of the blood 
at different hematocrits or leukocyte counts, which is based on symmetric 
models of cell position in individual blood vessels, tends to underestimate the 
measured flows into the muscle. The measured flows are overestimated at all 
arterial pressures. The origin of this discrepancy between theory and 
experiment is currently unresolved and may be related to nonsymmetric cell 
positions in microvessels. Supported by USPHS grant HL 10881. 
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ERYTHROCYTE DISTRIBUTION AT MICROVASCULAR BIFURCATIONS 
GR Cokelet, JS Gessert, IH Sarelius and WJ Federspiel* 
Dept. Biophysics, Univ. of Roch., Rochester, NY 14642 
Dept. Biomed. Eng., Boston Univ., Boston, MA 02215 

The relationships currently used to predict red 
cell (RBC) distribution downstream of arterial & ven- 
ous type bifurcations in simulations of microvascular 
network blood flows are inadequate for prediction of 
local parameters. A major factor in such relationships 
is the radial distribution of cells across the vessel 
lumen. In in-vivo networks, the distances between 
successive bifurcations are usually 100-300 microns; 
the effective RBC radial diffusivity (D) is so small 
that the luminal distribution of RBC established in a 
downstream vessel of a bifurcation is presented to the 
inlet of the next bifurcation. Thus, the relationship 
for the RBC distribution at a bifurcation is strongly 
influenced by the prior flow history of the blood. 

The value of D has been determined in in-vitro 
venous-type bifurcations to be about i0 ~9 cm2/s. The 
vessel length required to establish the equilibrium 
luminal distribution of RBC from the convergent flows 
exceeds 0.75 cm in a bifurcation of 75 micron vessels. 

Both in-vitro and in-vivo data will be presented, 
to show the impact of flows in successive bifurcations 
on RBC distributions at individual bifurcations. 
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INFLUENCE OF CAPILLARY UNIT STRUCTURE ON PREDICTION OF SKELETAL 
MUSCLE BLOOD FLOW. 
T.C. Sknlak and H.H. Hsiung 
Dept. of Biomedical Engineering. University of Vixginia, Charlottesville, VA 22908 

Using accurate anatomical vascular models, a quantitative prediction of whole organ blood 
flow may be made if realistic descriptions of vessel mechanics and blood viscosity are known. 
While the active mechanical behavioar of vessels and the detailed blood cell distributions are 
the subject of intense current investigation, the anatomical arrangement of vessels in solid 
organs is an important determinant of overall flow resistance and is currently unavailable for 
any organ. In particular, the arrangement of vessels at one level of micrecirculation may yield 
accurate flow predictions at that level, while whole organ flow predictions remain inaccurate 
due to imprecise description of micmvaseular unit interconnectiuns. Three-dimensional 
reconstructions of arterio-venoas capillary units in rat gracilis muscle were performed using 
serial 1 ~'n sections. Five units were recunstructed for both WKY (unrmolensive) and SHR 
(spontaneously hypertensive) rats. Blood flow in the ualts was computed using measured 
vessel dimensions, an in rive viscosity dependent on shear rate, and experimental perfusion 
pressures. Total unit flow averaged 0.33 (lff 3 mm3/sec) for WKY and 0.58 for SHR. 
Experimental flow estimates from earlier work in rat skeletal muscle were 1.19 for WKY and 
1.17 for SHR. Comparison of the predicted flows with the experimental flows suggests that 
each tranverse arteriole supplies about 3.5 units in WKY and about 2 units in SHR. The 
notion that a transverse arteriole supplies two units (a unit pair) is consistent with many 
previous findings based on anatomical reconstruction of thin muscles or superficial units in 
thick muscle. However, the comparison also suggests that different arteriole/capillary unit 
arrangements exist in different strains, and must be known in order to quantitatively predict 
whole muscle flows using capillary unit slrectore as s fundamental building block. In turn, 
computed flow heterogeneity showed that muscle fiber type and after(olaf structure are 
significant determinants of flow distribution within units. Supported by NIH HL-39680. 
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BLOOD FLOW RESISTANCE OF MICROVESSELS IN VIVID:. IMPLICATIONS OF 
COMPARISONS BETWEEN PREDICTED AND OBSERVED NETWORK FLOWS 
T,W. Secomb, 1 A.R. Pries) T. Gessner 2 and P. Gaehtgens 2 
1Dept. of Physiology, Univ. of Arizona, Tucson AZ 85724; 
2Dept. of Physiology, Freie Universit~t Berlin, D-1000 Berlin, Germany. 

The resistance to blood flow in the peripheral circulation depends on the architecture 
of microvascular networks and on the rbeological behavior of blood. Studies of blood 
flow in narrow glass tubes have demonstrated that apparent viscosity decreases 
strongly with decreasing tube diameter, reaching a minimum in tubes of about 7 /~m 
diameter (Fahraeus-Lindqvist effect). In comparison, direct measurements in 
individual microvessels in vivo have yielded higher values of apparent viscosity, but 
have been. limited by experimental difficulties. The present study is based on obser- 
vations of six microvascular networks in the rat mesentery, in which flows (for three 
networks) and hematocrits were measured in all segments (between 328 and 913 per 
network). Flows and hematocrits were also predicted using theoretical simulations 
based on the architecture of the networks studied, assuming that apparent viscosity 
varies with diameter and hematocrit as observed in vitro (in-vitro viscosity law). 
Segment-by-segment comparisons showed substantial deviation between observed and 
predicted values. A significant part of this deviation could not be accounted for 
based on known sources of measurement and simulation errors. Therefore, further 
simulations were carried out assuming different viscosity laws. The lowest deviation 
between observed and predicted values was found assuming a law in which apparent 
viscosity, for diameters below about 50 #m, is substantially higher than in-vitro values 
and increases with decreasing vessel diameter. These results indicate that terminal 
blood vessels exhibit higher resistance to blood flow than would be assumed on the 
basis of rheo|ogical studies in glass tubes. Supported in part by NIH Grant HL34555. 
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FUNCTIONAL SIGNIFICANCE OF INTERCONNECTIVITY IN CAPILLARy NETWORKS 
A. G. Hudetz 
Dept. of Physiology, Medical College of Wisconsin, Milwaukee, wI 

In most tissues arterlo-venous capillarie~ are interconnected by 
several anastomosing segments. The functional significance of this 
interconnectivity is, however, unclear. In planar polygonal 
(mesenteryl and three-dimensional (brain) networks, arterio-venous 
and anastomosing capillary segments are not easily discernible based 
on their branching orders. Instead, erythrocyte flow pathways may 
reflect the functional organization of the capillary network. Flow 
pathways may also provide a clue to understand how microvascular 
networks develop from primitive sinusoid plexuses. Computer 
simulations suggest that local adaptation of vessel diameter to flew 
(shear stress) alone is insufficient to predict the developmental 
differentiation of interconnected microvascular networks. Clearly, 
capillary transport related and/or angiogenic factors must be 
involved. Additionally, capillary interconnections may participate 
in intramural vessel-to-vessel communication which may coordinate 
adjustments of vascular caliber to flow. Another related question 
is whether interconnections play a role in maintaining network 
perfusion when capillary density is altered. Computer models predict 
a nonlinear relationship between network hydraulic resistance and 
the fraction of nonperfused capillaries. This suggests that, due to 
interconnectivity, the surface area for transcapillary exchange may 
be regulated by capillary recruitment without an effect on 
arteriolar pressure or flow. Supported by the NSF grant BC$-9001425. 
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A N O V E L  B I O M E C H A N I C A L  M O D E L  F O R  THE M Y O G E N I C  
RESPONSE IN S K E L E T A L  M U S C L E  ARTERIOLES 
Shouyan Lee and Geert  W. Schmid-Sch6nbein 
Institute for Biomedical  Engineering, University of  California, San Diego, 
La  Jolla, California, 92093-0412 

The microcirculation in the skeletal muscle is controlled by several local regulatory 
mechanisms in which the myogenic  response plays a central role. A biomechanical 
model for the myogenic  response was developed based on two basic assumptions: 
1) the arterioles maintain viscoelastic properties during active myogenic vasocon- 
striction; 2) the active myogenic vasoconstriction or dilatation is the result of  a 
change in reference diameter of  the vessel, It was assumed that the reference 
diameter is a function of  the local transmural pressure. 

A sequence of  in vivo experiments was performed to test the model for various 
pressure histories on arterioles in the rat cremaster muscle using a modified "box 
method". The model was also tested against a range of  data in the literature. 
The results show that the theoretical predictions are in good quantitative agreement 
with both !n v ivo  and in vitro experimental observations Application of  the model 
to the prediction of  pressure-flow response in a single vessel shows that the 
myogenic  model qualitatively produces typical experimental  phenomena of  
autoregulation and reactive hyperemia. (This research was supported by NSF 
Grant DCB-88-19346) 
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LEUKOCYTE-CAPILLARY PLUGGING AND NETWORK RESISTANCE IS INCREASED 
IN SKELETAL MUSCLE OF DIABETIC RATS 
Anthony G. Harris ~, Thomas C. Skalak l, and Diane L. Hatchell 2 
~Dept. of Biomedical Engineering, Univ. of Virginia, Charlottasville, VA 22908 
2Dept. of Ophthalmology, Duke University Medical Center, Durham, NC, 27710 

Although diabetic retinopathy is a leading cause of blindness, the mechanisms 
underlying the disorder remain unresolved. Recent studies have reported both an increase in 
viscosity and a decrease in filterability of the blood in diabetes, as well as increased activation 
of monocytes and gronnieeytes. These theological effects have been implicated in capillary 
closure which is an early pathological change in diabetic retinnpathy. The objective of this 
study was to qnantitatiyely measure in vivo the resistance increase in capillary networks due to 
leukocyte-capillary plugging during diabetes. Inta'avital measurements of plugging durations and 
frequencies were made throughout capillary networks in the spinoWapezius muscle of 
anesthetized rats subjected to streptezocin (ST'Z) induced hyperglycemia. These data were used 
to estimate the increase in microvascnlar flow resistance due to leukocyte plugging. The 
i n ~  averaged 13.0%, which is siguificardly different (P<fl.flS) than the 1.1% observed in 
previous experiments with normal rats (Harris and Skalak, Am. J. Physiol., 264: H909-H916). 
Although the total white cell count was normal, the diabedc animals exhibited a significantly 
increased percentage of monocytes. A small but significant decrease in capillary diameter in 
the diabetic animals was also observed. Thus, leukocytes have a significant impact on 
microvascular hemodynamics in diabetic animals and leukocyte-capillary plugging may be an 
important mechanism of capillary closure and subsequent microvascular dysfunction in diabetic 
retinopathy. 
Suppoaed by NIH HL-3968fl and EY-02903. 
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PREDICTION AND VALIDATION OF PARTICLE DISTRIBUTIONS IN 
SYNTHETIC AND NATURAL BLOOD ADMIXTURES IN BRANCHED NETWORKS 
Peter A. Russell I, B.S., Anthony J. McGoron 2, Ph.D., 
S. Abdallah I, Ph.D., Ronald W. Millard 2, Ph.D. 
iDepartment of Aerospace Engineering 

2Department of Pharmacology and Cell Biophysics 
University of Cincinnati, Cincinnati, Ohio 45221 

Fluorocarbon (FC) based blood substitutes (particle size 
0.2 ~rn, p = 1.9 g/ml) mixed with whole blood (red blood cell 
size - 5~m, p = 1.06 g/ml) are postulated to display unique 
radial distributions in steady state laminar flow conditions 
within blood vessels in vivo. Preferential ~rgination 
predicted for FC particles would contribute to different 
admixtures with blood cells in "daughter" and "mother" 
conduits. We apply Computational Fluid Dynamics (CFD) 
techniques to solutions of three-dimensional Navier-Stokes 
equations using unique Cartesian finite-difference grids to 
analyze and predict flow outcomes in 90 ~ branched tubes. 
Numerical solutions of particle trajectories are then 
produced based on viscous forces associated with the 
determined flow field. Experimental companion studies are 
performed in vitro for 200~rn to 3000~m diameter models and 
are used to validate the simulations. 
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PATHWAYS OF FLOW-INDUCED DILATION IN PIGLET ISOLATED CEREBRAL 
ARTERIES. 
L. A. Shimeda, N. A. Norins and J. A. Madden. 
Marquette University, The Medical College of WI and VAMC, Milwaukee, WI. 

Cerebrovascular hemorrhage (CH) is perhaps the most widely eeeurmg nem~ingic disorder seen 
in neonatal intensive care units. It is widely accepted that CH is primarily caused by 
fluctuations in ~ blood flow, and increases in flow have been shown to cause dilation in 
cerebral arteries. Since the mechanism by which CH o::curs is unknown the purpose of this 
study was to examine posmble Imthwsys by which flow-induced dilation modulates 
cerebrovascular tone. Middle cerebral m'teries from 2-14 day old piglets were mounted on glass 
cannulas and bathed in and perhiscd with physiologic saline anhifion (PSS) at 37 ~ C. An 
electronic system controlled pressure by changing outflow resistance and a syringe pump 
provided constant flows. In several studies a micropipene was inserted into the lumen of the 
artery to verify luminal pressure. Vessel diameter was measured with a video system. The 
vessels equilibrated at 20 mm Hg for 60-90 minutes. Flow rates were inereas~ from 0 to 2.24 
ml/min at 20 mm Hg and vessel diameter measmnd (F/D curves). The F/D curves were repeated 
in the presence of nitro-L-arginine (NLA), indomethacin (IND), 6-hydrexydopamine (6-OI-IDA) 
and in PSS with Na + reduced or the Ca 2+ removed. F/D curves we~ also done on arteries that 
did not respond to potassium chloride after being bathed in deionized water (non-physiohigicany 
acdve). Increasing flow at constant presstwe resulted in a biphasie response; constriction at low 
flows and dilmion at higher ones. Addition of NLA, IND and 6-OHDA did not eliminate the 
flow-indared dilation. Reduelion of Na + and removal of Ca 2+ also failed to eliminate dilation. 
In addition, non-physiologic arteries, in which the endothelial and/or smooth muscle ceils were 
destroyed, exhibited a reduced dilation. These data indicate that nitric oxide, arachidonic acid 
metabolites, mlrenergic nerve endings, Na + and Ca 2+ do not appear to play a role in flow- 
induced dilation. That dilation at high flows was never eliminated leads to the hypothesis that 
flow-induced dilation may be due to slructmal components of the vascular wMl, such as 
deformation of the colingen/elastin matrix due to increases in shear stress with increased flow. 
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CHAOTIC TIME SERIES ANALYSIS OF HEMATOCRIT VARIATIONS PREDICTED 
BY A MATHEMATICAL MODEL OF MICROVASCULAR NETWORK FLOW 
A. M. Barseumt, D. R. Sainanin, C. G. Ellis r, M. F. KianP, G. R. Cokelet ~ 
tDep'ts of Medical Biophysics, *Electrical Engineering, 
The University of Western Ontario, London, Canada, 
*Dep't of Biophysics 
The University of Rochester, Rochester, N.Y. 

Hematocrit distributions in two vessels of a complex mesenteric capillary network w e r e  

generated using a mathematical model. The model accounts for the non-linear flow 
properties of blood, the non-uniform distribution of cells in each vessel, and cell 
partitioning at the bifurcations. The movement of red blood cells in the network are 
tracked; hence the model is able to simulate the oscillations in local hemedynamic 
variables due to hemorheological mechanisms. Chaotic time series analyses consisting 
of the computation of the autecorrelation function and the correlation dimension were 
applied on each vessel to analyse the temporal hematocrit fluctuations over a seven 
minute time pedod. The results suggest low dimensional dynamics with a correlation 
dimension between 2 and 3. Time series analysis was also done on "surrogate 
datasets." These datasets were constructed from the original hematocrit distribution 
data. They are essentially comprised of randomly distributed data, but share certain 
characteristics with the original data, such as the power spectrum. Comparison of the 
results of analysis done on the surrogate datasets with those of the original data 
indicates that the tluctuations arise from a deterministic process and that their properties 
can be quantitatively differentiated from lineady corretated noise. 
This study was supported by HLt8208 and 1F32HL08506, and the Heart & Stroke 
Foundation of Ontario. Dr. Ellis is a Career Investigator of the H.S.F.O. 
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M A T H E M A T I C A L  M O D E L I N G  O F  T H E  EFFECTS O F  P E R I O D I C A L  
B O U N D A R Y  C O N D I T I O N S  O N  T E M P O R A L  V A R I A T I O N S  IN L O C A L  
F L O W  P A R A M E T E R S  IN M I C R O V A S C U L A R  N E T W O R K  B L O O D  F L O W  
M.F .  Kiani,  G.R.  Cokelet and A.R.  Pries 
Department  of  Biophysics,  Universi ty of  Rochester,  Rochester, N Y  14642, and 
Department  of  Physiology,  Freie Universitat  Berlin, Berlin 33, Germany  

A mathematical  model  o f  microvascular  network blood flow, which accounts 
for the non-linear f low properties of  blood and the non-uniform distribution of  
cells in each vessel as well as cell partitioning at bifurcations is developed that 
is able to simulate the temporal variations in local f low parameters (e.g. Hd 
and blood velocity) by tracking the movement  of  red blood cells in 
microvascular  networks.  The model was used to simulate the effects o f  
periodical boundary conditions on local f low parameters in 4 rat mesenteric 
networks.  Sinusoidal f low boundary conditions in the following fo rm were 
imposed on all inflow boundary vessels:  Q = [ 1 + A*SIN(F*0]*Q~,  where Q is 
volumetr ic  blood flow rate into the boundary vessel, A is amplitude ( f rom 0.2 
to 0.5) ,  F is frequency ( f rom 5 to 300 Cycles Per  Minute,  CPM) ,  t is t ime, and 
Q~ is the average in v ivo  measured Q into the boundary vessel.  The results 
indicate that temporal variations in flow parameters are only affected by 
sinusoidal boundary conditions when F is lower than 30 CPM.  Changing A did 
not affect the temporal  variations in flow parameters.  Average  total resistance 
in the network was not affected by imposit ion of  periodical boundary 
conditions. The mathematical  model presented here only accounts for the 
hemodynamic  factors; the effects o f  having periodical boundary conditions is 
expected to be more  pronounced i f  myogenic  factors and vascular compliance 
are taken into account. (Supported by HL18208,  3F32HL08506,  and PSC) 
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A MODEL OF DRUG DISTRIBUTION FOR 
TWO-STEP APPROACHES TO CANCER THERAPY 

L.T. Baxter, F. Yuan, and R.K. Jain 

Massachusetts General Hospital and Harvard Medical School, 
Department of Radiation Oncology, Cox-7, Boston, MA 02114 

The rationale behind two-step approaches to cancer therapy is to combine the selectivity of 
certain large molecular weight agents (e.g., monoclonal antibodies), with the high 
permeability and mobility of small molecular weight drugs (e.g., haptens). This approach 
seeks to avoid the uneven uptake and distribution of antibodies in solid tumors while 
providing high tumor to normal tissue uptake ratios 

Previously we have developed a lumped parameter model to predict average tumor 
concentrations of bifunctional antibodies and haptens (Yuan, Baxter, & Jain. Cancer Res 51: 
3119-3130, 1991) and physiological models for antibody distribution (Microvascular Res. 37: 
77-104, 1989 and 41: 252-272, 1991). A corresponding distributed parameter model has now 
been developed to predict the spatial distribution of antibodies and low molecular weight 
agents on both microscopic (surrounding individual blood vessels) and macroscopic (whole 
tumor) length scales. The effects of binding affinity, blood vessel density, antigen 
concentration, and the dose and schedule of injections have been studied. 

Model results suggest: clearing circulating antibody from the bloodstream before the injection 
of hapten increases the uptake ratio; the use of hapt~ns with bifunctional antibodies reduces 
but does not eliminate the penetration retardation caused by high affinity perivascular binding. 
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OXYGEN TRANSPORT TO TUMOR TISSUE BY MICROVASCULAR 
NETWORKS 
T.W. Secornb, x R. Hsu, a M.W. Dewhirst,~ E.T. Ong 2 and J.F. Gross a 
aDept, of Physiology, Univ. of Arizona, Tucson AZ 85724; 
SDiv. of Radiation Ontology, Duke University Medical Center, Durham NC 27710 

The rate of oxygen consumption and the spatial arrangement Of blood vessels strongly 
influence the distribution of partial pressure of oxygen (PO2) in tumor issue and the 
occurrence of hypoxic, radiation-resistant regions. We present experimental and the- 
oretical studies of these two factors and their effects on tumor oxygenation, Observa- 
tions were made in the tissue between two glass plates in a rat dorsal skin flap prepar- 
ation, in which mammary adanocarcinomas (R3230 AC) were introduced and allowed 
to grow. At 9 days, one glass plate was removed and a Whalee PC z microelectrode 
was used to measure PC z profiles (100 #m to 300 #m in length) in tissue between two 
vessels. The local consumption rate was estimated for best fit between measured 
profiles and profiles predicted theoretically, assuming two-dimensional diffusion. 
Results ranged from 0.83 to 1.84 cm3Oz/10Og/min, consistent with determinations for 
macroscopic regions. In further preparations, networks of vessels were mapped, 
giving data on length, diameter and flow velocity in each segment. Corresponding 
three-dimensional simulations were carried out using a Green's function method. 
Predicted cumulative frequency distributions of PC z were compared with predictions 
of a Krogh-type model with the same density of vessels, but with uniform spacing. 
The tatter approach underestimated the extent of the hypoxic tissue. Predicted 
maximum consumption rates that could be sustained without tissue hypoxia were sub- 
stantially lower than those obtained from the Krogh-type model. Thus, the hetero- 
geneous structure of tumor microcirculation can substantially influence the occurrence 
of hypexic micro-regions. Supported by NIH Grants CA40355 and HL07249. 
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TRANSPORT OF IMMUNOTOXINS INTO SOLID TUMORS 
C. Sung, R.J. Youle, and R.L. Dedrick 
National Institutes of Health 

Immunotoxins are conjugates of antibodies and protein toxins which can be designed to 
bind to antigens associated with tumor cells and thereby fom] tumor-selective toxins. 
The pharmaookinetics of protein toxins and immunotoxins that varied in molecular 
weight and binding characteristics were studied in solid rhabdomyosarcoma tumors 
grown subcutaneously in athymic mice. Plasma-to-tumor transport rates and apparent 
binding parameters were obtained by means of a compartmental model, but a major 
limitation of this modeling approach is the assumption that the immunotoxin is 
homogeneously distributed throughout the tumor. Spatially distributed models require 
more information regarding a tumor's microvascular and interstitial properties than 
compartmental models do, but offer valuable insights into factors that may lead to a 
heterogenous distribution. We have performed quantitative autoradiography of tumor 
sections in order to examine the spatial distribution of immunotoxins. Immunotoxins that 
bind strongly to this tumor showed a punctate distribution, presumably due to binding of 
the immunotoxins within narrow cuffs surrounding permeable vessels. Lowering the 
molecular weight of the binding immunotoxin from 210 kDa to 110 kDa did not lead to 
significantly greater homogeneity. Immunotoxins and protein toxins with low binding 
were fairly homogeneously distributed. Current investigations on other approaches 
attempting to overcome the heterogeneity of immunotoxin distribution in tumors will 
also be discusssed. 
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A STATISTICAL VIEW OF HEAT TRANSFER IN PERFUSED TISSUE 

James W. Baish 
Department of Mechanical Engineering, Bucknell University, Lewisberg, PA 17837 

Heat transfer in perfnsed tissue has historically been modeled by modified versions of the 
heat conduction equation known as bioheat equations. Such continuum models have been use- 
ful for estimating average tissue temperatures, but have been the subject of considerable con- 
troversy in recent years. After reviewing the fundamental difficulties with the existing ap- 
proaches, a new perspective will be presented that clarifies many of the underlying issues and 
leads to a new model for tissue transport. The new method predicts a probability density func- 
tion for the tissue temperature, not just a local average. This result carries information on the 
most probable temperature at a point and the uncertainty in that temperature due to the prox- 
imity of thermally significant blood vessels. A sample implementation illustrates the depen- 
dence of the probability density function on the flow rate of the blood and the laws governing 
the growth of blood vessels. The model is useful for a variety of clinical applications involving 
tissue heating and fundamental studies of tissue heat transport, and should extend to problems 
of tissue oxygen diffusion and other forms of mass transport. 
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THE MICROPHARMACOLOGY OF ANTIBODIES IN BULK TUMORS AND 
MICROMETASTASES. 

