










PREFACE

This book is written for two purposes: to give beginning students a sampling of the contem-

porary bioengineering, and to cultivate in the minds of students a sense that engineering

is invention and design, is creating things that have never been. Engineering science is the

study of nature and humanity quantitatively so that engineering design is made possible.

Bioengineering is engineering of living organisms. Bioengineering is very popular, and we

have a large number of bright young students. Yet most of them have no idea what engi-

neering is. They think they are majoring in bioengineering, but the University tells them

to take more courses in humanities, math, physics, chemistry and biology. Later they will

take engineering courses which, at this time, are usually taught very much like traditional

math and science: with good lectures, logical presentations, polished derivations, lots of ex-

ercises, but no mention of invention. My feeling is that invention and design is the essence

of engineering. Invention and design can be taught. A habit of inventive thinking can be

cultivated. And the cultivation should begin as early as possible, by demanding the students

to invent, and to develop their inventions by design. Hence in this introductory course I

ask the students to invent and to design. Invent something, maybe a better mouse trap,

a new gadget, a new medical device, a new material, a new drug, a new method, a new

instrument, a new experiment, a new theory, a new concept, a new approach. Each new

idea needs to be crystallized by a design. I give them assignments to design step by step.

They will soon realize that the method must be scientific, and that the real limitation to

any important invention is the lack of knowledge. By wanting to invent, they realize that

they need to master the classical subjects. Thus the classical subjects become alive, and the

study becomes active. Thus I lay great emphasis on the first few pages of this book. The

assignments given to the students are the heart of the course. Reading and commenting on

the students’ papers is the job of the instructor and teaching assistants.

After initiating the student to invent and design, we show them live examples in person

of their faculty members. These examples constitute the body of this book. Each example

consists of a lecture and a paper. The lecture tells what a faculty member is doing. The

paper is the best publication of the speaker. Therefore, this book is not a run of the mill

Introduction that is supposed to be easy to read and undemanding. Some of the papers

selected here are indeed easy to understand. Some others are quite technical and may not

be easy to assimilate without proper preparation. All are “advanced” in the sense that they

represent a part of the current frontiers of knowledge.

Not everybody likes the inventive approach or the subject of bioengineering. This course

may persuade some of the students to choose a different career goal. Our experience in this

introductory course has been very satisfying. The final reports handed in by the students

are often remarkably well done. Nice, fresh ideas abound. You can see that the inventive

chord in the student has been plucked.

The authors and I feel the urge to publish this book because we believe that engineering

education needs a qualitative lift. We need to challenge young engineering students to

think their own thoughts. We need to bring inventive thinking to the fore. We need to give

engineering courses a new spirit, to teach invention, to cultivate independent thoughts, to

use science as our tools and to enjoy science the same way as we enjoy humanities. We give
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vi Preface

an example here in the subject of bioengineering. Any department in any university can

easily remodel our example presented here to suit its own image and ambition.

Recently, several books have appeared bearing