J.N. Weinstein, C. Sung, W. van Osdol, M. Juweid, T. Saga, J. Sato, T. Heya, R.D. 
Neumann, and RL. Dedrick. National Institutes of Health, Bethesda, MD 20892 

For a number of years we have been developing mathematical models for MAb and MAb 
conjugate penetration into prevascular, densely packed nodules representing either 
primary or metastatic tumors (van Osdol et aL, Ca. Res. 51 : 4776, 1991 ; Fujimori, etal., 
Ca Res. 51: 4821, 1991; Weinstein et al., Ca. Res. 52: 2747s, 1992). Those analyses 
combined several aspects of antibody pharmacology: global (whole body) 
pharmacokinetics; transcapillary transport into normal tissue interstitium surrounding the 
nodule; diffusion into the nodule; non-specific binding or partitioning; specific binding to 
tumor antigen; metabolism; dehalogenation; lymphatic outflow; and antigen density. 
Predictions from those models were consistent with the "binding site barrier" hypothesis 
(Weinstein et al., Annals N.Y. Acad. Sci. 507: 1987, 1987; Fujimori etal., Ca. Res. 49: 
5656, 1989), which posits that ligands such as MAbs can be prevented from penetrating 
tissues or tumors by the very fact of successful binding to the target. In principle, high 
antigen density and/or high attinity can reduce the absolute concentrations of MAb at 
distances of a hundred or more microns from the nearest capillary. 

A large number of studies from various laboratories have shown heterogeneous MAb 
distribution in solid tumors, and a number of likely mechanisms for that heterogeneity 
have been adduced (see Jain and Baxter, Ca. Res. 48: 7022, 1988 Baxter and Jain, 
Microvas. Res. 41: 5, 1991). However, formal demonstration that binding is the cause 
requires simultaneous measurement of the location of MAb, antigen, oontro~ 
immunoglobulin, and blood vessels. We have now done those experiments in guinea 
pigs with bulk intradermally injected line 10 carcinoma (Juweid, et al., Ca. Res. 52: 5144, 
1992) and in micrometastases of the same tumor (Proo. Natl. Acad. Sci., submitted). The 
results in both bulk tumor and micrometastases are largely consistent with the "binding 
site barrier" hypothesis. 
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MATHEMATICAL SIMULATION OF GAS TRANSPORT AND ACID-BASE 
REGULATION BY BLOOD FLOWING IN NflCROVESSELS 
Nancy S. Huang, J. D. Hellums and John S. Olson* 
Department of Chemical Engineering and Department of Biochemistry and Cell Biology*, 
Rice University, Houston, TX, 77251-1892 

An investigation is made of the coupling between the 02 and CO2 transport by blood 
flowing in microvessels. The blood is treated as two continuous coexisting phases: a RBC 
phase and a plasma phase. The microvessel is divided into two regions: the central, RBC-rich 
and the outer, coll-freo region. The radial distribution of RBCs and transport of various 
species due to bulk convection are taken into account. Chemical and transport processes 
which are included in the model are (1) intoractions of hemoglobin with 02 and CO2, (2) die 
Bohr and Haldane effccls, (3) CO2 hydration-dehydratiou reactions, (4) buffering actions of 
hemoglobin and plasma proteins, and (5) anion exchange across the red-cell membrane. The 
governing equations of the model subjected to the imposed inlet and boundary conditions are 
solved numerically to provide the concenu'ation distributions of various species in blood that 
are important in the simultaneous gas exchange and pH regulation process. Predictions of die 
new model of simultaneous O2/CO2 transport by flowing blood are shown to be in excellent 
agreement with prior workers' experimental results from artificial membrane tubes. A 
previous mathematical model which treats blood as a homogeneous continuum and uses a 
local chemical equilibrium approximation to describe the gas Uansport is shown to 
satisfactorily predict the amount of 02 transport for blood oxygenation accompanied by CO2 
elimination. However, the previous model significantly underpredicts 02 transfer for blood 
deoxygeoation accompanied by CO2 uptake. Furthermore, the previous model disagrees 
substantially with the CO 2 transport results under beth oxygenation and deoxygeuntiou 
conditions. 
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D I F F U S I O N A L  S M O O T H I N G  O F  L O C A L  pO 2 G R A D I E N T S  IN T H E  
PRESENCE OF  F R A C T A L  F L O W  D I S T R I B U T I O N S  IN THE HEART. 
J. L S. Chan, R. B. King  and J. B. Bassingthwaighte,  
Center for Bioengineering,  Univ. o f  Washington, WD-12,  Seattle, WA 98195 

Steady state gradients in tissue concentrations reach a balance where 
influences of  delivery and removal  (by convection and consumption) exactly 
balance those of  diffusion and permeation within each unit. For  substances of  
high lipid solubility and diffusivity, net diffusion occurs between neighboring 
units when they are parametrically dissimilar. We modeled oxygen  profiles for 
inwamyocardial  flow distributions us ing the known fractal characteristics o f  the 
neighbor-to-neighbor variation in blood flows. Fractal flow profiles in 2-space or 
3-space are fractional Brownian densities, not fractal surfaces (which are much 
smoother). Diffusion between neighboring regions smooths the concentration 
profiles. In organs with low fractal dimension and high Hurst  coefficient (high 
neighbor to neighbor correlation in flows), diffusional interactions have less 
influence than when flows are random, because the gradients between 
neighboring units axe smaller when correlation is fractal. For oxygen this is 
important in reducing the effect of  local derecruitment or  variations in 
intereapillary distances. Diffusional smoothing is less effective when local 
oxygen consumption is high. Mappings  of  intratissue concentrations aid in 
understanding the events. (Supported by HL50238 and RRt243. )  
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DOES OXYGEN DIFFUSE OR DISPERSE IN MYOCARDIAL TISSUE? 
R. W. Schubert and 3. E. F l e t c h e r *  
Louis iana Tech U n i v e r s i t y ,  BME Dept.~ Ruston~ LA 7 1 2 7 ~  
~ Laboratory o f  Appl ied Studies,  Bethesda, MD 20872 

Oxygen t r a n s p o r t  s imula t ions  based on Krogh geometry 
wi th  txssue r a d i a l  and a x i a l  d i f f u s i o n  demonstrate 
tha t  histograms are s e n s i t i v e  to the a x i a l  d i f f u s i o n  
c o e f f i c i e n t  and c a p i l l a r y  length ,  but  i n s e n s i t i v e  to 
the r a d i a l  d i f f u s i o n  c o e f f i c i e n t .  Histograms s i m i l a r  
to  experimental  histograms were obtained when e i t h e r  
the a x i a l  d i f f u s i o n  was enhanced by a f a c t o r  o f  8 OR 
c a p i l l a r y  length was reduced to 40~ o f  anatomical 
length .  I t  has been suggested to us t ha t  staggered 
c a p i l l a r y  entrances and e x i t s  would produce a 
f u n c t i o n a l l y  shor te r  c a p i l l a r y ,  but  i t  i s  not  c l ea r  i f  
t h i s  e f f e c t  would reduce the length from 500 to 200 
micrometers. A l t e r n a t e l y ,  the working myocardium is  
anything but passive.  Act in-myosin c ross-br idges  make 
and br~ke. Trans-mi tochondr ia l  water and hydrated 
calcium f l u x .  Sarcomere shor ten.  These mechanisms 
could gxve the appearance o f  an ~nhanced d i f f u s i v i t y .  
We t e n t a t i v e l y  conclude tha t  the assumed passive 
d i f f u s i v e  oxygen t r a n s p o r t  in  hear t  t i ssue  i s  
augmented by the a c t i v i t y  o f  c o n t r a c t i n g  hea r t .  Th is  
phenomena seems best described as oxygen d i spe rs ion .  
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EVIDENCE OF A DIFFUSIVE OXYGEN SHUNT IN STRIATED MUSCLE 
~J. Christopher Stein, ZChristopber G. Ellis and 1Mary L. Ellsworth 
~gt. Louis University School of Medicine, St. Louis, MO, USA and ZUniversity of Western 
Ontsiro, London, Ontario, Canada 

Diffusive oxygen loss across the walls of the arterioles lass been demonstrated in striated muscle 
by numerous investigators. However, where this lost oxygen diffuses to has been the subject of 
much speculation, One possible sink could be venules running in parallel with the arteriolar 
network. Even though this diffusive shunt has been considered of minor importance, no other 
destimninn has been found which alone could account for the obse~nd magnitude of the oxygen 
loss. The objective of this study was to determine if  there is a significant increase in the level 
of oxygen in the blood as it traverses the venous portion of the mierovascdiature. Oxygen tensions 
(PO z) were detetmmed simultaneously at the venous end of eapinary networks and in the first 
order veaule in the hamster retractor mnsele during nonhypoxic (Fin 2 = 0.3 and 0.21) and 
hypoxic (F~O 2 = 0.1) ventilation in conjunction with systemic arterial and venous blood gases. 
Capillary data on oxygen saturafion (SO0 and red cell supply rate (SR) were measured using in 
v/vo video microscopy and image analysis techniques. Capillary PO z was estimated from the 
measured SO 2 using the appropriate standard P~ and corrected for the PCO2 sad pH expected 
within the capillary network. Venular PO: was measured using oxygen microelectrode.s. We found 
significant increases in PO 2 of the blood as it traversed the v~aular network of 9.9 mmFIg while 
the animal inspired 30% O2 and 4.0 mmHg when the animal breathed room air. There was no 
significant difference between capillary and venular data during hypoxic ventilation. Weighting 
the atpillaty SO 2 data by the SR had no effect on the result suggeating that the shunt is not a 
functional one. Since the magnitude of the PO.z i n c ~  w&s depend~nt on the level of inspired 
oxygen, thee results are consistent with the presence of a diffnsiomd shunt for oxygen be, tween 
m, rterioles mad venules, which disappears during hypoxia. ( S u p ~  by NIH: HL-39226 (NILE 
and JCS) and RCDA HL-02602 (IDLE) mad Heart end Stroke Foundation of Ont,~io, (CGE)) 
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INTRACELLULAR DIFFUSION OF OXYGEN: MEASUREMENTS AND 
M A T H E M A T I C A L  MODELS 
Roland N. Pittman, Timothy B. Bentley, Abhiji t  Dntta* and Aleksander S. Popel* 
Department of Physiology, Medical College of Virginia, Richmond, VA and 
*Department of Biomedical Engineering, Johns Hopkins University, Baltimore, MD 

In vivo data on O 2 transport in arterioles of the hamster retractor muscle indicate that 
observed diffusive 02 losses are an order of  magnitude higher than predicted by 
mathematical models in which the tissue is treated as a continuum. A possible 
resolution of this discrepancy is that the in vivo permeability of  the tissue to O 2 (i.e., 
KO2 = diffusion coefficient x solubility) is much higher than the in vitro value used 
in the model. We have measured 02 diffusion in the retractor muscle from I 1 to 40 
~ and found that KO2 rises rapidly in a temperature range associated with phase 
transitions in lipid membranes. O~ diffusion within cells may be heterogeneous with 
more rapid diffusion along intracellular pathways of high 02 solubility, such as 
mitochondria. We have analyzed our data as a function of temperature using 
theoretical models of  diffusion in two-phase media. By assuming muscles to be 
composed entirely of aqueous cytosol and lipids, we determined cytosolic KO~ as a 
function of temperature by matching the experimental values with those of  model 
predictions using in vitro values of  lipid KO2. Cytosolie KO2 ranged f rom 50% of  
water KO~ (low temperature) to 90% of water KO 2 (high temperature). An upper 
bound for cytosolic KO 2 was calculated using a physiologic value for protein volume 
fraction, and lipid KO 2 was obtained using this cytnsolic KO 2. A model with a 
parallel arrangemenl of lipid and cytosol yielded a value of lipid K O  2 that was 71% 
higher than the in vitro value. Comparison of three different  muscles exhibited the 
same trend of  higher KO2 with higher lipid content. These results warrant additional 
measurements of KO~, especially for oxidative muscles with high lipid content. 
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EFFEC"FIVE DIFFUS/VrrlES OF OXYGEN/N/MMOBI1.177fib CELL SYSTEMS: 
A MONTE CARLO S'UJI)Y 

H.M. Buetmerl [Spenker], M.R. Rileyl, FJ. Muzziol, and S.C. Reyes2 

IDeparlment of Chemical and Biochemical Engineering, 
Rutgers - The State University of New Jersey 

Piscataway, NJ 088554)909 
2Cot]Jorate Research Laboratories, Exxon Research and Engineering Company, 

Annandale, NJ 08801 

I m m o b ~  populations of viable cells comprise the essential feature of a 
wide variety of natural and artificial tissue systems, such as tumors and cell-based 
artificial organs. The dynamics of these systems are conm311ed by the interplay of 
nutrient and product diffusion, cellular metabolism, and cell proliferation. When 
diltasional resistances become ha'ge, &amatJc outcomes, such as widespread cell 
death, are common. An accurate description of the oxygen diffusivity as a function 
of ceil density could greatly enhance the understsoding of these systems. To this end, 
Monte Carlo simulations have been implemented to compute effective thffusivities of 
oxygen in simulated stn~ctures of cells distributed in a matrix. The effective 
diffusivity has been detea'mined to be highly dependent not only on the cell density, 
but also on the spatial arrangement of the cells. This information can be used to 
obtuin a mean field model of the transport and reaction processes capable of predicting 
system behavior for a wide range of parameters. 
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AXIAL BLOOD SATWRATION VARIATIONS COMPUTED FROM EXPERIMENTAL 0 z 
YL~XES MEASURED NEAR CAT RETINAL VESSELS 
D.G. Buerk and C.E. Riva, Dept. Ophthalmology, Schele Eye lnst., 
Univ. of Pa. School of Med., Philadelphla, PA 19104 

Quantitative measurements of O 2 fluxes (dOg) near retlnal arterloles 
and venules in the cat eye have been recently reported (Buerk et 
al., Microvas. Res., 45:134-148, 1993). O 2 fluxes were calculated 
from spatially detailed PO z gradients measured with recessed cathode 
mlcroelectrodes in the vitreous humor above retinal vessels. Mean 
retinal arteriole JO 2 was -2.58.10 -e mL 02/sec/cm 2. 302 near venules 
was smaller, with both positive and negative values observed. 
Experimental results suggested that there could be significant O z 
losses from areerloles. To investigate this possibility, mathe- 
matical models were developed to predict axial blood O 2 losses from 
arterioles. Counter-current exchange (A-V shunting) between paired 
vessels, and O 2 gains for venules were also modeled. Asymmetrical 
radial PO 2 gradients were expected, due to 0 z metabolism of under- 
lying retinal tissue, vascular wall 02 metabolism and 02 in the 
nonconsuming vitreous humor. Bohr and llaldane effects were also 
modeled using an oxyhemoglobin saturation algorithm for cat blood 
(Buerk et at., J. Appl. Physiol., 67:60-68, 1989), to include PCO z 
and pll changes. Predicted axial variations in blood 02 saturation 
were relaelvely small (< 3%) for normal blood flows. Under some 
conditions axial variations could affect regulation of blood flow 
and 0 z dellvery in the eye. 02 fluxes between parallel vessel pairs 
may also be a significant factor. Supported by NIB grant EYO9269. 
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S I M U L A T I O N  OF C02 T R A N S P O R T  IN AN INTRAVENACAVAL 
BLOOD-GAS E X C H A N G E  DEVICE 

S. C. Niranjan~,++, J. W. Clark Jr.++, K. Y. San ++ & A. Bidanit 
University of Texas Medical Branch, Galveston, Texas 77550~ 

Rice University, Houston, Texas 77251++ 

A mathematical model of a novel intravascular hollow-fibre membrane oxygena- 
tor and carbon dioxide removal device (IVOX) has been developed by considering 
fluid flow inside and outside of rigid tube~ while undetgolng simultaneous mass 
transport. Application of constitutive species ma~s balances on oxygen and carbon 
dioxide content result in a nonlinear coupled set of convective-diffusion parabolic 
partial differential equations in the blood, membrane and gas phases. These are 
solved using an alternating direction implicit finite difference procedure. Blood is 
considered to be a homogeneous, incompressible fluid in which reactions are instan- 
taneous while the gas phase is assumed to behave ideally. The membrane phase 
is modeled as a porous matrix coated on one side with a thin layer of siloxaae. 
Diffusion in all the ph~ez is assumed to be Fickian in nature. Simulation results 
using this approach indicate the pree, ence of a large resistance to gas exchange on 
the blood side. Increasing gas and blood flow rates in the system result in increased 
gas exchange. Transport of C02 increases directly with the C02 gradient across the 
membrane. A clinical strategy of allowing permissive hypercapnia, while control- 
ling respiratory acidosis in patients, may be successfully adopted to enhance C02 
excretion from blood using this device. 
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T I S S U E  O X Y G E N  T R A N S P O R T  E N H A N C E M E N T  B Y  
F L U O R O C A R B O N  B L O O D  S U B S T I T U T E S :  E X P E R I M E N T A L  
R E S U L T S  A N D  A T H E O R E T I C A L  M O D E L  
T K  Goldstick, RA Linsenmeier,  LF Mockros, and CM Waters, Chemical and 
Biomedical Engineering, Northwestem University, Evanston, IL 60208-3120 

Experimental  studies with Fluosol DA| (Green Cross Corp., Osaka, 
Japan) have demonstrated increased oxygen transport to the cat retina following 
exchange transfusion when breathing 100% oxygen. This enhancement occurred 
at greatly reduced hematocrits when the arterial blood carded considerably less 
oxygen. Studies with a more concentrated emulsion, Oxygentr~HT (Alliance 
Pharmaceutical Corp., San Diego, CA), using extremely small amounts of  added 
emulsion, also showed an increase. In these studies there was only a negligible 
increase in arterial blood oxygen content and no apparent change in either blood 
PO2 or  flow. The mechanism proposed to explain this augmented oxygen 
transport to tissue depends upon an increased overall mass coefficient between 
blood and tissue. It is proposed that the fluorocarbon particles reduce the major 
oxygen transport resistance which resides in the blood plasma, by increasing its 
oxygen solubility. Furthermore,  a near wall excess o f  these f luorocarbon 
particles would be expected based on the research of  Eckstein and coworkers. 
Such an excess would tend to amplify the effect of  even a small amount  of  
fluorocarbon. The enhancement mechanism is currently being studied in highly 
oxygen  pe rmeab l e  (microporous  polypropylene)  200 ~tm tubes in an 
extracorporeal  membrane  oxygenator.  Based on this research, f luorocarbon 
emulsions would be expected to be clinically useful both in treating tissue hypoxia 
and improving extracorporeal membrane oxygenator efficiency. 
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D E X T R A N  T R A N S P O R T  A C R O S S  B R A I N  

M I C R O V E S S E L  E N D O T H E L I A L  C E L L  M O N O L A Y E R S  
J.E. Wag~er *1, L.V. Mdntire Ph.D. 1 und P.A. Whitson PhD. 2 

Rice University Department of Chemical Engmcering t 
NASA-JSC Biomedical Operalinus and Research 2 

Endothelial cells in the brain severely restrict the passage of macromole~ades 
between the blood and the cerobmi spinal fluid (CSF) forming what is known 

the blood brain barrier (BBB). The existence of a tight barrier between the 
blood and the CSF can hinder therapeutic drug treatment of brain pathologies 
such as tumors. The recent ability to culture brain microvessed endothelial cells 
(BIvlEC) has made it possible to study control of the BBB in vitro. 

We have explored the permeability of macromolecules as a function of 
molec~Jar size using dexteun molecules of several sizes. In slafir culture, the 
permoability coefficient divided by the diffusion coefficient was found to he a 
function of molecular size for molecules under 7 nm Stokes radius and seemed 
to increase with molecular size for molecules over 7am. We also studied the 
transport of different sized dextraas across BMEC monolayers that were 
sheared. The results obtained are consistent with a model predicting that small 
molecules traverse the BBB primarily by traveling through cell junctions while 
large molecules are transported by an intracellulas route. 
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BASAL HYDRAUUC CONDUCTIVITY REFLECTS IN SITU FLOW CONDITIONS. 
B, Thipakorn, D. A. Williams, and V. H. Huxley. 
Department of Physiology, University of Missouri, Columbia, MO 65212 

Basal measures of hydraulic conductivity (Lp) in (n sftu capillaries of  the 
frog (Rana Pipiens) mesentery are distributed widely, ranging from 0.1 to 
ZO xlO -7 cm.sec-l.cmHzO-L Further, basal Lp is influenced by calcium flux 
into cells of the capillary barrier and calcium flux is thought to be flow 
dependent. Thus, we tested the hypothesis that flow conditions influence 
capillary Lp. In situ flow and Lp were assessed in six capillaries. First, flow 
was estimated from measures of frog red blood cell (RBC) velocity using the 
temporal correlation method. Second, each vessel was then cannulated with a 
micropipette and Lp was assessed from measures of volume flux by the 
modified Landis technique. The pipette contained marker human red blood 
cells and 10 mg.ml "t BSA in frog Ringer's at ] 5 ~ Consistent with the initial 
hypothesis, linear regression analysis demonstrated a positive relationship 
between RBC velocity and Lp (r z = 0.92, p = 0.002). This result infers that 
the wide distributions of basal Lp and flow in the intact capillary network are 
related. 

(Support by NIH HL34872, HL42528 and HL07094) 
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A DISTRIBUTED VASCULAR TRANSPORT MODEL W I T H  RED CELLS 
R. B. King, I. S. Chan, and J. B. Bassingthwaighte 
Center for Bioengineering, Univ. of  Washington (WD-12), Seattle, WA 98195 

We have extended our  distributed, multi-region blood tissue exchange 
model  to include red blood cells (RBC) flowing in the capillary with a velocity 
different f rom that of  the plasma. The  ratio of  plasma and RBC velocities can 
assume any desired value. The model  is axially distributed permitting axial 
concentration gradients in plasma, RBC's,  and all the tissue regions. In its 
current form, all membrane  transport and tracer consumption are modeled as 
linear processes. 

The model  is useful for analyzing outflow and residue data f rom positron 
emission tomography and multiple indicator dilution experiments. It permits 
examination of  the "red cell carriage effect" for tracers that enter the RBC, such 
as oxygen, rubidium, and thallium. It can also be used to examine the behavior 
of  tracers that do not enter RBC's  but bind to other substances in the plasma 
such as fatty acid which binds to plasma protein. By adjusting the RBC virtual 
volume, the effect of  various values of  hemoglobin binding o f  the tracer can be 
examined. 

Supported by grants RR-01243 and HL50238 from the National Institutes of  
Health. 



BMES Abstracts: Transport and Mathematical Modeling 53 

284 

TWO-STEP TARGETING OF ANTIBODIES TO TUMORS: THEORETICAL AND 
EXPERIMENTAL STUDIES 
C. Sung, W.W. van Osdol, T. Saga, R.D. Neumann, J.N. Weinstein, and R.L Dednck 
National Institutes of Health 

Two-step protocols lor targeting monoclonal antibodies (MAb) to tumors involve 
injection of a modified MAb capable of binding both to tumor-associated antigen and to a 
second component that carries a radionuelide or drug. The second component is 
injected subsequently, alter the MAb has distdbated throughout the target tumors and 
been largely cleared from the plasma and normal tissues. We have developed a 
mathematical model for the analysis ol these protocols and applied it to the case of a 
biotinylated MAb and radiolabeled streptavidin diffusing into small, prevascular, densely 
cellular nodules representing either pdmary or metastatic tumors. The model includes 
the whole body pharmacokinetics, transcapillary transport into normal tissue interstitium 
surrounding the nodule, binding 01 MAb to antigen, binding of the second component 
to the MAb, ditlusion into the nodule, and lymphatic outflow from the tissue space. 
Many of the model parameters have been estimated from recent experirnental work on 
metastatic nodules in the guinea pig lung. We examine the theoretical distribution of 
biotinylatad MAb and radiolabeled streptavidin within a tumor nodule and compare them 
with experimental results. The latter indicate that, under the conditions of these 
experiments, streplavidin in the tumor progresses from a mainly peripheral distribution at 
1 .S hr after injection to a largely homogeneous distribution at 24 hr. Homogeneity of lhe 
radiolabel was allained more rapidly with this protocol than with one-step MAb targeling, 
and the tumor-to-normal lung ratio of radiolabol concentration was enhanced, as well. 
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DEVELOPMENT OF A GRAPHICAL USER INTERFACE TO FACILITATE INTERACTION 
WITH A PATIENT-SPECIF/C DRUG DOSING PROGRAM 

Dean F. Sittig, Ph.D., Zhihe Jiang, M.S., Roger W. Jelliffe*, M.D. 

Center for Biomedical Informatics, Vanderbilt University, Nashville, TN 
* Laboratory of Applied Pharmaeokinetics, University of Southern California, Los Angeles, CA 

The user interface is where carbon-based humans, silicon-based computers, and knowledge-based 
software meet. As any computer-alchemist can tell you, combining such disparate elements along 
with knowledge (an always elusive quantity) in an attempt to produce gold (in oar case the correct 
drug dose) is difficult if not impossible. The relatively recent development of graphical user 
interfaces (GUt) is an attempt to diminish the blast when these three elements fuse, This 
presentation will describe the development of a prototype graphical user-interface which is designed 
to facilitate the process of generating a patient-specific drug dose using bayesian modelling 
software. Key concepts in the design process are to: 
l)  Provide feedback to the user immediately following the completion era  task. 
2) Make as much relevant information as possible visible on the screen. 
3) Enable physicians to enter data quickly and accurately and then to see the effects of changes in 
various parameters instantaneously. 
4) Eliminate the possibility of making errors. 
5) Translate the therapy goal directly into an action (in this ease a pharmacy order). 
The graphical user interface was developed in Visual Basic (Microsoft, Inc.) and runs under the 
Windows 3.1 (Microsoft, Inc.) operating system. All patient demographic data are stored in a 
relational database (Access, Microsoft, Inc.). The GUt and the database communicate via dynamic 
data exchange (DDE) links. The presentation will emphasize the interface design process and 
conclude with several of the key lessons learned. 
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A PHYSIOLOGICALLY-BASED PHARMACOKINETIC  
MODEL FOR MONOCLONAL ANTIBODIES 

L.T. Baxter, H. Zhu, D.G. Mackensen, and R.K. Jain 

Massachusetts Gcseral Hospital and Harvard Medical School, 
Department of Radiation Ontology, Cox-7, Boston, MA 02114 

A physiologically-based pharmacokinetic model for specific monoclonal antibody IgG 1 
(ZCE025) and its fragments (F(ab')2 and Fab), and for non-specific IgG 1 (MOPC21) in 
normal tissues and a human colon carcinoma xenograft ('r380) in nude mice is developed. 
The model simulates the experimental data on the ooncentrution of these four macromolecules 
in plasma, urine, heart, lung, liver, kidney, spleen, bone, muscle, skin, G.I. tract and tumor. 
This is the fast such model for macromolectdes with specific binding. It also uses a two-pore 
formatism for t~auscapillary solute exchange which avoids the oversimplifications of 
unidirectional transport or a single effective permeability coefficient. Comparison of model 
with our biodistribution data shows that: (l)  a physiologically-based pharmacokinetic model 
for specific and non-specific antibodies is able to explain experimental data using as few 
adjustable parameters as possible, (2) for antibodies and fragments the tumor itself has no 
significant influence on the pharmaookinetics in normal tissues; (3) the two-pore formalism 
for transcapillary exchange describes the data better than a single pore model without 
introducing extra adjustable parameters. The implications of this model for scaling up 
antibody pharmaookinefics from m o u s e  to man will be discussed. 
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ESTIMATION AND CONTROL: APPUCATION TO OPTIMIZING CHEMOTHERAPY 
REGIMENS FOR PEDIATRIC CANCER PATIENTS. John H. Rodman Pharm.D., 
PharmaCeutical Department, St. Jude Children's Research Hospital and Department of 
Clinical Pharmacy, Univerisity of Tennessee, Memphis, TN. 38105. 

A growing number of clinical studies demonstrate that intersubject pharmacokinetic 
variability for anticancer drugs is substantial, can be correlated with risk of toxicity and, 
most imPortantly, has prognostic importance for patient outcome. These results 
provide the impetus for clinical research to define quantitative relationships for plasma 
drug concentrations with toxicity and efficacy to guide drug therapy decisions. Recent 
advances for modeling, estimation and control of pharmacokinetic and 
pharmacodynamic systems has fostered the development of clinically useful models 
during drug development that provide a subsequent basis for optimizing dosage 
regimens of individual patients during routine therapy. Representative studies with the 
anticancer drugs carboplatin and teniposide, will be presented to illustrate the 
application of population data for open loop control strategies based on patient 
characteristica/pharmacokinetic parameter regression models and Bayesian estimation 
for adaptive control strategies with limited sampling study designs. For carboplatin, an 
open loop control reduced intersubject variability in systemic exposure from 48% to 
33% in 68 p~'ospectively studied patients. For teniposide, an a Bayesian adaptive 
control strategy increased median dose intensity by 50% over conventional fixed dose 
regimens. The estimation and control algorithms have been incorporated into PC 
based software easily used by clinicians and drug delivery has been facilitated by 
microprocessor driven programmable infusion devices permitting outpatient therapy. 
The clinical utility and computationa/feasabitity of extending these deterministic control 
strategieS to a stochastic framework is currently under development. 
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TECHNIQUES FOR ASSESSING GASTROINTESTINAL MOTILITY: POTENTIAL 
IMPLICATIONS FOR GUIDING ENTERAL FEEDING 
S. E. Carlson 
Depts. of Peds aud Ob/Gyn, Univ. of Tenn., Memphis, Memphis, TN 

Necrotizing enteroeolitis (NEC) is a severe intestinal disease 
which primarily affects infants born early in the last intra- 
uterine trimester. In addition to in,maturity, the etiology of 
NEC includes infection and enteral feeding. Infants who develop 
NEC as late as 2 to 4 wk of age have been reported to have ele- 
vated platelet activating factor (PAF) and xanthine in the first 
several days of life. Biochemical evidence of early tissue 
damage followed by later disease suggests that the intestine has 
subclinical disease for weeks. Clinically significant disease 
may finally occur after a triggering event which stresses the 
damaged intestine; e.g., bacterial overgrowth following anti- 
biotic use and/or full enteral feeding. Because of the high 
mortality associated with NEC, clinical management currently 
involves delaying full enteral feeding for all <1.5 kg infants 
even though only approximately 20% are at risk for NEC. Bio- 
medical engineering techniques for assessing intestinal motility 
could help identify infants with subclinical i~testinal disease. 
If gut motility could he shown to be a sensitive and specific 
predictor of abnormal gut physiology and could be inexpensively 
and safely monitored in the first weeks of life, safer approaches 
to feeding infants born <1.5 kg could be devised. Techniques 
used for monitoring gut function will be reviewed. 
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AN ALGORITHM FOR X-RAY BONE DENSITOMETRY USING A SMALL NUMBER OF 
PROJECTIONS 

Lawrence M. Jordan, Ph.D 
Department of Biomedical Engineering, University of Tennessee, Memphis 

A method utilizing digital dual-energy subtraction X-ray radiography for 
measuring calcium densities localized to the cortical and cancellous regions of 
bone cross sections is being developed. The method utilizes a small number of X- 
ray projection images obtained at roughly equal angles in the specimen cross 
section plane. Use of a variational algorithm for experimental bone shape 
determination based on a simple model of the mineral density distribution within 
sectioned cortical and cancellous areas is described. Performance of the 
algorithm when applied to simulated projection images of phantom bone 
specimens of various shapes is discussed. It is shown that, in simple cases, a 
high degree of overlap of estimated and reference bone shapes can be achieved 
using three projection directions. 
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X-RAY SOFT T ISSUE COMPOSIT ION M E A S U R E M E N T  
H.D. Zeman 
Dept. of Biomedical Engineering, University of Tennessee, Memphis 

An experimental X-ray imaging system using a Kodak Lanex Regular X-ray intensifying 
screen, a high-speed macro lens, and a liquid-nitrogen-cooled CCD TV camera, has 
been used to make quantitative bone mineral density measurements in rats. The syslem 
produces separate tissue and bone images of the experimental animals. Modeling calcu- 
lations have shown that the same technique used to separate bone and soft tissue 
should also be able to separate muscle and fat as long as no bone is present behind the 
soft tissue areas of interest. The first experimental tests el this techniques are just be- 
ginning, and more complete tests will be reported at the conference. The possible appli- 
cations of separate muscle and fat X-ray images would be to the diagnosis of breast 
cancer, wasting syndrome in AIDS, muscular dystrophy, cystic fibrosis, and other dis- 
eases. 
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THEORY ON RADIATION DETECTORS 
G. C. Giakos, F.A. OiBianua and S. Devidas 

Department of Biomedical Engineenng, University of Tennessee, Memphis, TN 38163 

This paper presents theoretical aspects on high pressure kinestatic Charge Detectors 
(KCD). The electron ddff velocity, w, is given by Chdstophorou as, 

[1] 
= 

e_ E f v a dfO d v  

where o.  is the momentum transfer cross-section and fo is the spherically symmetric 
term in the expansion of the electron velocity distribution. We may approximate Eq. 1 
for a given E/P value as :  

1 w 
<o><E> t/2 

where <o=- is the average overall electron scattering cross section and <E~ ,vz is the 
square root of the mean electron energy at that E/P value. Polyatomic molecules 
mixed with a rare gas reduce the electrons energy so that the mixture Js more 
"transparent" to electrons in this range minimizing the chances for an electron 
attachment or for a large electron dispersion leading to a reduced ionic mobility. 

[2] 

This work was supported by PHS Grants Number CA55378 and AR41376, awarded 
respectively by the National Cancer Institute and the National Institute for Arthritis, 
Musculoskeletal and Skin Deseases, DHHS. 
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Linearity and Artifact Production in a Kinestatic Charge Detector 
Charles R. Tenney M.S., Department of Biomedical Engineering, University of North 
Carolina at Chapel Hill 

The Kinestatic Charge Detector (KCD) is an x-ray detector for slot-beam digital 
radiography based on an ionization chamber in which ion drift is synchronized with detector 
scanning. Ionization chambers exposed to high radiation levels experience reduced drift 
velocity due to space charge and loss of signal due to ionic recombination. These effects may 
be counteracted by increasing the electric field, which increases drift velocities and reduces 
charge densities. In a KCD, increased drift velocity requires increased detector scan velocity, 
reducing exposure time at each image point. Accordingly, space charge and recombination 
effects must be traded off against tube loading for a given exposure. 

Charge densities in the KCD do not react instantly to changes in spatially 
nonuniform radiation fields, so a KCD may also show artifacts at edges: recombination will 
cause the signal to undershoot or overshoot its equilibrium value at an edge, while space 
charge will canse displacement of signals near the edges. For a uniform radiation field, 
recombination loss fur a given photon's signal depends on the detector location at which it is 
absorbed. This will broaden the pulse-height distribution and reduce the detector's DQE. 

These effects are proportional to exposure rate and to the square of exposure time. 
For a given exposure, they may be minimized by using the highest possible exposure rate for 
the shortest possible time. The effects also depend un the detection medium employed. For 
typical beam spectra, a 20 millisecond exposure of I mR would cause 4-5% recombination 
loss in xenon, whicb cuuld produce noticeable artifacts. Exposure limits would be about 
twice as high fur krypton, A clean system could reduce electron attachment, as could an 
electron-cooling additive such as carbon dioxide. The latter, however, would be expected tu 
increase electron-ion recombination rates, and a careful study would be required to assess its 
total effect. Space charge effects would be reduced by field shaping electrodes at the front of 
the chamber, especially fur denser media in which ions will be closer to the electrodes. 
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D U A L - E N E R G Y  IMAGING WITH A KINESTATIC C H A R G E  D E T E C T O R  

David C. Speiic, Robert  J, Endorf, Sunil Kulatunga 
Dept. o f  Physics, Universi ty of  Cincinnati  
Frank A. DiBianca,  Herb D. Zeman,  George C. Giakos 
Dept. of  Biomedical  Engineering,  University of  Tennessee, Memphis 

A method of  diagnostic x-ray imaging, using the concept of  Kinestatic 
Charge Detection (KCD) is being evaluated for use in dual-energy imaging.  
Preliminary results of  theoretical optimization studies and of  detector optimization 
will be presented. Parameters studied are detector medium, detector geometry, x-ray 
tube parameters, beam filtration, and the variation o f  optimal detector configuration 
with variations in patient size. Theoretical  pixel variance and signal-to-noise ratio 
studies as well  as measurements of  experimental detector performance show that the 
KCD can not only provide dual-energy images of  good quality, but can easily be 
adapted to chest as well  as mammographic  dual-energy applications. 
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Contrast Resolution of  a Kinestatic Charge Detector 
Charles R. Tenney M.S,, Department of Biomedical Engineering, University of North 
Carolina at Chapel Hill 

The Kinestatic Charge Detector (KCD) is unusual among current or proposed 
radiographic detectors in that it may be made thick along the axis of the incoming x-ray beam 
without sacrificing spatial resolution, and with adequate beam utilization. This allows 
significant increases in QDE and DQE over conventional detectors. As a slut-beam detector, 
it is capable of excellent scatter rejection without loss of primary photons. Accordingly, the 
KCD should display a superior ability to image low-contrast objects. 

Is has been noted by severaI researchers that the detectability of  low-contrast objects 
in x-ray images depends not only on detector DQE and photon fiuence (or equivalently, on 
NEQ) but also on the modulation of the beam spectrum in the energy domain by the objects 
which are radiographed, coupled with the detector's spectral response. Although the basic 
processes by which this occurs are well understood, a simple, unified explanation of these 
effects has so far been lacking. Tapovaara and Wagner (Phys. Med. Biol. 30 p. 519, t985) 
have provided a good start in this direction. 

The expressions uf Tapiovaara and Wagner are shown to yield simple, physically 
meaningful indices of image quality and detector efficiency. These and similar indices are 
used to formulate a rigorous definition of contrast resolution in terms of material properties of 
the radiographed object and its background. This definition accounts for photon statistics, 
detector efficiency, object attenuation, and detector spectral response. 

The contrast resolution achievable with xenon and krypton KCD devices is evaluated 
for a variety of detector configurations and beam spectra. Contrast resolution for some 
conventional detectors is evaluated for comparison. DQE and detected contrast are examined 
by analytic and Monte Carlo simulations, in the limits of zero and high spatial frequency. 
Scatter effects and scatter rejection are examined by Monte Carlo modeling. Together, these 
results give the contrast resolution effects of all x-ray processes for KCD and other detectors. 
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ASSESSMENT OF SYSTEM RELATED ERRORS IN QUANTITATIVE PHASE 
CONTRAST MAGNETIC RESONANCE IMAGING 
Guarnieri S, MS; Kirsch JE,  Ph.D. 
Center for BME, University of KY, MRISC Dept, University of KY. 

Veloci ty  encoded  phase  contras t  magne t i c  resonance  i m a g i n g  is 
sensitive to small alterations in phase due to motion and magnetic field 
errors .  D e c r e a s i n g  sys tem related phase  errors  inc reases  the 
accuracy and useful quanti tat ive information of  the acquisition. In 
this study, phase  of fse t s  and t ime dependent  phase shif ts  were  
observed for both static and constant velocity phantoms. For errors 
found in static phantoms, 60 Hz power oscillation in RF transmission 
and evolving eddy current fields were isolated for their contributions. 
Power oscillation in the RF transmission can cause phase offsets of  1% 
between two velocity hulled echoes regardless of  the encoding range. 
The effect was decreased to < 0.1% by changing the power oscillation 
compensat ion adjustment  and pulse sequence t iming.  Errors  from 
evo lv ing  eddy current  f ields were reduced by a l lowing mul t ip le  
echoes and altering maximum pulse amplitude. For constant velocity 
plug f low,  errors  were associated with shim offsets  and gradient  
calibration. Misadjusted shim fields produce phase offsets which do 
not always cancel digitally. Although gradient calibration does not 
affect  the phase null ing of  a particular sequence, it will produce 
veloci ty  encoding errors that vary linearly with gradient  strength.  
Many system related phase errors can be reduced to allow a more 
accurate quanti tat ive measurement  of  velocity related phase. 

298  

C O N T R I B U T I O N S  O F  S U S C E P T I B I L I T Y  AND R E L A X I V I T Y  
E F F E C T S  IN P E R F U S I O N  I M A G I N G  
Hilairr L, M.S.; Kirsch JE, Ph.D. 
University of KY, Center for BME; University of KY, MRISC dept. 

The ~role of  relative contributions of  susceptibil i ty and relaxivity in 
perfusion imaging  was examined.  Specif ical ly their  effect  on the 
signal intensity of  the steady state free precession (SSFP) technique 
was analyzed. Phantom studies, collected with a 1.5 Tesla whole body 
imager ,  were used to characterize relaxivi ty (R2) and susceptibil i ty 
( Z )  constants of  Gd-DTPA (0,1 mM to 5.0 mM) and AMI-227 (0.018 mM 
to 0.537 raM) with established methods. A molar susceptibility value 
( 2 . 0 6 x 1 0  -1 ml/mol) and a relaxivity constant (75.854 m M - l s  "1) were 
obtained for the superparamagnetic  agent AMI-227. A lower molar  
susceptibil i ty value  (2.86x10 -2 mlimole) and relaxivity constant (5.04 
m M - l s  "1) were determined for the paramagnet ic  agent  Gd-DTPA.  
Results are in good agreement with published data. Computation of  
R2* based on the individual SSFP echo and FID signals yield false 
results due to T1 contribution. However, R2* calculated with t h e r a t i o  
of  the SSFP echo and FID signals were consistent showing greater  
values for AMI-227 (97.534 t a M ' I s  "1) than Gd-DTPA (7.739 m M ' t s - 1 ) ,  
due to the e l iminat ion of  longitudinal  relaxation (T1) inf luence 
confirmed by previous work. These results suggest  that although the 
degree  of  suscept ibi l i ty  and re lax iv i ty  contr ibut ions  va r ies  with 
contrast agents, any contrast media can be used in perfusion imaging 
when the ratio of  the SSFP signals is used. 
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SEGMENTATION OF MAGNETIC RESONANCE IMAGES WITH A 
SELF-ORGANIZING MAP 
R. Denton, T.O. Edwards, K. M. Harmon, and H. Kakde 
Department of Electrical Engineering, Memphis State University, Memphis, TN 38152 
W. E. Reddick 
Diagnostic Imaging Lab, St. Jude Children's Research Hospital, Memphis, TN 38101 

A self-organizing map is used to segment a set of MR images of the brain. The set of 
MR images consists of proton density, T2-weighted, and Tl-weighted. 
Corresponding pixel intensities from each image are combined in an input vector of 
length three. Through an itemtive process, the serf-organizing map separates the set 
of input vectors into classes. The self-organizing map is a type of neural network. 
For this work, the network was a four-by-four Kohonen slab. The weight vectors of 
the processing units or neurons thai were closest to the current input vector, where 
distance is measured with the Euclidean metdc, were adjusted to match the input 
vector. Not only the closest weight vector was adjusted, but also its neighbors, thus, 
preserving the topology or neighbodaoed relations o| the input space. The weight 
adjustment of the self-organizing map was done on a portion of the three images. 
After training, the entire set of three images was presented to lhe self-organizing 
map. In the winner-take-all strategy of the map, the neuron whose weight vector 
most closely matched the input vector for a given pixel was declared the winner and 
its designation assigned to that pixel. The classification, which was similar to regions 
of different tissue type, produced a good segmentation of the image. Borders or 
edges between regions were assigned to different neuron bins than the surrounding 
tissue. Since the mapping is a point operation, smoothing and broadening of edges 
was not a problem, as it is for area techniques. This should be useful for volume 
estimation and reconstruction from MR images. 
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TOWARD ADAPTIVE FILTRATION OF 2D TIME-OF-FLIGHT MRA DATA 
Issa Y. Klmury, Elizabeth Abrahams, P. J. Keller and B. P. Draycr 
Dept. of MRI Research, BN1, St. Joseph's Hospital, Phoenix, AZ 

Magnetic resonance angiography (MR.A) is often accomplished by the acqttisitiou of 313 
image data. An alternative scheme involves the acquisition of 21) slices and building a 
volume image. This alternative offers the highest possible refreshment of flowing spins 
in all regions of the image volume at the expense of increased mlnimtma TE and voxel 
size. However, each of these two acquisition modes has strengths and weaknesses. 

In NMR spectrec, copy it is routine to apply apodization to the data before Fourier 
transformation to increase the signal-to-noise ratio. The most commonly used 
apodization function is a "matched" filter which matches the exponential decay for the 
data. All three axes ate filtered in 3D images, while on/y two axes are filtered in 2D- 
acquisition schemes. 

When viewing a projection of 2D time-of-flight data in the slice axis to see the entire 
length of the vessels, the vessels seem to have a ragged or molted appearance. The 
current work iavolves the application of the same apodizatioa process in the slice 
dimension of 21) data as is routine for 3D data to eliminate the ragged appearance of 
the vessels. This is accomplished by performing an iFFT in the slice direction of the raw 
data, measuring the exponential decay in the slice axes, creation and application of a 
matched filter then performing a FFT in the slice dimension. After this, the usual 2D 
reconstruction is performed. It might only be necessary to perform the iFFT on one line 
of data in the slice dimension to measure the decay constant. 
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C O N V E R S I O N  OF  T H E  STEADY STATE F R E E  P R E C E S S I O N  (SSFP) 
S I G N A L  I N T E N S I T Y  T O  C O N C E N T R A T I O N  
Hilairc L, M.S.; Kitsch JE, Ph.D. 
University of  KY, Center for BME; University of KY, MR1SC dept. 

The convers ion of  the magnet ic  r e s o n a n c e  imag ing  (MRI) s ignal  
intensity to concentration is a necessary requirement  for obtaining 
accurate  quant i ta t ive  perfus ion informat ion.  The abi l i ty  of  the 
s teady s tate  f ree  p reces s ion  (SSFP)  t echn ique  to mee t  this  
requi rement  us ing  the ratio of  the echo and FID s ignals  was 
examined.  Phantom experiments ,  collected with a 1.5 Tesla  whole 
body imager,  were used to analyze the accuracy of  convert ing the 
S S F P  s igna l  in tens i ty  to concen t ra t ion .  The  S S F P  t e c h n i q u e  
parameters  were:  TR=12.6ms,  T E F I D = 4 m s ,  TEecho=21 .6ms ,  FA=90o, 
temporal resolution=806ms, FOV=94x125mm, MA=4gx64 (1.95xl.95 ram), 
total scan time=51.6 sees (64x2 images). Contrast media (Gd-DTFA, 0.1 
mM to 5.0 mM; AMI-227, 0.018 mM to 0.537 mM) in 30 ml samples were 
studied. Region of interest measurements  were made and data was 
post-processed to yield calculated concentration with SSFP technique 
versus  measured concentration of  samples. The results obtained with 
the SSFP technique demonstrate the possibili ty of  acquiring accurate 
convers ion  o f  s ignal  in tensi ty  to concent ra t ion  in a per fus ion  
experiment.  Conversion of  signal intensity to concentration of  the 
individual signals specially the FID results in erroneous information 
evidenced as negat ive concentration values. These findings are also 
consistent in preliminary first pass studies of  the normal cat brain. 
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SIGNAL PROCESSING OF DYNAMIC CONTRAST-ENHANCED MR IMAGES 
W.E. Reddick, R.G. Steen, and J.S. Taylor 
St. Jude Children's Research Hospital, Department of Diagnostic Imaging 

Dynamic contrast-enhanced MR imaging (DEMRI) iB under study to 
determine its ability to reveal the perfunion characteristica of tumors. A series of 55 
Tl-weighted MR images were acquired on a 1.5 T imager and transferred to an off- 
line workstation. Five baseline images were acquired prior to a bolus injection of Gd- 
DTPA contrast agent  and another 50 were acquired post-injectinn. Each image was 
2562 and was acquired in 5.5 seconds. An automated procedure was developed which 
ca]cuisine the rate of contrast accumulation, the rate of contrast washout, and the 
amount of contrast accumulated relative to the eignal intensity. 

The DEMRI processing calculates the derivative of the signal intensity with 
respect to t ime using a piece-wise linear fit on a three point moving window. The 
initial uptake region of the eignal intousity curve is sigmoid in shape with a 
maximum derivative occurring at the inflection point. The maximum derivative is 
determined and a eeareh is performed to find the first point before and after the 
maximum that has a derivative le~  than ten percent of the maximum. These two 
points define the uptake interval. The washout interval is defined as a 60 second 
interval s tar t ing 90 second~ after the bolus first enters. The rate for each of these 
intervals is determined as the slope of a linear losst-squaree fit. The relative amount 
of contra~t accumulated is determined by subtracting the minimum and maximum 
signal intensities occurring in the time series. The three parametere are assigned 
grey scale values to create three images and transferred back to the imager for 
viewing and filming. An iastitutinnal protocol is evaluating the significance of this 
analysis for aasosament of respense to chemotherapy in bone and soft tissue tumors 
in children. 
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PRINCIPLES OF THE WAVE PERMITTIVITY AND WAVE PERMEABILITY 
George C. Giakos 

Department of Biomedical Engineering, University of Tennessee, Memphis, TN 38163 

Microwave dosimetry deals with microwave energy interaction with biosystems. 
According to the author's theow [1], when a pulsed, modulated microwave signal 
impinges on a structure more or less smaller than the carrier wavelength, the "wave 
permittivity" concept may be associated with transient events, occurring during a 
wavefront rearrangement (quasi resonance). The idea is to express the wave 
permittivity as a variant scalar, in terms of propagating and stored field energy density 
pads~ treated as components of the four-tensor of electromagnetic momentum: 

[1] 
S i j  

Eij = E E  

�9 Eq. [1] enlightens completely Eq. 2 [2] which was previously and independently 
mentioned by Bdllouin for dielectnc media: 

[2I Wcos2Ovph =WVgr 
where vp~, is redefined as the velocity of the signal c/cos0 (translational motion) with 
which the excess of field energy density propagates [1]-[2], and 0 is function of the 
energy balance of the guiding structure. When non stored terms are involved in the 
energy balance of the system, the wave permittivity of waves emerging from an 
isotroplc source is equal to %. Similarly, a wave permeability concept can be defined. 
[1] G.C. Giakos, "Foundations of the Wave Permittivity Diversity Imaging", prOgress 

in Electromagnetic Research Symposium, Prec. PIERS 1994 pp. XX, Jet Propulsion 
Laboratory, California Institute of Technology, July 1993. 
[2] G.C. Giakos,"Detection of Non-TEM Waves in Open Media', Ph.D Dissert., 1991. 
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LOW FREQUENCY CURRENT DENSITY IMAGING IN RABBITS. 
M.L.G. Joyt, V.P. Lebedev*, J. Gatti t, R. M. Henkelman t 

Institute of Biomedical Engineeringl and Department of Medical Physicat University of 
Toronto, Canada. Pavlov Institute for Physiology*, St. Petersburg, Russia. 

Low Frequency Current Density Imaging (LF CDI) is a recent[l, 3, 4] imaging modality 
that produces images of electric current density which arises from external electric sources. 
The LP CDI technique uses a Magnetic Resonance Imnger to measure the magnetic flux 
density, B, which is produced by the current density, J =v~-0B. Electroanalgesia produced 
by applying electric currents to the brain has been reported[2]. To better understand how 
this analgesia might arise, images of current flowing in the brains of rabbits using two 
electrode placements, one effective and one ineffective, were made. AnMysis of these images 
shows localized current pathways and a distinct difference due to electrode placement. 

R e f e r e n c e s  

[1] M. Joy, G. Scott, and R. Henkelmnn. In Vivo Detection of Applied Electric Currents by 
Magnetic Resonance Imaging. Magnetic Resonance Imaging, 7:8~94, 1989. 

[2] V. P. Lebedev, Y. S. Katznelson, V. A. Leosko, O. B. Illyinski, A. B. Savchenko, and 
A. V. Malygin. Selective electrostimuintion of deep brain stem opioid structures through 
the surface head electrodes in animals and humans. In Proceedings of the Firsl World 
Congress For Electricity and Magnetism in Biology and Medicine. San Francisco Press, 
1992. 

[3] G. Scott, M. Joy, R. Armstrong, and R. Henkelman. Measurement of Non-Uniform 
Current Density by Magnetic Resonance 1EEE Trans. Med. Imaging, 10(3):362-374, 
Sept t991. 

[4] G- Scott, M. Joy, R. Armstrong, and R. Henkelman. Sensitivity of Magnetic Resonance 
Current Density Imaging. J. Mag. Res., 97, 1992. 
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MODERN MICROWAVE IMAGING TECHNIQUES 
C. Giakos, T.K. Ishii* and F.A DiBianca 
Department of Biomedical Engineering 

University of Tennessee, Memphis, TN 38163 

+ Department of Electrical and Computer Engineering 
Marquette Universib/, Milwaukee, WI 53233 

The purpose of this work is to provide a review of the current microwave techniques 
as applied to medical imaging. It has been suggested that microwaves can be 
profitably utilized in detecting sof~ tissue abnormalities providing a clear view of the 
functional state of the living structure. The authors will introduce short theoretical 
aspects characterizing the interaction of electromagnetic waves with complex dielectric 
media. Following this, an overview of the techniques of bioimage formation based on 
microwave principles is offered. These techniques can be passive or active. Passive 
imaging techniques such as microwave thermography rely on the radiometric 
measurements of thermal emissions. On the other hand, active methods utilize 
microwave sources to interrogate biological structures. A variety of active techniques 
involves measurements of physical parameters such as pulse dispersion, conductivity, 
polarization and scattering parameters. Although the spatial resolution of a microwave 
imaging system is poor, an extremely high contrast resolution can be achieved. 
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NOVEL ENGINEERING APPROACHES TO BIOMEDICAL MAGNETIC RESO- 
NANCE 
Joseph J.H. Ackerman 
Department of Chemistry, Washington University, St. 
Louis, Me 63130-4899 

Biomedical magnetic resonance, both imaging and 
spectroscopy, presents a fertile ground for the devel- 
opment of new engineering strategies. Three novel 
developments will be described. (i) Bayesian probability 
theory provides a powerful, rigorous framework for 
optimal estimation of the parameters that characterize 
the time-domain signal. The use of Bayesian analysis for 
NMR signal detection, model selection and parameter 
estimation will be presented. (2) The electron spin 
represents a dipole 660 times as large as that of ZH; 
yet, because of ultra short relaxation times and micro- 
wave skin depth related penetration problems, it has not 
found widespread use as an in vivo magnetic resonance 
label. A spectrometer design providing essentially zero 
dead time and an absence of rf excitation (!) will be 
offered as a solution to these issues. (3) Spectroscopy 
in vivo is often made difficult by poor signal-to-noise 
and complex gradient based pulsed sequences. A simple, 
robust, high sensitivity approach to localized spectros- 
copy via surface-spoiling gradients will be discussed. 
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HIGH FREQUENCY COILS FOR CUNICAL NMR IMAGING AND SPECTROSCOPY 
JT Vaughan, HP Hethedngton, JG Harrison, PJ Noa, GM Pohost 
The University of Alabama at Birmingham 

In the pursuit of improved signal-to-noise ratios In nuclear magnetic resonance 
(NMR) detection for clinical imaging and spectroscopy, higher frequency detectors (coils) 
must be developed for use with the higher B 0 magnet fields required. Radiofrequency coil 
design for human studies at 4 Tesla and higher requires new methods. As coil dimensions 
become large fractions of wavelengths, conventional lumped element designs suitable for 
lower fields must give way to distributed line and cavity designs to preserve performance 
at higher frequencies. The reactive quarter wave transmission line element and resonant 
cavity of the transverse electromagnetic (TEM) circuit are recommended to replace the 
inductor L, and capacitor C, of the lumped element (LC) circuit where possible for coil 
designs above 100 MHz. Lumped elements can facilitate practical tuning, matching and 
dimensional adjustments in TEM-LC "hybrid" coils. The coil's B 1 radiofrequency magnetic 
field distdbution in the human body can be very different than the free space field, 
therefore th ~. B~ time-dependent fields for the coil and human load must be considered 
in the design process. Predictions of B 1 field distributions in human anatomy for high 
frequency surface and volume coils are made by numerically solving Maxwelrs equations 
for finite element coil-tissue models. Coil current distributions are thereby adjusted for 
optimum field homogeneity and efficiency for an anatomic region of interest. 

The purpose of this paper is to report co~ls designed accordingly for surface and 
volume applications at the highest fields currently available for clinical applications. 
Performance specifications and results from prototype high frequency TEM coils will be 
discussed and compared to theoretical predictions. The inherent signal-to-noise 
advantage of high field NMR is realized in clinical images and spectra produced with 
propedy designed high frequency coils. 

3O6 

A PEDIATRIC BODY COIL 
R.J. Ogg, J.M. Andrew, and J.M. Langstun 
St_ Jude Children's Research Hospital, Memphis, Tennessee 

The radio-frequency (RF) coil is an important component in determining the signal-to- 
noise ratio (SNR) that can be achieved in nuclear magnetic resonance (MR) experiments. High 
quality components, careful fabrication, and appropriate geometry are essential for optimal signal 
detection (1). The RP coils provided with clinical MR instruments, designed to accommodate adult 
patients, are too large for many pediatric patients. The resulting less in SHR can be a significant 
problem in pediatric oncolngy patients, where visualization of metastatic disease, tumor recurrence, 
or response to therapy requites optimal image quality. We have built a pediatric body coil, 
intermediate in size between the standard head and body coils, to improve SNR in body imaging 
of pediatric oncology patients. 

The coil is a cylindrical four ring quadratare birdcage (2,3) with sixteen elements: diameter 
= 37 can, inner structure length = 18.5 cra, outer structure length = 9.25 cm, and the uncoupled 
unloaded coil Q = 5(}0. With inductive coupling and impedance matching to 50 g2, unloaded Q = 
240. Images of a spherical phantom (radius = 12.5 cm) were acquired at 1.5 T (Siemens 
Magnetom SP) using the pediatric body coil (loaded Q = 168) and the standard body coil. Image 
uniformity was comparable with the two coils; SNR was 1.9 times higher with the pediatric coil 
than with the standard body coil. Matching coil impedance, while maintaining quadrature isolatinn 
and current balance in the two outer structures, is difficult for very low Q (-10). We will desoibe 
the coupling optimization and a novel patient handling system, and present MR images 
demonstrating improved SNR for pediatric body imaging. 

1. HouR, D.I. and Lauterbnr, P.C., J. Magn. Reson., 34, 425-433, 1979. 
2, Murphy-Boesch, J., Srinivasan, IL, and Carvajal, L., SMRMAbstracts, 125, 1991 
3. Zur, Y., Gotshal, U., and Grach, Y., SMRMAbstracts, 271, 1992. 
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OUANTJTATIVE INTERPRETATION OF SINGLE-VOXEL MR SPECTRA 
R. Willcott, W. Riddte, K. Cecil, and J. Gibbs 
Vanderbift University, Nashville, TN 

Development of single-voxel gradient-localized MR spectroscopy of the human brain 
is approaching clinical utility, but its acceptance requires verification of its accuracy 
and precision. A standardized aqueous solution was prepared containing the major 
constituents reported from MR spectra of the brain: N-acetyl aspartate, creatine, and 
choline, each 45.0 millimolar in methyl protons. A solution of each constituent was 
also prepared. NMR spectra were obtained at 9.2T (400 MHz), using a Bruker AM400 
spectrometer. Singte-voxet MR spectra were obtained at 1.5T (64 MHz), using a 
Siemens Magnetom SP and a spin echo sequence at TE = 135 ms. Accuracy of the 
method was assessed by measurement of intra- and inter-molecular peak intensity 
ratios. Precision was determined by repetitive measurements. Both were within 
+ 5 %  for all solutions at 400 MHz. At 1.5T, precision was generally within • 10%. 
However, using clinical protocols (TR = 1600 ms), peak intensity ratios for the singlet 
signals varied from expectation by as much as 50%. These deviations were brought 
within 10% with very long TR, which required clinically unacceptable measurement 
times. Sources of error that we considered arose from the spin system Imodutation 
by T1, T2, J coupling, and chemical shift), the hardware (field homogeneity, 
imperfections in RF pulses or gradient linearity, and effect of eddy currents and their 
compensation), and the operator (inconsistency in performance of spectroscopy and 
subiectivity during data reduction, both intra- and inter-examinerL Ctinienllu 
acceptable precision may be achieved in single-voxel MR spectroscopy by careful 
technique. However, inaccuracies may arise from several sources, some under 
operator control and some not. Small differences in peak intensities or intensity ratios 
seen in diseased states should be interpreted conservatively. 
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MRI AND P-31MAGNETIC RESONANCE SPECTROSCOPY (MRS) FOR 
MONITORING THERAPEUTIC RESPONSES IN MUSCLE DISEASES. 
J.H. Park, S. Karl, T. Vital, N. Ryder and N.J. Olsen 
Vanderbilt Medical School, Nashville, TN 37232 

Oermatomyositis is an inflammatory, autoimmune muscle 
disease involving severe proximal muscle weakness and 
rash. The mainstays of treatment are prednisone and 
immunosuppressive drugs, methotrexate and azathio- 
prine. Objective analysis of disease status is 
important because these compounds have serious side 
effects and frequent adjustments in dosage are 
required. Four juvenile and 8 adult patients were 
evaluated with MRI/MRS during therapy over periods 
from 4 to 41 months. Using a 1.5-T Siemens Magnetom, 
inflammation in the diseased thigh muscles was 
visually analyzed on T2-weighted images and quantified 
by T1 and T2 values. Inflammation disappeared in 3 to 
21 months. P-31 spectra of the quadricep muscles were 
obtained during rest and exercise. With treatment, 
the initially elevated Pi/PCr ratios were lowered, 
indicating more efficient generation of PCr and ATP. 
Additionally, PCr and ATP levels rose consistent with 
improved strength. In summary, MRI and MRS provided 
unique quantitative data for evaluation and long-term 
management of juvenile and adult dermatomyositis. 
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CLASSIFICATION AND MONITORING OF MUSCLE DISEASES USING 
ARTIFICIAL NEURAL NETWORKS AND P-31 MR SPECTROSCOPY 
S. Karl, T. Vital, and J.H. Park. 
Vanderbilt University Medical School, Nashville, TN 

Dermatomyositis (DM) is an inflammatory muscle disease 
characterized by extreme muscle weakness and a typical 
erythematous rash. A new classification of this 
disease, namely, amyopathic DM presents with a severe 
rash but no clinical muscle weakness. An artlficial 
neural network (ANN) has been developed for the 
differentiation of patients with myopathic or 
amyopathic DM. The P-31 MR spectra of the thigh 
muscles, which were acquired during rest with a 1.5-T 
Siemens Magnetom, provided the input features to train 
the ANN using the back-propagation algorithm. The 
features extracted were Pi, PCr, ATP, PDE, total 
Phosphate and ratio subsets. The network output was 
the classification of normal controls, myopathic and 
amyopathic DM. The ANN was completely successful in 
differentiating the three groups. In addition, the ANN 
detected a serious disease relapse as a patient 
regressed from an amyopathic to myopathic condition. 
In Conclusion, this study suggests that ANN may be of 
use in the classification and continuing clinical 
evaluation of chronic muscle diseases. 
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INFORMED CHOICES: OPTIMIZING 1H MRS FOR PEDIATRIC TUMOR PATIENTS 
J.S. Taylor, P.B. Kingsley, R.J. Ogg, W.E. Reddick, and LW. Langston, St. Jude Children's 
Research Hospital and U. TN Medical Center, Memphis, "IN 

One goal of our pilot study on the feas~ility and utility of tH MRS in the management of 
children with brain tumors was to identify and reduce or correct for the major sources of 
variance, so that clinical MRS data from multiple sites can be reliably acquired in patient 
examinations and evaluated as a group clinical study. We developed procedures for assessing 
errors associated with water suppression, eddy currents and coupled spins, and incorporated these 
results into quality assurance (QA), acquisition sequences, exam-time calibrations and automated 
data processing for clinical single-voxr localized, water-suppressed 1H MRS. Analyses included 
Bloch-equation simulations of water suppression 1 and product operator descriptions of 
localization sequences 2, as well as cal~rations of instrumental drift and variation. These led to 
optimized MRS sequences which require fewer time-consuming and error-prone operator 
adjustments, are less sensitive to B 1 variations and yield more uniform water suppression. The 
resulting consistent, high-quality data are easily analyzed by automatic processing algorithms 
which incorporate prior knowledge of approximate peak regions. Initial analysis of automated 
processing on a test set of volunteer data showed reduced variance for metabollte peak area ratios 
derived from the automated analysis of magnitude data compared to ratios obtained by a 
partially-automated method requiring manual phasing and choice of peak regions. A PC database 
application was designed to store and facilitate analysis of clinlcal MRS data, which is by nature 
very different f/urn the normal image output of the MR imager. The optimized sequences and 
automated prOCessing are now used rnutinely for clinical data acquisition and analysis, and are 
robust. Conclusion: Attention to OA, examination-specific optimization, and automated data 
processing can redacc the experimental componenls of the typically large variance observed for 
MRS stndies. 
1. R.L Ogg, P. Kingsley & J. Taylor, 34th Expil NMR Conference, Abstract 191, 1993. 
2. P.B. Kingsley, 34th Expil NMR Conference, Abstract 177, 1993. 
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IN VIVO 19F AND 7LI NMR OF PSYCHOACTIVE DRUGS IN 
HUMANS 
R.A.Komoroski, J.E.O.Newton, D.Cardwell, J.Sprigg, 
C.N.Karsen 
Depts of Radiology, Pathology, and Psychiatry, 
University of Arkansas for Medical Sciences, and 
McClellan VA Hospital, Little Rock, An. 

In vivo 19F NMR spectroscopy has been used to detect 
fluorine-containing psychoactive drugs in human 
brain. A quadrature birdcage coil provided sufficient 
signal-to-noise ratio for quantitation, measurement 
of spin-lattice relaxation times, and crude 
localization of the antidepressant fluoxetine. The 
weak 19F signal from the antipsychotic drug 
trifluoperazine could also be detected. Similar 
results were obtained for 7Li NMR of lithium, a drug 
used to treat manic-depressive illness, in human 
brain. The higher brain concentration of Li relative 
to the fluorine-containing drugs permitted faster 
data-acquisition times and better spatial 
localization of the NMR signal. The pharmacokinetics 
of Li uptake and elimination were studied. 
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RELIABILITY OF CAROTID ARTERY LUMEN SIZES DETERMINED BY IMAGE 
PROCESSING OF MAGNETIC RESONANCE ANGIOGRAMS AND IMAGES 

Stuart S. Ben, Naja S. Hurt, Carlos R. Aye~ John W. Snell, Michael B. Merickel, 
Radiology, Biomedical Engineering~ Cardiology, University of Virginia, Charlottesville, VA 

Magnetic resonance imaging (MRI) offers the potential of visualizing and measuring both 
arterial lumen and wall. Magnetic ~esonaace angio~raphy (MRA) is an established and often 
used technique, although its predecessor, x-ray angiography is the most trusted currently 
used method. These lumen measuring angiographic methods, however, suffer from their 
inability to examine the arterial wall. Studies indicate that in the early stages of 
athemsclerosis, arteries compensate for wall thickening and maintain a constant lumen size. 
Thus angiographic techniques are unable to examine the early stages of atheroselerosls. The 
purpose of this study was to determine the repeatability of lumen size measurements 
determined from MR[ and MRA image data sets, and to determine the accuracy of MRI 
results using MILA as a standard. 

In this initial stage of an ongoing project to quantify atheroselerosis, we determined the 
reproducibility of measurements of lumen size obtained from a dark-blood T1 weighted MRI 
exam and a bright-blond MRA exam. MRA exams incorporated TONE pulses and 
magnetization transfer suppression. Measurements were peffonned six times each on two 
nornml volunteers and on two patients with known atheroselerosis on a Siemens 1.5 Tesin 
MR imnger. Lumen volumes were calculated using a seml-automatud active surface 
computer processing segmentation technique developed in-house. Lumen areas were 
determined for left and right common, internal, and external carotid arteries. 

We found that MR[ and MRA are roughly comparable in their reliability: MRA has a 10% 
normalized standard deviation, while that of MRI is 15%. This suggests that both techniques 
are potentially useful for following atheroselerosis progression/regression. 
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A COMPARISON OF MEASUREMENTS BY A NEW METHOD OF BONE MINERAL 
DENSITOMETRY TO REFERENCE DATA 

Peter G. Davis and Lawrence M. Jordan, Ph.D 
Department ot Biomedical Engineering, University of Tennessee, Memphis 

Digital images of an intact rat femur, tissue and bone, embedded in an acrylic 
casing were obtained with two distinct X-ray energy spectra, using a CCD 
camera, at several different beam angles perpendicular to the bone axis, The rat 
femur was then sectioned into 1 mm slices which were separately imaged 
parallel tO the bone axis with the same apparatus to provide the reference data. 
The method of dual-energy image subtraction was utilized to obtain 
densitometric data for the intact femur. A variational algorithm[ t] was applied 
for measuring calcium densities localized to the cortical and trabecutar regions 
of sample bone cross sections. The algorithm is based on a simple model of 
mineral density distributions in cortical and trabecular bone. It is shown that 
absolute cortical and lrabecular mineral content can be measured to moderate 
accuracy by this method for cases of simple bone geometry. 

[1] L. Jordan. "An algorithm for X-ray bone densitometry using a small 
number of projections." private communication, 1993. 

316  

SPATIAL AND TEMPORAL RATE OF BONE DEMINERALIZATION DUETO NON- 
WEIGH'rBEARING AND THE EFFECT OF EXCERCISE 

Dona M.K., H.D.Zeman,PhD, D.Thomson,PhD 
Department of Biomedical Engineering, University el Tennessee, Memphis 

It has been determined that the principal exlrinsio influences of k)ss of bone mass and 
remodeling are those derived trom mechanical loading. This study proposes to 
determine the validity of that statement and the potential interrelationship between the 
quality and quantity of physical activity and its role in the preventionlcuring of 
ostsoporosis, using rats as a model. The information obtained using this method is 
more precise, since the bone density variation of the same ar'irr~ is noted throughout 
the non-weightbearing period. The influences of weightbearing forces on the bone 
mass and remodelling are examined using a liquid nitrogen cooled CCD "IV camera 
system from Aslromed CCD Inc. In order to measure changes in bone mineral density 
accurately in a bone which is -35ram long and 2.5mm wide (rat's lemur at its narrowest 
point), a high spatial resolution is required along with high quantum efficiency to reduce 
x-ray quantum noise. The CCD system used has 384x578 pixels, each of which is 
0.022x0.022 mm in size. The entire array is read out to 16-bits accuracy in about 6 sees. 
With the liquid N 2 cooling, dark current el the CCD is reduced to an immeasurable 1 
electron per pixel per hour. The lens opening and magnification setting has also been 
optimized to achieve good spatial resolution. 
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FRACTAL MODELLING OF THE DIELECTRIC PROPERTIES OF BONE 
Susan R. Smith-Baish and John K. Andersen 
Electrical Engineering Department, Bucknel( University, Lewisburg, PA 17837 

The dielectric properties (conductivity and permittivity) of cortical 
bone exhibit a power-law dependence on frequency. This power-law depen- 
dence was simulated over the frequency range of 100 Hz to 10 MHz using a 
self-similar network of capacitors and resistors. The resistance and capaci- 
tance of each branch of the network scaled by a constant factor from that of 
the previous branch. Such a model reflects the wide range of length scales 
over which relaxation processes occur in bone. A network with a self-similar 
topology, but with elements scaled according to the anatomical structures in 
cortical bone and not by a constant factor was not successful in simulating 
the dielectric properties of bone. 

Previous models have predicted the tic.conductivity from the number 
and orientation of vessels in bone. The present model addresses the fre- 
quency dependence of the dielectric properties. The modelling of the dielec- 
tric properties of bone is useful in understanding the transport of charge 
through bone. Knowledge of current pathways in bone is helpful in studying 
mechanisms such as those involved with the electrical stimulation of bone 
growth. 
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VIBRATIONAl-. RESPONSE ANALYSIS OF EWE VERTEBRAL CANCELLOUS BONE 
PS Weinhold, CF Abrams Jr, SC Roe, JA Gilbert 
Department of Biological and Agricultural Engineering 
Department of Companion Animal and Special Species Medicine (Roe) 
North Carolina State University 
Department of Agricultural and Biological Engineering (Gilbert) 
Mississippi State University 

Osteoporosis produces structural changes in vertebral cancellous bone (VCB) that have a 
directional affect on its mechanical properties. The objective of this study was to evaluate 
non-destructive vibrational response analysis (VRA) for dynamically assessing the directional 
elastic moduli of VCB. Orthogonal elastic moduli determined by destructive compression 
testing were compared to values estimated by VRA for cubes of ewe VCB. Two cubes 
cranial/caudal to each other were dissected from the lumbar vertebrae of each of six ewes 
(2-11 years of age). The dynamic elastic moduli of all cubes were assessed by VRA testing 
in each of the 3 anatomical directions: cranial/caudal (CC), medial/lateral (ML), and 
dorsal/ventral (DV). The static elastic modulus and compressive strength were determined 
for each pair of cubes in the CC and ML directions by compression to failure testing. The 
moduli and strengths were significantly greater (P<.05) along the longitudinal spinal axis 
(CC) as compared to the transverse directions (ML and DV), as has been reported for 
human bone. The mean dynamic and static elastic moduli in a given anatomical direction did 
not differ (P<.05). A relatively high correlation was found between the dynamic elastic 
modulus and either the static elastic modulus (r=.876) or compressive strength (r=.867) 
These results suggest that vibrational response analysis may be an efficient and reliable 
method of non-destructively assessing the mechanical aulsotropy of vertebral caueeUons bone. 
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THE USE OF VIBRATION ANALYSIS TO EVALUATE THE INFLUENCE OF 
DIETARY CHANGES ON THE MECHANICAL PROPERTIES OF WHOLE BONE 
JB O'Brien, CF Abrams Jr, K Wedekind 
Department of Biological & Agricultural Engineering 
North Carolina State University 
Mark Morris Associates (Wedekind) 

The objective of this research is to evaluate vibration response analysis as means of 
estimating the mechanical properties of whole bones relative to dietary effects. Three-point 
bending is a commonly-used method which should be limited to straight specimens having 
a symmetrical cross section and a length-to-diameter ratio of at least 10; whole bone 
infrequently meets these constraints. Machined test specimens may be used, but the time 
required and artifacts of machining are probelms. Vibration response analysis is an 
alternative method that is non-destructive and relatively fast. Standards call for a length to 
diameter ratio of 5 to 20; this wider range allows for a variety of bone shapes. Specimens 
with a ratio below 5 or greater than 20 may be difficult to excite in the fundamental mode. 
The bones for this research were part of a study to determine if supplemental Zinc produces 
measurable differences in the mechanical properties of bone. An experiment was conducted 
with swine to characterize the effects of supplemental Zn on growth performance, bone Zn, 
plasma Zn, and the mechanical properties of bone. In the experiment, 192 pigs were fed 
coru-soybean meal diets supplemented with feed-grade ZnSO4.H20 to provide 0, 5, 10, 20, 
40, and 80 mg/kg supplemental Zn. The thkd and fourth metacarpal bones were tested using 
both vibration analysis and three-point bending to evaluate the effect of increasing Zn levels 
on bone. 
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Ea IP DEPENDENCE OF ELECTRON DRIFT VELOCITY FOR DIFFERENT 
GAS MIXTURES IN A KINESTATIC CHARGE DETECTOR 

Sreenivas Devidas, George C Giakos and F.A. DiBianca 
Department of Biomedical Engineering, University of Tennessee, Memphis, TN 38163. 

The kinestatic charge detector in brief, comprises a scanning drift chamber whose velocity 
is synchronized to the dritt velocity of the ions produced therein, so as to cause the moving 
(kinetic) ions to appear to be at rest (static) in the patient rest frame. The X-ray 
interactions in the gas produce positive ions and electrons. The electxons move towards 
the high voltage plate which is held ata high positive potential. The positive ions formed 
move towards the grid which is held at lower potential. The electrons may attach during this 
transit to other neutral electronegative impurity atoms and form negative ions. The negative 
ions so formed may recombine with the positive ions and this leads to a signal loss and 
a consequent reduction in detective quantum efficiency (DQE) because the pulse height 
distribution is broadened. The addition of a polyatomic gas such as carbon dioxide, 
methane, hydrogen or nitrogen has been found to reduce the electron attachment to a 
considerable extent via the Ramsauer Effect. The consequent reduction in the signal loss 
due to recombination results in a considerable improvement in the signal obtained from the 
KCD. This improvement depends on the ratio of the drift field to the pressure 
(Volts/cm/mmHg) and the results of this dependence for different gas mixtures will be 
presented. 
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COMPUTER SIMULATION AND EXPERIMENTAL STUDY OF X-RAY 
SCATTER IN A KCD SYSTEM 
Qian Peng, IE A. DiBianca 
Department of Biomedical Engineering, University of Tennessee, 
Memphis, TN 38163 

X-ray scatter has long been an interesting subject in the development of a 
KCD digilal radiographic imaging system. In this work, we studied the 
scatter 1o primary ratio of the KCD for different detection gas under 
different pressures and combination ratio for a set of different window 
material end thickness, by using Monte Carlo code and other computer 
simulation method. We also measured the line spread function and 
scatter to primary ratio of a KCD, and compared it with the theory. The 
result may lead to a better understanding of the scatter problem and the 
optimization of the design for future KCD's. The patient-related X-ray 
scatter will also be discussed. 

3 2 0  

KCD V S .  FILM-SCREKNRADIOGRAPHY: 
a COMPARISON OF TECHNIQUES AND IMAGES. 

F.A. DiBianca, S. Kollipara and S. Nagarajan. 
Department of Biomedical Engineering 

University of Tennessee, Memphis 38163 

An advanced small-field-of-view Kinestatic Charge Detector 
(KCD) for digital radiography has been developed and evaluated, 
and a large-field KCD imager is nearing completion. The new 
detector uses 80-100 arm krypton gas doped with ammonia and 
carbon dioxide. Krypton gives higher resolution and less in- 
detector scatter than xenon, ammonia improves resolution in the 
drift direction by eliminating mobility dispersion, and carbon 
dioxide reduces electron attachment and the ensuing ion-ion 
recombination. Initial resudts indicate that lead bar pattern 
modulation is visible in the KCD images at 7 1p/mm for moderately 
high kVp techniques, and x-ray quantum detection efficiencies of 
80-90 % have been obtained. In addition, KGD signal output noise 
corresponding to approximately 4 x-ray photons hasbeen observed, 
mostly due to electronic noise. 

The basic imaging techniques for the KCD and film-screen 
detectors will be compared, as well as the relative spatial and 
contrast resolution capabilities of the two techniques. 
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GRID OPTIMIZATION IN THE KCD 
A. Mahmud,F.A.DiBianca,J. Laughter 
University of Tennessee, Memphis 

The Kinestatic Charge Detector is an imaging device that scans the 
patient by moving the source and the detector across him at a kine- 
static speed. The X-rays entering the gas detector result in ion forma- 
tion. The positive ions contribute to the signal generated at the collec- 
tor. A grid is used to shield.the collector, and thus prevent blurring the 
image. In this paper, an account of the efforts at optimizing the grid is 
given, so that the noise created by grid microphonics is at a minimum, 
and also shifted to a higher frequency zone than that at which the det- 
ector is normally subject to. 
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UTIUZING ANALOG INTEGRATORS IN LOW LEVEL DIGITAL IMAGING SYSTEMS 
J. S. LAUGHTER 
DEPARTMENT OF BIOMEDICAL ENGINEERING, 
THE UNIVERSITY OF TENNESSEE, MEMPHIS 

The optimization of electronic image pixel information requires 
compromises and tradeoffs in low signal environments. This paper describes 
an electronic "front end" for X-ray scanning, consisting of Burr Brown 
2101 analog integrator chips, used to collect nanoampre signals over 200 
microsecond time periods for subsequent analog to digital conversion and 
image processing. 

The sources of error, analog and digital noise, and control components 
are discussed and compared to conventional analog electrometer circuitry. 
Design details such as input guarding and stray input capacitance and these 
effects on noise and stability are also examined. Design performance is 
compared to actual performance of a recently constructed 384 channel 
system and inferences made to the expectations of a 2304 channel imaging 
system currently under development. 

3 2 4  

NORMALIZATION OF KCD DATA 
Senthilkumar N., and Dr DiBianca F. A. 
Department of Biomedical Engineering, 

University of Tennessee, Memphis. 

The KCD test detector data is distorted due to beam modulation effects, x-ray photon 
noise, anode surface imperfections, random noise in the detector electronics, etc., This paper 
discusses the ways to reduce the distortion by normalising the data using a reference signal. Two 
possible ways of normalizing the data using the KCD reference electrode and CsI beam monitor 
are explained. An algorithm to correct CsI detector data before it could be applied to normalize 
the KCD data has been explained.This correction is needed because Csl  detector and KCD are 
integrating in different time domains. Experimental results are presented. The normalization using 
the KCD reference was found to be better than the CsI detector reference.The reasons for the low 
noise reduction of  the CsI reference method are explained. 
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Off-Resonance Spin Locking for MR Imaging of the Breast 

Giles Santyr, Jeff Fairbanks, Fred Kelcz, Jim Sorenson. 
University of Wisconsin, Madison, WI 53716. 

Conventional MR images of the breast often are confusing be- 
cause of tissue heterogeneity and ambiguous contrast arising from 
the overlap in relaxation times between lesions and normal breast 
tissues. Fat suppression is helpful; however, the lack of con- 
trast between fibro-glandular breast tissue and lesions may still 
be a problem. This is particularly important for younger women 
with more glandular breas~ on whom X-ray mammography often is in- 
conclusive. Administration ofexogenous contrast media ( e . g .  Gd- 
DTPA) is useful, hut is invasive, costly and not suitable for all 
patients. The purpose of this work was to develop an optimized MR 
imaging technique for improved detection of breast lesions with- 
out the need for contrast media. The technique combines inversion 
recovery and off-resonance spin locking to suppress signal from 
both fat and fibro-glandular tissue simultaneously. An anthropo- 
morphic breast imaging phantom was used to optimize the technique 
for clinical application using a GE Signa MR imaging system (GE 
Med. Systems, Milwaukee WI.) Preliminary clinical results indi- 
cate that the method can provide improved delineation of breast 
lesions, particularly in women with more glandular breasts. 
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QUANTITATIVE ANALYSIS OF PHANTOM IMAGES IN MAMMOGRAPHY 
Dev P. Chakraborty Ph.D. and Gerald R. Edelstein M.S. 
Department of Radiology, Hospital of the University of 
Pennsylvania, 3400 Spruce St, Philadelphia, PA 19104 

The Amedcan College of Radiology (AGR) accreditation program for mammography 
includes subjective phantom image quality evaluation as part of the accreditation 
process. The ACR phantom contains several target structures (flbdls, 
microcalcifications and masses) whose visibilities are rated by a group of medical 
physicist readers. Performance on this imaging test is a significant factor in the 
decision to pass or fail a facility. This study was aimed at determining if improvements 
are possible to this methodology if one employs quantitative measurements on the 
phantom images instead. Several images of the ACR phantom acquired under 
different imaging conditions (kVp and gdd) were digitized at high spatial and gray scale 
resolutions (50 micron pixels and 12 bits per pixel) on a laser digitizer (LUMISYS 
LUMISCAN 100). Images were analyzed using a high resolution display station (2 
DOME Imaging Systems MD Series boards with 20 MB image memodes and 1200 x 
1600 x 8 bit display memories, 2 Image Analysis Monitors, and a Intel 486 based 
personal computer). The analysis consisted of computing suitably normalized 
numerical indices corresponding to each of the target structures in the phantom. 
Comparisons were performed between three readers interpretations of the phantom 
images and the numerical indices. The initial results suggest that the numerical 
analysis is more sensitive at detecting subtle image quality variations in the phantom 
images. 

This work was supported in part by a grant from NIH (1RO1-CA54788). 
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FLUORESCENCE AND PHOSPHORESCENCE OF BREAST TISSUE 
AT LOW TEMPERATURE 

G. C. Tang, Pradhan Asima, and R. R. AIfano 
Mediphotonics Laboratory 

Institute for Ultrafast Spectroscopy and Lasers 
The City College of New York, NY 10031 

The low temperature fluorescence spectra of cancerous and benign tissues excited 
by 300 nm were compared with room temperature using CD-Scan. At room 
temperature, the main peak is at 340 associated with tryptophan and a weak peak 
around 460 nm associated with NADH. At low temperature near 77 K, the spectra 
were wider than that at room temperature and shifted to longer wavelength due to 
the appearance of the peak at 380 nm associated with collagen and the partial 
overlap of 380 nm band with the 340 nm band. 

At low temperature, the main fluorescence peak of cancerous breast tissue excited 
by 340 nro was located at 374 nm which was shifted by about 5 nm to shorter 
wavelength from 381 nm at room temperature, and the second peak located at 461 nm 
was also shifted to the shorter wavelength of 5 nm. A small spectral shift was 
observed for benign tissue at low temperature. 

Phosphorescence band of cancerous tissue excited by 340 nm was found to be wide 
in the region from 435 nm to 540 nm. Phosphorescence band of benign tissue is wider 
from 435 nm to 575 nm. The average phosphorescence decay time of cancerous tissue 
measured at 120 K was 360 ms which appeared to be faster than that of 527 ms of 
benign tissue. 

This work is supported by Mediscience Technology Corporation. 
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SCREEN - LENS - CCD FOR M A M M O G R A P H Y  
H.D. Zeman 
Dept. of Biomedical Engineering, University ot Tennessee, Memphis 

An experimental imaging system is being designed which will apply the high quantum 
efficiency and high spatial resolution possible with a transparent crystal intensifying 
screen combined with the high accuracy in light measurement possible with cooled CCD 
technology towards the improvement ot mammographic detection of cancer in a fashion 
that ultimately will lead to eadier diagnosis and better differentiation of benign from ma- 
lignant disease. The scintillating crystals under study include CsI(TI), a GE preprietary 
ceramic made of Gd203(Eu ), and the glassy scintillating phosphor coatings used in 
military CRT displays. The lens designs being considered have a speed of at least f 0.65 
and a magnification of 1:1. The design of a 2X magnifying lens which when used with a 
80 mm f 1.3 (2:1 demagnifying) oscilloscope camera lens will achieve f 0.65 speed and 
1:1 magnification has already been completed. The light detector for the system will be a 
Tektronix 2048 x 2048 pixel thinned CCD, therrncelectrically cooled to at least -80o(3. 
The imaging system will have a lield of view of 49 x 49 mm and a spatial resolution of 24 
p.m. This system is being designed in collaboration with Science Applications Interna- 
tional Corp., and GE Research Laboratories. 
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VOLUMETRIC 3-D ULTRASOUND IMAGING 

STEVE CHARLES, M.D. 
CENTER FOR RETINA VITREOUS SURGERY 

CT ai~d ~ imaging acquire volumetric informatic~ with 
specific values for each voxel. Because reflection 
ultrasound is dependent on speckle or reflection, it 
is impossible to assign a specific value to a pixel in 
2-D imaging or voxel in 3-D imaging. All CRTs are 
intrinsically planar displays (2-dimensional). The use 
of liquid crystal light valve technology for field 
sequential stereo permits a pair of planar projections 
of a volume but is not a true volumetric display. 
Motion parallax is the most powerful cue for the human 
observer to interactively decode volumetric 
information from an intrinsically 2-dimensional planar 
CRT display. Utilizing a volumetric ultrasound method 
developed by Drs. Rob Entrekin and Philip Keller of 
ATL, referred to as Slit-O-Vision, it is possible to 
acquire volumetric reflection ultrasound information. 
This then is decoded by the human observer moving the 
acquiring probe while visualizing the monitor 
principally based on motion parallax. 
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MASS SPECTROMETER PROBE MEASURES AQUEOUS PHASE Oz, COz, 
AND INERT GAS TENSIONS WITH MINIMAL UNSTIRRED LAYER 
JE Baumgardner, JA Quinn, GR Neufeid 
Depts Anesthesia, Bioengineering, and Chemical Engineering 
University of Pennsylvania, Philadelphia, PA 

Membrane inlet systems for mass spectrometers have shown great 
utility in the quantitative analysis of nonpoiar, low molecular weight compounds 
in aqueous solutions. The dimonslons required for a membrane of suitable area 
have restricted their miniaturization and their application to measurements of 
gas tension gradients in in-vitro and in-vivo models of the mlcrecirculation. We 
have developed a membrane inlet system for a mass spectrometer that 
excludes water and polar compounds and admits gases into the mass 
spectrometer for analysis. We have used this system to measure gas tensions 
of oxygen, carbon dbxfde, helium, argon, and Ntrous oxide in aqueous 
solutions prepared for calibration of the probe. The system is highly linear. The 
signal to noise ratio for oxygen at 0.5 arm is 8.4 and is increased to 26 by 
repeated measurements over 30 minutes. The probe is physically large, at the 
tip of 16 Ga tubing, but the sampling pore is very small, estimated to be 40 
angstroms. The sample rate for 100% oxygen is 2 X 10"-13 ml O2/min; at this 
low sample rate, there is no detectable stirring effect and the depletion layer in 
the liquid phase around the sample pore is estimated to be tess than one 
micron. The combination of a small sampling pore and a very 10w sample rate 
should allow adequate spatial resolution to measure gas tension gradients on a 
microcirculatory scale. 

334 
Design and Evaluation of a Novel In Vivo Ultrasonic Wall Shear Rate Measuring Device, 
Keynton, R.S., Neifert, Q.Y.,  Nemer, R.E.,  Fatemi, R.S., and Rittgers, S.E. 
Department of Biomedical Engineering, The University of Akron, Akron, OH 

HemodynamJcs, especially low wail shear stress, play a key role in the development of 
atherosclerosis and bypass graft intimal hyperplasia. Wall shear stress has often been obtained 
in viva from either estimates based on volume flow rate [Binns et al., JVS,'89] or single-point 
velocity measurements, in conjunction with the wall no slip assumption and a simple linear 
regression. However, previous experiments in our lab [Fatemi et al., ASME, Summer '93] have 
shown that, under pulsatile flow conditions, wall shear rates are more accurately predicted (within 
-+ 20 % of theoretical values) by using 4 velocity poiots (3 free stream points together with the no 
slip assumption at the wall) and a 3 '~ order polynomial curve fit. Therefore, it is the purpose of 
this paper to evaluate the accuracy of a new, in viva transducer capable of determining wall shear 
rates non-intrusively from velocities at three points along a line perpendicular to the vessel wall. 

Three 20 MHz ultrasound crystals (d= 1 ram) were imbedded in an elastomer at spacings 
of 1.5 and 2.1 ram with beam angles of 30 ~ 45 ~ and 6@ to the horizontal plane. Optical 
examination with a video light microscope showed that inter-crystal spacings were within 
3 .9•  and crystal angles were within 2.6-+3.5 ~ of the design. Calibration was performed 
under steady (Re=258) and pulsatile (lilac artery: t~=3.5, Rer~k--1000, R e ~ = 2 0 0 )  flow 
conditions. Mean point velocity measurements were within -3.4 +6.7  % and 5.8 -+ 8.7 % compared 
to theoretically predicted steady and pulsatile values, respectively. Furthermore, peak systole 
point velocity measurements were within 2.4_+6.2% and oscillatory velocities were within 
2.7-+7.6% accuracy. Steady and pulsatile average shear rates were calculated and found to be 
26.5 -+4.9 s "1 and 49.0-+ 8.4 s" compared to theoretical values of 28. l _+ 0.2 s" and 47.3 _+2.2 s 1, 
respectively. In a preliminary in rive investigation, the average and peak systolic shear rates in 
a dog carotid artery were found to be 433.4 s ~l and 1144.5 s "l, respectively, which correlate well 
with values obtained by others [Birms et al., JVS,'89]. Results from this study show this device 
to be a viable technique for measuring wall shear rates in vivo. 
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CHARACTERIZATION OF BIOSENSOR RESPONSE WITH RAMP PERTURBATIONS 
Dale A. Baker and David A. Gtmgh 
Department of  Applied Mechanics and Engineering Sciences, University of California, San Diego 
La Jnlla, CA 92093 

Traditionally, sensor transient response has been characterized by the response to a step 
concentration change. Response time is reported as the time required for the sensor to reach a 
Slxmified percentage of the final steady state response, for example, the "95% response time." This 
approach is usually satisfactory for biosensors operated in a discrete sample mode, where a sample 
is taken from the biological environment and briefly exposed to the sensor. However, for 
biosensors that are intended for direct contact with the biological environment and operate 
continuously, such as implantable biosensers, use of a step "response time" or "time to reach 
steady state" is of limited value in characterizing the dynamic response to changes seen in situ. 

We propose that a useful characterization for biosensors, which are used for continuous 
monitoring applications, can be performed with ramp concentration changes. This perturbation is 
relevant for testing and analyzing the response of continuously operated biosensors since actual 
monitoring conditions are better approximated by romps than by abrupt step changes. The ramp 
rote can be adjusted to simulate the analyte's expected rote of change. 

The response of an enzyme electrode for glucose will be presented as an example of a 
continuously operated biosensor that has been characterized with ramp concentration permrbadons, 
It will be shown that for a ramp perturbation at a fixed rate, there is an initial lag in the response 
of die sensor after which the response follows the ramp input with the same slope. The dynamic 
delay is die paramemr that indicates die extent to which this response is simply shifted in rime. 
There is also a dynamic error, which is the the difference in concentration indicated by the sensor 
and the actual concentration. The dynamic delay and dynamic error increase as the ramp rate 
increases. It will be shown that the maximal rate of  change of die analyte can be used to give an 
upper bound on the dynamic delay and dynamic error. 

335 
BLOCKING OF EDRF IN ISOLATED RAT CEREBRAL ARTERIOLES: 
MEASUREMENT OF INTRACELLULAR CALCIUM AND VESSEL DIAMETER 
Hans H. Dietrich and Ralph G. Dacay, Jr. 
Dept. of Neurosurgery, Washington University, St. Louis, MO, 63110 

Penetrating arterioles (n=8) of rat cerebral cortex were isolated and cannulated 
according to Dacey et el. (Am.JPhysiol. 243:H598-H606; 1982). Artedolar smooth 
muscle cells were leaded.with the calcium sensitive probe FURA-2 (5 gM) and 
subjected to various extralumieal stimuli. Using a ratiometric fluorescence video 
imaging system, the intrace!lular calcium concentrations (Cai**) in the smooth muscle 
cells were measured as indicated by the ratio of two observed wavelengths 
(340nnY380nm). Cai** was correlated to the simultaneously measured intraluminal 
vessel diameter measured with a video-dimensional system. All vessels developed 
spontaneous tone with an average control diameter of 45.6L-_3.9 p.m (mearttSEM) 
and Cai'" of 111_+13 nM at pH 7.3. Papavedne (10 s M) and acidic pH 6.8 dilated the 
vessels to 61.0!-6.6 p.m and 57.8_+5.8 ~m as well decreased the Ca~'" to 55.6 nM and 
78.3 nM, respectively. Alkaline pH of 7.65 and the calcium ionophor lonomycin 
(5"10 s M) constricted the arterioles to 34.8_+3.9 ~m and 30.0-+5.8 ~m with an 
increase in Ca,** to 145-+3.9 nM and 825_+652 nM, respectively. These results show 
that there is an inverse proportional relationship between vessel diameter and Ca***, 
Surprisingly, blocking the production of endothelium derived relaxation factor (EDRF) 
with N-omega-nitro-L-arginine (NOLA, 10 -s M) constricted the vessel to 34.4 tun 
without raising but lowering Ca," to 77.0 nM. The dissociation of vessel tone and 
Ca~ +* after blocking the EDRF production with NOLA has not been reported before in 
cerebral arterioles. This observation may indicate that EDRF regulates vascular lone 
in a calcium independent way such as Cai**-independent cGMP-cyclaea (KhaliI,R.A. 
et al., Am.J.Physiol. 263:C714-C718, 1992). Supp. NIH/NHLBI 5 R0 HL37983-05. 
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CALORI~<iC ASSESSMENT OF ~TABOLISM IN biAI~IALIAN CELLS 
Mark E. Eopkin 
Ci:y~Li fe, inc, Mar!,~tta, G,5orQia 

Heat preduction is a potentielly llseful measllre of metabolic 
activity. Most cellular heat production is derived from 
giycoiysis and lai~ochondrial oxidation, in hhis presentation, 
xesuit~ fz~.m measurements of metabolic heat production rate on 
three cell types are presented. A heat conduction differential 
scanning calorimeter (Hart Scientific) was used for isothermal 
measurements in these studies, This instruraent uses 1 ml ampoules 
with screw-cap lids. The signal from a h~at conduction instrument 
is an indication of the instantaneous rate of heat production 
within the ampoule. After thermal equilibration (about 30 
minutes), heat production rate was recorded every minute for 30 
minutes. Baseline measurements with ampoules containing buffer 
only were reproducible to about 2-3 uW (=~J/s). Heat production 
rates from cells lacking mitochondria (human erythrocytes), from a 
transformed cell line (K562), and from non transformed cells 
(bovine aortic endothelial cells) were 0.0078 • 0.0006 ~W/10 ~ 
ceils, 5.2 • 0.3 UW/10 G cells, and 16.0 • i.i DW/106 cells, 
respectively. Effects of various treatments on heat production 
rate in these cells will also be presented. These studies have 
demonstrated the general utility of calorimetry using a closed 
syste~ in studies of metabolic activity in ma/nmalian cells. 
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ANAEROBIC THRESHOLD AND MAXIMUM OXYGEN CONSUMPTION 
WITH RESPIRATOR MASKS 
A. T. Johnson and C. R. Dooly 
Biological Engineering 
University of Maryland 
College Park, MO 20742 

Construction of a comprehensive mathematical model to predict 
exercise tolerance of people wearing respirator masks requires knowledge 
about the physiological effects of mask wear. It is known, for instance, that 
mask resistance induces hypoventilation but mask dead volume causes 
hyperventilatinn. Several consequences of mask wear are not known: do 
masks influence lactate and ventilation thresholds during exercise, and do 
masks cause changes in maximum oxygen consumption? 

Ten trained bicyclists were tested with and without masks on a 
bicycle ergometer. A stepwise exercise protocol was used with 3-mlnute 
work rate plateaus. Blood drawn from the anteeubital vein during the last 
minute of each plateau was analyzed for lactate. Ratios of minute 
ventilation to oxygen consumption were used to determine ventilation 
thresholds. Maximum oxygen consumptions were also determined. Restflts 
will be used to help define the comprehensive model mentioned earlier. 
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ANTERIOR CSUCIATE LIGAMENT (ACL) IMPLANT TENSION MEASUREMENT 
William D. McLeod, Ph.D. 
Smith & Nephew Richards Inc,, Memphis, Tennessee 

In the event of a disruption of the ACL, it is generally agreed upon that attempts to 
repair this structure have shown to be ineffective forcing the need for a replacement. 
The strain environment of the replacement device is dependent not only upon the 
location of the implant relative to the femur and the tibia, but upon the tension of the 
implanted device. This study compares the influence of the stiffness of the 
tensiometer on the actual strain imposed on the ligament replacement device. There 
is a significant difference between the load actuallY applied to the implanted device by 
the femoral-tibial articulation than was predicted where the spring constant of the 
implanted device differed substantially from the spring constant of the tensiometer. 
The influence of the position of the implant device on the strain environment was 
investigated. From these measurements it is shown that it is possible to approximate 
the normal joinl laxity using a prosthesis and carefully controlling the implant tension. 
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SIMULATION MODELING OF ~EAD/NECK DYNAMICS DUE TO IMPACT 
ACCELERATION IN A HYBRID III DUMMY 

A. L. Patra, i, T. Romero, l, I. Kaleps, 2, L.A. Obergefell, 2 
1 - University of Puerto Rico, 2 Wright - Patterson AFB 

This research, originally initiated at the Air Force Armstrong 
Laboratory, and continued at the University of Puerto Rico, 
Mayaguez, was conducted to provide an analytical modeling 
foundation for a better understanding of the dynamic response of 
the head/neck system. The present investigation has succeeded in 
developing and validating a modeling methodology for -Gz and ~Gx 
impact response. The primary initial emphasis was on modeling 
experimental data obtained from tests on human volunteers for head 
acceleration and neck flexion with additional head mass for both X 
and Z directional impacts. The work was then expanded to validate 
-GX impact responses, examine the predicted loading at the 
occipital condy].e interface, and perform extended model parametric 
studies to explore the changes in acceleration, flexion and neck 
loading due to various impact conditions on the head of Hybrid Ill 
dummy. The simulation results obtained for -GX impacts when 
compared with experimental data show excellent correlations. 
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THE MECHANICAL EFFECTS OF THE SUPERIOR CHECK DESMOTOMY ON THE 
SUPERFICIAL DIGITAL FLEXOR TENDON 
HA Lansari, CF Abrams Jr, KF Bowman, DG Bristol 
Department of Biological and Agricultural Engineering 
Department of Food Animal and Equine Medicine (Bo',,craan, Bristol) 
North Carolina State University 

The purpose of this study was to evaluate and model the mechanical effects of superior check 
desmotomy on the superl]eia/digital flexor(SDF) system. Fresh horse limbs were dissected 
out leaving the SDF muscle, tendon, and proximal check ligament (SDF system) intact. 
Force-elongation characteristics of the SDF system were measured using Instron Materials 
Testing System. The distribution of elongation along the tendon and muscle was measured 
using a contact-type strain gage extensometer. Characteristics were measured before and 
after superior check desmotomy. For the same overall elongation, tendon strain decreased 
while muscle strain increased as a result of cheek desmotomy. The force-elongation 
characteristics of the SDF muscle and tendon were determined from the lnstron tests and 
used to develop a non-linear, discrete parameter mathematical model of the SDF system to 
simulate the effects of the superior cheek desmotomy. The model was developed using 
hardening springs and was found to adequately describe the mechanical response of the 
system. The utility of the model in evaluating the effects of varying tendon, muscle, and 
check ligament elastic parameters, simulating injury or surgical interventions, is demonstrated. 
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UNSOLVED PROBLEMS IN" ORTHOPAEDIC BIOMECI-IANICS 
James H. Calandruccio, M.D.; Claibonae A. Christian, M.D.; Stanley C. Graves, M.D.; 
James L. Guyton, M.D.; William C. Warner, M.D.; and Keith D. Williams, M.D.; 
Campbell Clinic, Meraphis, TN 

In this session, practicing orthopaedic surgeons ~ 1  each present an unsolved problem 
in each of the following subspecialties: hand surgery, sports medicine, foot and ankle, 
total joint arthroplasty, pediatrics and spine. The orthopaedic surgeons will 
cottcentrate on the clinical importance of the problem as well as the apparent 
limitations which have prevented a solution. The floor will theo be opened for 
discussion between the biomechanical engineers in the audience and the orthopaedic 
surgeons creating dialogue between the professionals of both disciplines. The hope 
is that new light may be shed on potential solutions to the problem presented, and 
possibly, the development of meaningfial collaborative research. 
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THE MULTI-DISCIPLINARY ROLES OF BIOENGINEERS IN CUSTOM 
ORTHOPAEDIC DEVICE MANUFACTURE 
Coroline W. Wang 
Johnson & Johnson Orthopaedics, Inc., Raynhmn, MA 

In developing custom orthopaedic devices, the role of the biomechanienl engineer is multi- 
faceted and is dependent on many skill sets. The engineer optimizes the performance of the 
desired device, first taldng into consideralion a~atomical featares, surgical technique, and 
patient activity level. These requirements are extracted from x-rays, CTs, communication 
with the surgeon and often the surgeon's sales teprasemative, as weft. Understanding these 
needs require a knowledge of normal and abnormal bone physiology, and different surgical 
approaches and philosophies. Second, the engineer confirms that the component that s/he 
designs will perform under the rigorous conditions of the patient's daily life. This evaluation 
includes matarial selectioo and may involve a simple calculatien or a complex FEM 
simulation. Proficiency in computer a~alysis and CAD allows the engineer to modify the 
design easily. Within these p a r a m ~  the enginear assesses manulactorability, cost, and the 
lead time required to produce the device. Interaction with machine operators, inspectors and 
packaging personnel is orueial to the success and timeliness of the defivea V of the imphant. In 
most cases the need for a custom component is urgent, and all of these factors must be 
weighed carefully, hi custom orthopaedic device manufacene, the engineer reties on clinical 
]zaowledge, engineeaiog expert2~ and a professional demesucr to meet the needs of the 
patients, surgeons and hospitals in an eff~acious, timely and cost-effective manner. 

344 

H]STOLOGIC AND BIOMECHANICAL COMPARISON OFF INGROWTH SURFACES 
IN DYNAMICALLY LOADED AND LrNLOADED ANIMAL MODI~,S 
Harold M. Aberman 
Howmedica Division of Pfizer HPG hie., Rutherford, NJ 

Over a deende of experience has shown eementless porons coated implants to have vuriable 
success in osseointegration of the bone-implant surface. New ingrowth sm fa~, biomatcrials 
and surface coatings are being investigated to dete~aiue if the intea'face can be optimized 
regardless of the patient history and metabofie bone status. Retrieval PCA hip specimen wea'e 
compured to anatomic, cemenflcss, porous coated c~line femoral compouents to deteurliue the 
validity of the c.m~e model. Following successful comparison of bone inglowth and surface 
slrain changes between the h ~  and the canine femar, a series of smthes were condueted to 
look at bony reaction to madrepedque sarfaees, hyckexyapat~ coated ingrowth suffuees, cast 
mesh surfaces, dillusion bonded tiUimem mesh sarfat:cs, and comlmsite ingrowth aufaces. 
For tbese vmilxts porous smfaees, an anatomic caulne femoral ~ was ttsed as part of 
a total hip replacement and/or a Irvascondylar f~oral  piog study was done to detotmme bony 
reaction to the ingrowth surface. Similm~y, a study investigating the effect of age and 
hormonal status was condaOed to d e ~  the effet~veue~ of hyth'oxyalmlito coatings in 
young, old, and osteoporotic bone. 
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DIATHRODIAL JOINT MECHANICS 
Jelmifer S. Wayne 
Divisions of O r t ~ c  SurgsaT and Biemedicul Engineering 
Medical College of V'wgiul& Virginia Commonwealth University 

Diarthredial, or synovial, joints are the freely moving articulations that provide a large degree 
of molion between opposing bones, such as in the shoulder and imen. They are subjected to 
widely varying conditions of loading yet are capable of fmtctioning effectively for many 
decades. Although the mechanics are complex and involve nmuea'ons face~ two critical 
issues must be apl~.~ated to understand the mechanical ability of the diarthredial joint: the 
lubrication mechAni~ns present and the behavior of the maienl~ cartilage. Several luin'ienfion 
theones (i.e. elast~yd~dyuemic, squeeze-fi]su, weeping, and boosted lubrication) have been 
postulated to exist in the joints ander diIIerent ~ c e s .  Theso meehAnima~ provide a 
film of synovi:d fluid between the articulating bones which is pressmSzed and tonlsmits the 
stresses on the joint the cartilage. Because artienlar cartilage functions as a two l~ase 
biological material (i.e. consisting of a solid and fluid phase), the extent to which the appfied 
stress to the cartilage is supported by the two plmses greatly inflennces the mechaulcul 
behavior, and thus the hc~teostasis, of the tissue. 
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EFFECr OF MICROMOTION OF INGROWTH INTO POROUS COATED IMPLANTS 
J. Murols HolLis, Charles L. Stewart, Otto E. Hofmann ~cl Charlene M. Flabiff 
Department of ~ Surgery - Uulve~sity of Admn ~.q~ for Medical Sciences 

Porens coated implaats are gaining acceptance for total joint replacononL Howevor, c~ical 
results to date indicate that bone ingrowth into porous coatings is often f,~ from c~apleto. 
Several factors such as pore size, cenling thickness, percent pot~ity, interface gap mul 
interfacinl micrometion are thought to affect the extent of bone ingrowth into pomes coated 
implants. The purpose of this study was to investigate the effect of micromotion on porous 
ingrowth into implants in cortical bone. The animal model comisted of four cyim&ical 
porous-coated tiranlum plugs which were implanted ~ c a l l y  into lateral canine femur's. 
implants were placed in the olmUalateral side as conlxols. Each day pest sm'gery the font 
experimental implants were moved 25, 50, 100, or 200 imoams respeaively in rmation for 10 
minutes twice a day. The dogs were sacrificed and slices of the implant-bone ingrowth was 
calculated. Impismts from the cont~l side that had no applied motion dmwed the least 
amount of ingrowth with an average of less tlem 50 perennL Motien gnmps with 25-100 
microns of motion all displayed from 85 to 90 percent of ingrowth. Implants with the 200 
microns of motion had significantiy reduend ingsowth wbea onmpmgd to the othor gsonpe. It 
appears from these results that there is a range of motion that is optimal for bony ingsowth. 
One possible explanation is that a limited amoont of micromotion will actually induce bone 
formation into the pores. It was also shown that just 10 minutes of motion twice a day was 
enough to inhibit ingrowth into the specimens with 200 microns of motion. This could be 
due to disruption of ingsuwth that ceeld not reonver before the next disa'uption by ~ 
appfienfion of motion. 
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ROLE AND FUTURE OF FINITE ELEMENT MODELING IN DIARTHRODIAL JOINT 
BIOMECHANICS 
Jun-Kyo Suh 
Depamnent of Orthopuedle Surgery, University of Pittsburgh 

The mlationsbip between stmctm'e and mechanical function of diarthrodial joint is very 
important for t~]er~andin~ the ~ehanigrn~ behind the o6teoatll~tie change of joint cartilage 
and its surgical intervention. Howevar, the geometric complexity of the joint along with the 
macro and micso-SmtCtmal complexity of its enmponents constitute an exlremely intricate 
~ c a l  problem. For example, the cartilage is a multi-comlxment biological tissue, 
consisting of solid extracelhilar stmctm'al ~ (enllagen, lm3teoglycan and othar minor 
proteins) and interstitial mobile fluid, whose interactioas play an imlmrtant role for the 
viscoelastic characteristics of the whole tissue. The set of the multi-phasle momentmn 
equations for the physiotogicaJ configuration can only be solved through numerical methods. 
Recently, several different kinds of finite elegant m<~,ling of this problem have been 
developed along with appro~ate interface bonedm~ condifiens between the joint synovial 
fluid and the cmlilage tissue. The deveinpment of these numerical simulation tedmiques open 
new avenues toward fmlhet exploration of the 3-D physiological computer simulation of 
d~em~tial joint biemec~ai~. 
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BIOMECHANICAL ANALYSIS OF PATELLAR TENDON ALLOC_dtAF~ 
Charleae M. Flabifl~ And~w T. Bronks and Richmd W. Nicholas 
Delaanment of Orthopaedic Sorg~T - Univemty of A t t ' ~  for Medleal ~ 

Patclha- tondon ~lograft is the most f~equentiy ased aliografl for anterkr cmciete ~ e n t  
(ACL) tueonstmOion. The iowor morb~ty, deerensed qperatiog time, and quicker teonvery 
associat~ with aliogsafls, as opposed to antogsaRs, have lend to ~ in their asoge. 
Wbile pateftm- teadees ate ueuelly obialnod fsum donues leas th~ 40 years of age, no specific 
donor age limha have bean cs~alish~ primarily dae to lack of ~ data- Tha pmpcse 
of this study was to evalonto the I~muehaulcal ptopmies of pateti~ teadon aUogsafts fx~n 
aono~ 20-55 years ~ age. Bene-ma~t~ tendae-haue ~ were lawvested from 
aseeptabie donc~ izeenssed, and prepored as for surge.  S ~  fi~ues were ~noved, and the 
tendon w~ secthiued lenglhwisu to tbe eentmi third. Areas and tmgth measmements wcte 
taken. The lmtella and tibial tobercle remalued intaet and wea'e Petted in low melting point 
metal. Specimans were imlled to failare mJng an MTS teet system at a rain of 10% of tha 
initial length per second. Force at failure, Oemsm tensile stress, percent e, kmgation, ~ d  
modahis of elasticity weae determined for ench speciman. Thare was no glonlfu~at diflimmce 
(lX>O.05) for any of the ~ properties with rcspeet to age. Load at f~me maged from 
21 ION to 465ON with a me~m of 344ON. RogtcgSiQa ~ 0 i $  allowed delauasmg t~agil~ 
strength with inereasing ageo but the tamelation was not algulficant It appears that pateBar 
tlmdon alioglafls fa'cm dmlots up to age 55 may be of sufflele~t suength fl~" ACL gePlIK:emenL 
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CLINICAL AND EXPERIMENTAL ASPECT OF ORTHOPAEDIC BIOMECHAN1CS 
Thay Q Lee, Guiaou Malmtood, William C. K i ~  ~ Sa[Lfoni H. Anzel 
Department of  ~ c  Surgea'y, Univ~sity of California, lrvine and Lo,g  Beach VAMC 

Hm~an joints are subjected to a wide range of forces dining the activities of  daily living. 
With athletic activities, dimlhrodinl joint forces can increase to as high as 10 to 20 times body 
weight In eaee of  diseased ~f injmed jointa, the sRucture and function must be restored using 
biological or prosthetic c ~ o n e t u $ .  Resurfaning or reco~m.,ction of the knee, hip and the 
shonlder me Imtt of  ~ daily tou~iae fo~ or;Jaepeedic surgeom und it is this clinical hasis that 
necessitates a strong need for basic science Imowledge of beth l~ology and m ~  O.e. 
~ e  bionmchanics). For example, in totalknee ar, hmplasW CFKA), patellofemoral 
complicatiom arise ~ inadequate restaration of the patellofemoral stmcttav., kinematics and 
also from excessive contact poessm~ obsea'ved in the resm'faeed patellofamoral j~int. A 
biomeehanicnl study in our lalxratoty using fresh human cadavar knees showed that the 
patuHofemoral contact Ineasures increasod up to six times after TKA when compmed to neura l  
patellofemoml comaa pressmcs. In additivn, the patellofemond contact ~ea  decreased to 
appro*imately 10% Of the notlmal pateUo[~nofal e.o~tact ~ for ~ f]exio~ angles 
f i ~ a 3 0 ~  to 120 ~ For thisrenson, aRer TKA, agnml~  tendency towa~dexeessive wear und 
lonsenmg of the misaligued patollar prosthesis can be anticipaltcd. In this session, inany 
aspects of  eagineefs role and perspeetive in or thopaedic biomechanics msem'ch will be 
explored: fluid lubrication of diarthrodlal joints; FEM in biomed~anical analysis of  articnl~ 
catlilage;.biomechanics of ACL reconslmction; factors influencing cemestless fixation of 
implants; and role of e~gineers in manufac~mring of custom impL, mts. 
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QUANTIFICATION OF RELATIVE MOTION BETWEEN AN UHMWPE TIBIAL INSERT, 
AND METAL TIBIAL IMPLANT 
K.P. Daigle, P.E., and D. Melancon, B.S. 
Smith and Nephew Richards, Memphis, TN 

Debris generated from a total joint implant has been associated with adverse biological response. 
Cta'rent re.~ireh has determined that polyethylene debris in sufficient quantifies can initia~ this 
adverse response which may lead to subsequent implant failure. The articulation in a total joint 
replacement involves the relalive motion between a metal femoral bearing surface, a polyethylene 
patella component and a polyethylene counter bearing tibia/surface. This articulation produces 
UHMWPE debris in a total knee replacement. However, some questions have been raised as to 
the potential amount of  additional Imlyetheylene debris generated from relative motion the 
polyethylene tibial surface and the metal base plate. This study describes a method to quantify the 
amount of  relative motion (and hence, relative wear) between a UHMWPE tibial insert and metal 
tibial tray as a function of loading cycles. 

A Mitutoyo model 513-202 dial gage was used to measure relative motion of different types of 
tibia/imp/ant designs. This gage had a resolution 0.0005 inches (12.5~,n). The relative motion 
between the insert and tray was measured at regular intervals to 10 million cycles. The amount of  
relative motion of the devices used to develop this test methodology varied from 0.00l inches to 
0.005 inches (25.41am to 1271am) and tended to decrease with increasing load cycles. This study 
showed that it is possible to assess relative motion in a tibial implant. 

348 
ENOWLEDGE-BASKD STRESS ANALYSXS OF CUSTOM HiPS 
Gregory A. Gray, Robert Paxson, and Lisa Selec, Ph.D. 
Dow Cornlng Wrlght, 5677 Airline Road, Arlington, TN 38002 

Imtr~uetlom -- ~e wide variation in patient anatomy and the 
premise that intimate cortical contact is necessary for 
successful press fit hip replacement, has lead to theuse of many 
types of "Custom" hip imRlants. Upon close examination, one can 
see that each "Custom" Hip follows a desiqn philosophy which is 
applled to produce an implant for a particuqar patient's anatomy. 
A Knowledge-Based Engineering (KBE~ system nas been used to 
capture several hip implant design philosophies so that 
engineering analysis can ~e performec[on each implant. 
Me--odolo~y-- A stress analysis module was written for the 
knowledge-Dase which can be used for any hip implant design. The 
analysis allows the user to define the application point, 
magnitude, and orientation of the load, and the leveq for 
cantilever fixation, The module can account for manufacturing 
tolerances and can calculate axial, bending, torsional, shear, 
and VonMises stress. The user can evaluate peak VonMises stress 
or the stress at any location on the implant surface. The stress 
analysis was experfmentally validated bymountinq strain gages on 
implants and loading them in a servo-hydraulic test macSine. 
Renulte a n d  Conclue~onn -- The knowledge base qave results 
consistent with the strain gage data, but overestimated stress bv 
4.9 +/-2.4%. (grand mean +Z- S.E., n=5 samples) Standard ioa~ 
orlentations and support conditions defined in the knowledgebase 
are used in con3unctlon with fatigue strength limifs and 
manufacturing tolerances to establis~ "worst case" strength 
limits for each implant. Two load orientations and corresponding 
stress analyses are typically applied to eachpatient's implant. 
Both assume cantilever .fixation as recoI~nendedb~ the ASTM. The 
~irst loa~, representlnG single leg stance, is oriented as 
recommended by the ISO. The conlbination of torsional and bending 
stresses seen when rising from a chair are simulated in the 
second analysis. Althoug~ these analyses re~resent "worst case" 
conditions used to estaSlish safety limits for any hip design, 
others can be defined. The engineering analysis formerly 
reserved tot commercially available systems is now applied to 
each patient's implant. 
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Changes  in  Contact Stress Caused by Variat ions in Poisson's Ratio, 
St iffness,  and  Friction in  Plast ic  Acetabula t  Liners  

M.E. Harbaugh 
Smith & Nephew Richards 

This study uses the finite element method to determine the contact stress in 
the acetabular liner. Nonlinear gap elements were used to represent the femoral 
head/l iner interface. Both conforming and nonconforming femoral geometries were 
studied. The effect of liner modulus, Poisson's ratio, and friction on contact stress was 
determined. Results are also-compared to those predicted from using an analytic 
method. A 28 mm femoral component with a 6 mm thick plastic aeetabular liner was 
modeled. A 3000 Newton (675 lb) load was applied to the femoral head. The outside 
radius of the liner was considered fixed. UHIvlWPE has a modulus of 1.275 GPa and 
Hylamer UHMWPE has a modulus of 2.172 GPa. 

For a conforming geometry the difference in contact stress between regular 
and Hylamer PE was less than 1%. The analytic equation underpredicts the contact 
stress for Poisson ratios less than 0.41 and overpredicts the stress for ratios greater than 
0.41. As the coeffic/ent of friction is varied from 0.00 to 0.18 the contact stress decreases 
by 14%. For nonconforming geometry the contact stress in the Hylamer was 125% of the 
contact stress in regular PE. For Poisson ratios greater than 0.40 the analytic equation 
severely overpredicta the contact stress. As the coefficient of friction is varied from 0.00 
to 0.18 the contact stress decreases by 4% (Figure 1). 
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COMPUTED TOMOGRAPHYDOSIMZTRY OF A CUSTOM HIP IMPLANT PROTOCOL 
Gregory A. Gray and Paul Adams, Ph.D. 
~_w Corning Wrl@ht, 5677 Airline Road, Arlington, 'IN 38002 
27 Bendel Circle W., Memphis, TN 38117 

Imtroductlon -- Computed Tomoqraphy (CT) scans of the hip and 
pelvis are co r~nonly used to obtain anatomic data for the ~esiGn 
of custom hlp implants. Concern has been raised over the effects 
to the reproductive organs as well as the General radiobiologic 
and carcinogenic effects from these CT protocols. Therefore, a 
dosimetric study of one such CT protocol was conducted. 
M e t h o d o l o g y  -- ~he CT protocol studied specifies using a 120kv 
potential, 100ma tube current, 2 second scan time, contiguous 
slices from the roof of the acetabulum throuoh the lesser troch- 
anter, add non-contiguous slices to beyond t-he femoral isthmus. 
To experlmentally determine radiation dose, one representative 
sl~ce is taken and assumed to be centrally located in a finite 
field of slices. Following standard dosimetry methods, with 
plexiglass phantoms simulatlng human anatomy, a pencil shaped 
ionization chamber collects exposure data. A 92cm diameter 
phantom slmulat@s an adult abdomen, provides skln doses for both 
sexes, and ovarlan dose_ Two 15.2cmwater filled cyllnders with 
an intermediate 2.6cm plexiglass tube measured testicular dose. 
Reeulte a n d  C o n c l u s i o n  -- Maximum estimated skin dose in the 
contiguous slice reGlon was 1.6 rads for a General Electric (GE) 
and 3.99 rads on a ~iemens scanner. In the non-contiguous slice 
region, ski~ dose was .96 and 1.33 rads on the GE and Siemens 
scanners respectively. Ovarian dose estimates of .88 and .92 
rads on the ~z and Siemens scanners respectively are in the range 
reported byother investigators using other protocols. Testicular 
dose, measured from the ~E scanner only, was estimated between 
1.69and 2.82 rads. Compared to other dlaanostic exams, both the 
testlcular and ovarlan doses are hlgher. ~owever, ovarian dose is 
not extreme bY comparison. Although the testicular dose is 
considerably Sigher, it is considered "low level" bY most 
authorities. Radiatlon induced sterility from this level ~ose is 
of little concern since doses below 35 rads have little effect 
and several hundred rads is required for permanent sterility. 
Since naturally occurring cancer deaths and birth defects are 
i0&000 and I,D00 times respectively more likely than those 
inguced by the aMerg~e diagnostic exam, carcinogenlc and genetic 
e~ecus are negllgiDle. 
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MODELING H E A T  TRANSFER IN CORTICAL BONE DURI NG DIRECT TROCAR-  
TIPPED PIN INSERTION 
A Lunsari, CF Abrams Jr, DJ DeYoung 
Department of  Biological and Agricultural Engineering 
Department of  Companion Animal and Special Species Medicine (DeYoung) 
North Carolina State University 

Direct power insertion in bone is used in modern orthopedic surgery in cases where, because 
of cost or  other reasons, pre-drilling is not practicable. Many intramedullary pins have a 
trocar tip which are not only mechanically stronger than other types of surgical pins but also 
are more economical. However, the pin insertion process may produce excessive heat that 
causes bone necrosis. A heat transfer model that predicts temperatures in location very close 
to bone (0.1- 2.5 ram) was derived. It is a diffusion model which includes the mechanical and 
thermal properties of bone and pin. The heat generation term is derived from specific 
cutting energy calculations. The model describes the phenomenon of heat diffusion during 
the insertion process and the simulated temperatures are in good agreement with measured 
valnes. The model can be used to predict the temperatures at the pin/bone interface (were 
the highest temperatures theoretically occur but also were it is very difficult to measure 
temperature) in future pin tip designs. 
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ON THE R E L A T I O N  B E T W E E N  E N E R G Y  DISSIPATION A N D  B O N E  
F O R M A T I O N  IN A M O D E L  OF  S K E L E T A L  A D A P T A T I O N  
Kenneth J. McLeod,  Ted S. Gross, and Clinton T. Rubin 
Musculo-Skeletal Research Laboratory, Department of  Orthopaedics 
State University of  New York, Stony Brook, N Y  11794-8181 

Using the isolated avian ulna model o f  disuse osteopenia, we have 
previously shown that the initiation of  new bone formation is a frequency 
dependent process. For constant daily loading regimen (600 seconds/day) the 
amount of  new bone formed over an eight week period increases monotonically 
with frequency up through 60 Hz. However ,  such a loading protocol does not 
permit  a differentiation of  the individual effects of  changing the number  of  
loading cycles, increasing the strain rate, or  changes in loading frequency per  se. 

To continue the investigation of  these issues, we have undertaken a study of  the 
interactions between loading frequency, amplitude, and duration in the ability of  
mechanical loading to prevent the loss of  bone mass associated with disuse. 
The preliminary results demonstrate a distinct relationship between loading 
amplitude and duration. Specifically, we have shown that with 1Hz loading, 
mass can be maintained with either a 1000 Im peak loading for 100 s/day or a 
600 I.m loading for 600 s/day, while at 30 Hz, 300 pe  for 600 s/day or 150 lae for 
3600 s/day is sufficient to maintain bone mass. These data indicate that, 
independent o f  loading frequency, the bone remodeling response will he 
proportional to loading duration and the square of  the peak strain amplitude. 
The results are consistent with an energy dissipation mechanism of  transduction. 
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A MODEL FOR THE EXCITATION OF OSTEOCYTES BY MECHANICAL LOADING- 
INDUCED BONE FLUID SHEAR STRESSES 
S. Weinbaum, S. C. Cowin and Yu Zeng 
The City College of The City University of New York 

A new experimentally testable hypothesis is advanced for the mechanosensory 
transduction mechanism by which communicating osteneytes sense the very small in vivo strains in 
the calcified matrix components of bone. We propose that the osteecytes, although not responsive 
to substantial fluid pressures, can be stimulated by relatively small fluid shear stresses acting on the 
membranes of their osteocytic processes. Blot's porous media theory is used to relate the combined 
axial and bending loads applied to a whole bone to the flow past the usteocytic processes in their 
canaliculi. In this theory the bone pores of interest are the proteoglycan rdled fluid anunli that 
surround the usteocytic processes in the canalicali. We show that previously predicted fluid pore 
pressure relaxation times were a hundred fold too shurt for the lacunar-canalicalar porosity because 
they neglected the fluid drag associated with proteoglycan matrix on the surface membrane of the 
osteocyte and its cell processes. The recent theory developed in Tsay and Weinbanm (1991) for 
flow through cross-linked fiber filled channels is used to model the flow through this protonglycan 
matrix and the predicted pore relaxation time, 1-2 sec., closely corresponds to the measured dmes 
by SaIzstein and Pollack (1987). Furthermore, using this model, the magnitude of the predicted 
fluid induced shear stresses, 8-30 dynes/cm2, is shown to be similar to the fluid shear stresses 
measured in osteoblasts and other cells in which an inWaeellular Ca++ shear stress response had 
been observed. This model is also used, in conjunction with anatomical data and the pore fluid 
pressure relaxation time data, to show that the spacing between the fibers is approximately 7 nm. 
The result is consistent with the notion that the canalicular pore space is filled with 
glycosaminoglycans that are ordered by albumin according to die model of Michel (1988). The 
new hypothesis is also shown to be consistent with the experiments of McLeod et al. (1993) which 
suggest that high frequency low amplitude postural strains can maintain and even increase bone 
mass. 
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A C T I V A T I O N  O F  G - P R O T E I N S  M E D I A T E S  F L O W - I N D U C E D  
P R O S T A G L A N D I N  E z P R O D U C T I O N  IN O S T E O B L A S T S  
J.A. F rangos  and K.M. Reich  
T h e  Penn  State  Universi ty,  Univers i ty  Park ,  P A  16802 

Interstitial fluid flow may  play a role in load-induced bone  
remodel l ing.  Previously we have  shown that fluid flow st imulates  cyclic 
adenos ine  m o n o p h o s p h a t e  (cAMP) ,  inositol t r i sphosphate  (IP3) and 
pros taglandin  E- z (PGEz)~ product ion  levels in osteoblasts.  Flow-induced 
increases  in c A M P  and IP 3 were  demons t r a t ed  to be  med ia t ed  by 
prostaglandins .  P G E  z product ion m a y  thus be  an impor tan t  c o m p o n e n t  in 
the signal t ransduct ion of  fluid flow. In the  p resen t  study, we  will discuss 
the  m e c h a n i s m  of  f low-induced P G E  z synthesis. 

PGEz  product ion was med ia t ed  by pertussis  toxin (PT)-sensi t ive  G-  
proteins.  G-pro te in  activation, in turn, led to the  enzymat ic  re lease  of  
arachidonic  acid leading to P G E  2 production.  Phosphol ipases  A2 and C 
were  equally responsible  for the  total a rachidonic  acid production.  In 
addition, both  extracel lular  and  intracellular calcium w e r e  requ i red  for  full 

express ion of  the  P G E  z response.  These  results r ep resen t  the  first clearly 
def ined signal t ransduct ion pathways  in f low-st imulated osteoblasts.  Such 
pathways may  be  impor tan t  in mechanical ly- induced bone  remodel l ing.  
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O S T E O B L A S T - L I K E  BONE CELLS RESPOND TO SHEAR STRESS 
DUE T O  L A M I N A R  F L O W  BY A RISE IN I N T R A C E L L U L A R  

C A L C I U M  

J.L. Williams, A. Ham, J.P. Iannotti, J. Bleuit, LH. Chert 
Department  of  Orthopaedic Surgery,  Universi ty of  Pennsylvania,  

Philadelphia, Pa 19104-6081 

Neonatal rat calvarial cells (osteoblast-enriched) were cultured in 
monolayer on glass slides and subjected to shear stresses of 3, 6, 31, 

and 60 dynes/cm 2 in a laminar flow chamber. The level of 
intracellular free calcium ion concentration was monitored using 
Fura-2 fluorescence during the application of  stress. Application 
of a step increase in stress resulted in a transient increase in 
calcium starting at about 20 seconds, reaching a peak in about 35 
seconds and declining thereafter, despite the continued shear 
stress, and reaching near baseline values in about 100 seconds. No 
change in cytoplasmic calcium was observed with a step increase 

in shear stress of 3 dynes/cm 2' even after a period of ten minutes 

of stress. Between 6 dynes/cm 2 and 60 dynes/cm 2 the magni tude  
of the calcium response increased three-fold with the applied 
shear stress. The average increase in ionized calcium with shear 

stress for the experiments between 6 and 60 dynes/cm 2 was 2.5 X 
basal calcium levels. 
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TRANSMEMBRANE POTENTIAL CHANGES IN BONE CELLS DUE TO 
STRESS-INDUCED EXTRACELLULAR POTENTIALS: A POSSIBLE BONE 
STRAIN SENSING MECHANISM 
Timothy P. Harrigan, James J. Hamilton 
Orthopedic Surgery, University of Missouri-Kansas City Medical School 

Micro-anatomic studies of calcified bone tissue show gap junctions between 
osteocytes, and between osteoytes and osteoblasts. These interconnections allow ionic 
transfer (current exchange) between cells, while collectively insulating them from the 
extlaeeliular space. The result is a network of cells which function electrically like a 
much larger cell. At the edge of the network cells can become hyperpolarized or de- 
polarized due to extracellelar electric potential changes. In this study, we assessed this 
mechanism as a possible stimulus for bone remodeling. We developed a simple model 
for an array of cells within a poroelastic beam under remote axial and bending loads. 
Parametlic evaluation of the analytical solution for transmembrane potential changes 
(TPC) showed trends which agree with known data on loading rate sensitivity in bone 
remodeling. Varying the strength of intercellular coupling due to gap junctions had a 
complicated effect, however. The surface TPC increased with cellular coupling under 
axial loading, but not in pure bending. In bending, the surface TPC increases and then 
decreases to zero as the intercellular coupling is increased. Experimental data from the 
literature suggests that these cells can be very well connected. This indicates that 
measurement of the electrical coupling between bone cells can have important 
implictions for the reaction of bone to mechanical loading. I f  the cells are well 
connected, then cancellous bone struts seem to be able to sense axial loads but not 
bending loads using this mechanism. 
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CURRENT CONCEPTS IN BIOACTIVE CERAMIC COATINGS 
John F. Kay, Ph.D. 
Bio-Interfaces, Inc., San Diego, CA 

High quality HA-coatings are biostable and withstand 
functional in-vivo loads, when a proper implant 
design is used in consideration of properties of the 
coating metal system. After initial research studies 
i0+ years ago, Ca/P (HA) coatings are available for 
orthopaedic joint replacement devices. Performance 
of some coatings has been shown to be greater than on 
others, primarily based on differences in coating 
characterizations and quality controls begun during 
their application. Data indicate high quality HA- 
coatings aid in the placement of joint replacement 
devices and non-precision implants, minimizing lysis 
around the distal portion of a joint replacement 
prosthesis, if HA-coatings remain intact and are not 
dissolved by the body over time. While much is known 
about fabrication of high quality HA-coatings, there 
will be future compositional modifications to further 
control and enhance the biological response so that 
bone will respond to the placement of joint replace- 
ment devices in a more controlled fashion. 
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EFFECT OF METAL IONS ON OSTEOGENIC BONE MARROW CULTURES 
W.W. Huh and D.A. Pnlr 

Center for Biomedical Engineering, University of Kentucky, Lexington, KY 

Metal ions are released from orthopedic implants into the physiological environment by 
electrochemical events. The effects of these species on nearby bone and on distant tissues, 
e.g., liver and spleen, remain largely unknown. The purpose of this study was to examine 
the effects of metal ions on bone marrow stromal cell cultures that possess the ability to form 
bone-like tissue in vitro. Bone marrow was harvested from the femurs of adult rats and 
cultured in ctMEM with 15~ FBS, 50/~g/mi aseorbic acid, 10 mM B-glycerophosphata, and 
10 "s M dexamethasone. The metal ions used were those'found in commonly used orthopedic 
implants, i.e., Ti-6AI-4V, Co-Cr-Mo, and 316L stainless steel. Solutions of individual ions 
and combinations mimicking the alloy composition were prepared from atomic absorption 
standards and added to the cultures to give concentrations ranging from 50 ppm to 50 ppb. 
After a 48 hour period of exposure to the ions, the bone marrow cultures were examined for 
cytotoxic responses. Gross toxicity, reflected by cell death, was determined with a 
methylene blue staining ~say, and more subtle toxicity, reflected by decreased activity of 
mitochondrial dehydrogenases, was ascertained using an MTT assay. Co, Ni, and Mn 
induced cell death at concentrations down to 5 ppm; Co-Cr-Mo and 316L stainless steel 
elicited cytotoxic responses down to 2.5 ppm; and Cr caused cell death down to 500 ppb. 
Co-Cr-Mo inhibited mitochondrial activity at concentrations down to 1 ppm; Cr suppressed 
mitochondrial activity down to 250 ppb. These results show that metal ions associated with 
Co-Cr-Mo and 316L stainless steel are toxic to osteogenie bone marrow cultures at 
concentrations approximating those measured in the fibrous membrane encapsulating loose 
implants. 
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CHARACTERIZATION OF HVOF COMBUSTION SPRAYED HYDROXYAPATITE 
COATINGS 
J. Haman', L. Lucas', D. Crawmer t 
"Department of Biomedical Engineering, School of Engineering, 
University of Alabama at Birmingham 
*Miller Thermal, Inc., Appleton, Wisconsin 

Plasma-arc spraying is the commercial method for producing 
hydryoxyapatite (HA) coatings on orthopaedic and dental 
implants. The purpose of this study was to examine a relat ively 
new coating process, High Velocity Oxy-Fue] (HVOF) combustion 
spraying, and determine i f  i t  could be sucessfully used for the 
production of bioceramic coatings. Fourier Transform Infrared 
spectroscopy (FTIR) , X-ray Diffraction (XRD), and Scanning 
Electron Microscopy (SEM) were used to evaluate the chemical, 
structural, microstructural, and topographical features of both 
the HA starting powders and as-sprayed coatings. XRD patterns 
ahd latt ice parameters revealed some loss in crysta l l in i ty  of 
the coating due to the spraying process. FTIR results showed a 
partial loss of the OH- groups during spraying, however the 
ebosphate groups were s t i l l  present. SEM analysis showed a 
lamellar structure similar to that caused by plasma spraying but 
with less cracking and porosity. Although this coating process 
has not been optimized, in i t ia l  results indicate that i t  may be 
a viable process for producing bioceramic coatings. 

This research is funded in part by the National Science 
Foundation. 

361 

ELECTROCHEMICAL CHARACTERIZATION OF METALLIC IMPLANT MATERIALS 
P. Kovacs 
Orthopaedic Research Department, Smith & Nephew Richards Inc., Memphis, TN 38116 

It has long been recognized that the electrochemical properties of implant metals and alloys have a 
very significant bearing beth on the biocompatibility and the long-term overall performance of 
metallic biomedical implants. While traditional corrosion testing of various metallic materials 
clearly identified the most suitable metals and alloys for temporary or permanent implant 
applications in the harsh biological environment, recent developments in electrochemical 
experimentation have made it possible to gain a much deeper understanding of relevant 
electrochemical performance issues. Electrochemical Impedance Spectroscopy (EIS), for instance, 
has emerged as a very powerful tool for studying the kinetics of spontaneous passivation, and for 
distinguishing between the major electrochemical characteristics of highly protective passive films, 
which is quite difficult to do by other methods. The main objective of this paper is to provide a 
coherent and logical treatment of the subject of complex electrochemical characterization of 
metallic implant materials, and to demonstrate that the combination of appropriate theoretical and 
experimental considerations may result not only in the development of more relevant in vitro 
experiments, but may also help substantially with the proper interpretation of clinical findings. 
Furthermore, a more comprehensive electrochemical approach to the use of metallic materials in 
the haman body is of primary importance because of its essential role in the optimization of the 
overall electrochemical performance of both existing and recently developed implant alloys. As an 
example, the compositional and dimensional stability of passive films on currently used alloys can 
be significantly improved by a new passivation method. Based on the chemical and electrochemical 
fundamentals of implant metal biocompatibility, new implant alloys can also be developed, which 
- with certain surface modifications if desirable - may be expected to perform optimally in various 
implant applications, including those of orthopaedic, cardiovascular, and dental implant devices. 
With regard to the long-term performance of an implant device, it is another very important 
objective of this paper to point out that the electrochemical properties of the materials alone may 
not be sufficiently predictive without the proper design-, and manufacturing-related considerations. 
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OSTEOBLAS~ MINERALIZATION ON ORTHOPEDIC BIOMATERIALS 
Matthew W. Squire, John L. Ricci t, and Rena Bizios 

Dept. of  Biomedical  Eng., Rensselaer Polytechnic  Institute,  Troy NY 12180 
tDept,  o f  Bioengineering,  Hospital for Joint  Disease, New York NY 10003 

Formation of new bone by osteoblasts at the tissue-biomaterial interface is 
considered essential for the success of orthopedic/dental implants. Ti6A]4V, 
CoCrMo, and 316 stainless steel alloys were polished (0.3/~m finish) and prepared 
for cell culture according to standard binmaterial protocols. Osteoblasts were then 
seeded on these metals and cultured in Dulbecco's Modified Eagle Medium 
supplemented with 10% fetal bovineserum, 10 mM ~.glycerophosphate, and 50 
/~g/ml ascorbate for 18,19,20,21,24, and 28 days under standard tissue culture 
conditions. Osteoblasts were fixed according to standard scanning electron 
microscopy protocols and subsequently analyzed using secondary electron imaging 
(SEI), baek scattered electron imaging (BSEI), and X-ray energy dispersive 
elemental analysis (EDX). Following 18-28 days of culture, examination of the 
cellular accumulation on the metals via SEI revealed aggregated spheroidal 
mineral deposits which appeared electron dense via BSEI. These mineral deposits 
were located underneath or between osteoblasts and grew progressively larger with 
time ofculturo. After 24 days of culture, the mineral deposits were often associated 
with unllagen fibers. EDX and SEI analyses demonstrated a mineralizing 
extraeellular matrix eontaining sulphur (S), ealeium (Ca), and phosphorous (P) as 
well as spheroidal mineral deposits containing high amounts of Ca and P. 
Following 28 days of culture, spheroidal deposits of Ca and P were observed to be 
situated on and around regularly oriented eollagen fibers. This /n vitro study 
demonstrates that  osteoblast mineralization on orthopedic/dental biomaterials is a 
multiphase process involving the deposition of a sulphated extracellular matrix, 
calcium phosphate, and ooUagen. 
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S T R E S S  C O R R O S I O N  C R A C K I N G  R E S I S T A N C E  OF Ti -13Nb-13Zr  
Ajit K. Mishra and James A. Davidson 
Smith and Nephew Richards, Memphis, TN 38116 

Ti-13Nlyl3Zr (Ti-13-13) is a new Titanium alloy developed to meet the requirements 
for an ideal implant material: low modulus, optimal biocompatibility and superior wear 
resistance. When Ti-13-13 is diffusion hardened (DH), a wear-resistant, ceramic surface is 
produced. The proprietary, low temperature porous coating developed for this alloy has 
excellent pull-off strength (8,780!-_620 psi) and optimum pore size (385+64 pan) and % 
porosity (48_+1%). The present paper describes the results of a slow slrain rate test (ASTM 
STP 665) to determine the stress corrosion cracking resistance of Ti-13-13, both with and 
without diffusion hardening and porous coating, and several other implant alloys. The 
specimen gage length was 1 inch and the crosshead motion rate was 4x10 "6 in/s. The 
time to fracture (tf), % elongation (e) and % reduction in area (R) were measured for each 
specimen in Ringer's solution at 100~ and compared with the corresponding values 
in tests at ambient temp. in air. Visual examination was made at 20>( for evidence of 
environmental or secondary cracking. The results are given below: 

# of (tf)/(tf)ai r (e)/(e)ai r (R)/(R)air Cracking? 
tests Environ. SecondarK - 

u 5 1.04 1.04 0.99 No No 
316L S.S. 5 0.99 0.98 1.(30 No No 
F-799 Co-Cr 5 1,05 1.06 1.13 No No 
Ti-13-13 5 1,01 0.99 1.26 No No 
DH Ti-13-13 5 0.95 0.90 1.00 No No 
Porous Ti-13-13 5 1.02 0.98 1.03 No No 
As expected, there was no significant difference between the evaluated parameters in air 
and in environment, and no evidence of stress corrosion cracking, in any of the materials 
even in this severe test. 
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PREDICTION OF LONG-TERM STRESS RELAXATION BEHAVIOR OF ACRYLIC 
BONE CEMENTS USING THE TIME TEMPERATURE SUPERPOSITION PRINCIPLE. 
D. N. Yetkinisr and A. S. Litsky 
Orthopaedic BloMaterlals Laboratory, The Ohio State University 

A reduced-modulus bone cement was developed to lower the contact stresses at the 
bone-cement interface and thereby reduce the resorptive modeling which initiates the 
loosening of the cemented total joint components, The reduced-modulus formulation, 
PBMMA, consisting of polybutylmathacrylale beads in a methylmethacryiste matrix, has 
an elastic modulus of 0.27 GPa at body temperature vs 2.1 GPa for standard 
polymethylmethacrylate, PMMA, bone cement. Pilot in vivo studies have verified the 
effectiveness of the PBMMA in decreasing femoral stem loosening, aa measured 
radiographically and mechanically. The use of viscoelastic materials in weight-bearing 
applications raises the concern of prosthesis subsidence due to creep. Since the 
expected life span of bone cements are more than 10 years, it is important 1o delermine 
both long-term and short-term viscoelastic properties. 
Short-term, 100 hours, unconstrained stress relaxation tests have been performed at 1%, 
2.5%, and 5% strains. Results indicate a rapid initial Stress redistribution followed by a 
slow steady-state decrease in stress at a rate equivalent to that found in PMMA. To 
investigate long-term viscoelastic behavior of both Cement formulations, a series of 
elevated temperature stress relaxation tests, with 5% initial strain, are currently being 
performed. According to the time temperature superposition principle (TTSP), in linear 
amorphous polymers the modulus-time and rn~rlulus-temperature curves are of identical 
shape, indicating that time and temperature have an equivalent effect on the elastic 
modulus. The data indicates a slow steady-state stress relaxation in PBMMA up to 10 
years. 
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ACETABULAR LINER MICROMOTION AS A RESULT OF APPLIED TORQUE 
R.D. Lambert, T.W. McLean 
Smith & Nephew Richards Inc. 

Tests developed to measure torque load to failure of acctabular liners have been 
historically measured in a static mode. ClinicaUy, this kind of failure is typically 
described as disassociation or mechanical failure of the device. Failure of the device 
may also be attributed to debris induced osteolysis which can occur as a result of 
parlJculate generation at the articulating surface of the femoral head and liner and at 
the nonarticulating interface of the finer and shell. Particulate generation between 
the nonarticualtmg surfaces can be minmized for modular acetabular componectts 
through design. This investigation attempts to quantify the rotational displacement 
between the finer and shell under phsyiological cyclic torque loads as well as 
identify cttmulative damage occurring at the finer/shell interface. 

In this investigation two acetabular component designs were evaluated. Cyclic 
torque loads were applied directly to the liner of assembled acetabular shells for 3.5 
million cycles, An LVDT measured the rotational displacement of the liner with 
respect to the shell The results showed that design A rotated a maximum of 0.025 ~ 
in cyclic micromotinn. Design I3 resulted in a maximum of 0.7 ~ of cyclic 
micromotiun. 
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ACETABULAR DESIGN CONSIDERATIONS FOR THE MINIMIZATION OF 
POLYETHYLENE WEAR DEBRIS 
D. M. Ryan, J. J. Shea 
Smith & Nephew gichards Inc. 

Progressive osteolysis, a probable result of small particle polyethylene debris, is a 
major concern in total hip arthroplasty today. Large quantities of polyethylene debris from 
modular acetabular components are reported to create adverse biological responses that result 
in implant loosening and ultimately implant failure. Research has proven that one area 
where this debris is being generated is at the femoral head/liner interface. Much progress 
has been made in this area with the introduction and evolmion of ceramic femoral heads. 
More recently, it has been noted that polyethylene debris can also be generated at the 
liner/shell interface. Two factors contributing to the amount of debris generated at this 
interface are the surface characteristics of the inside surface of the acetabular shell and the 
amount of motion that occurs between the polyethylene liner and shell. Both factors can be 
addressed through design. This investigation quantifies these surface characteristics affecting 
debris forraation. 

In this investigation, eight (8) acetabular component designs were evaluated. Average 
surface roughness (Ra) measurements were taken on each shell using a Tokyo Seimitsu 
Surfcom 570 Profilometer. Surface characteristics were evaluated with the use of Leica- 
Cambridge Stereoscan 360 Scanning Electron Microscope. The results showed that, between 
manufacturers, there were average surface roughness (Ra) differences up to 80X found 
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THE ROLE OF GEov~rH FACTORS IN OSTEOBLAST II~FERACTIONS 
WITH PEP'rIDE-MODIFIED SURFACES 

Kay C Dee, Thomas T. Andersen*, Frank A. nlumenstockt't, Rena Bizios 
Dept. of Biomedical Engineering, Rensselaer Polytechnic Institute, 

Troy, NY, 12180-8590; *Dept. of Biochemistry, Albany Medical College, 
Albany,  NY, 12208, tDept ,  o f  Phyalology,  A lbany  Medical  College,  

Albany, NY, 12208 

While adhesive and migratory behavior of anchorage-dependent cells is 
regulated by the interaction of integrin receptors with speci~c adhesive peptide 
sequences, the presence of external chemical stimuli such as growth factors may 
alter expected cell/substrato interaction patterns. We have investigated the 
effects of growth factors such as fibroblast growth factor, transforming growth 
factor-beta, and insulin.like growth factor on the adhesion, morphology, 
proliferation, and motility of well-characterised neonatal rat calvarial osteoblast 
behavior on surfaces modified with chemically immobilized peptide sequences. 
The material surface was prepared by covalently bending the adhesive peptides 
RGDS (Arg-Gly.Asp-Ser), YIGSRG (Tyr-lle-Gly-Ser-Arg-Gly), and the inactive 
control RGDS (Arg-Asp-Gly.Sar) to aminophase glass coverslips. The results 
!~romote understanding of the complex cellular/molecular interactions at the 
bone/implant interface, and may be utilized in the design of new biomaterials 
which elicit desirable biological responses from surrounding tissues. 
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FUZZY CONTROL OF AN ELECTRICAL MUSCLE STIMULATION/RECIPROCATING 
GAIT ORTHOSIS SYSTEM FOR SPINAL CORD INJURED 
David B. Reynolds, Kuldip S. Rattan and Chandler A. Phillips 
College of Engineering and Computer Science, Witght State University, Dsyton, OH 

To aid the spinal cord injured (SCI) back into the activities of daily living, including the work 
environment, investigators at our institution have developed a minimally invesive system to 
restore basic motor function to the lower limbs. The system is a hybrid electromechanicel 
one, using electronic muscle stimulators (EMS) for funcgonal electrical stimulalJan (FES), 
an electrode deliver/system using a transoutaneous transducer garment (T'rG) and a 
reciprocating gait orthosls (RGO). ARer physical condlUoning of the subject, this system 
has allowed both quaddplngic and paraplegic subjects to stand, sit and walk fonvard and 
backward. In most of the studies, FES parameters were conkolled by the subject using 
only visual i~ormation as feedback. The design of a closed-loop controiler for this complex 
application can not be accomplished using standard proportional, integral and derivative 
controi. Not only does the stimulating eleckede interface differ from subject to subject, but 
it differs for the same subject over time. This problem is fergle ground for fuzzy control, 
which is a rule-based control. The range of the error signal (desired jeln! 8ngle/vel(;~-.Ity - 
actual joint angle/velocity) is divided up into a number of intervals which are assigned gains 
based upon rules determined expedmentelly In this case. Thus gain may depend upon 
both magnitude and Sign of the errer. Fuzzy control has been shown to provide fast rise 
time with liltJe or no overshoot in complex systems. We Intend to modify the RGO to 
provide feedback of RGO joint angle/velocity at Its hip and knee for use in a fuzzy logic 
controller. We then plan to study fuzzy--conlmtied stand-up and sit-down with this system in 
SCI subjects. Current EMS- or FES-RGO systems ere used i~Jmadly in outpatient physical 
therapy in rehabilitation dinios. The concept of fuzzy conlroi In a clnaed4nop, subject 
initiated system offers the possibility of moving this technology to the workplace, where the 
person may gain both health and economic benefits from Its daily use. 
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COMPUTER ACCESS VIA SWITCH BASED MOUSE 
O'Connell M.J, 
Cardiff Institute of Higher Education, Wales, UK. 

Many physically disobled individuals are denied access to computer software 
because of their inability to use a keyboard or mouse in the normal way. 
Adequate access to standard commercial software would radically improve 
opportunity for employment. 

A 'Switchmouse' has been developed which emulates all the functions of a 
conventional mouse but without the need for precision hand movement, It 
gives the majority of disabled useri including those with only the barest pointing 
ability, access to a wealth of commercially available software, ff is particularly 
effective with mouse controlled graphics packages and Graphical User 
Interfaces (GUI). The Z8 microcontroller based device provides both parallel and 
serial mouse facilities making it compatible with most IBM PC's and clones. All 
mouse functions are available. A simple display allows the user to monitor the 
status of the 'mouse'. No modification to the original software or mouse driver is 
required. 

The Project is part of a collaborative research programme linking the Electronic 
Engineering and Speech and Language Therapy sections of Cardiff Institute of 
Higher Education, and Craig-y-Parc Spastic Society School for cerebral palsied 
children. 
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THE APPLICATION OF SOLID MODELLING AND COMPUTER ANALYSIS IN T~E 
DESIGN OF PRODUCTS FOR REHABILITATION ENGINEERING 
*ROBERT BROWN, **DAVID K WRIGHT 
*FACULTY OF ART, DESIGN AND TECHNOLOGY, CIHE, WALES, UK. 
**DEPARTMENT OF DESIGN, BRUNEL UNIVERSITY, UK. 

The design and manufacturing process when developing products 
for the elderly and disabled is complex and expensive because 
the interface between user and device is often not well 
defined and subject to considerable variation. The main 
reasons for this being the range and variability which exists 
within a particular disability or medical condition. 

Traditional product development and manufacturing processes in 
many cases prove inappropriate and prohibitively expensive as 
the deslgner/product engineer might need to produce several 
variations of a prototype before a satisfactory user 'fit' is 
achieved. 

We have developed a systems based approach to rehabilitation 
engineering design in which the user product interaction is 
emphasised. This computer based approach to problems relating 
to special human need makes use of analysis software for 
mechanical interaction. Designing within a solid modelling 
system enables product interaction with an andriod to take 
place. This enables the design engineer to analyse and 
evaluate products within a computer system before producing 
physical prototypes. 


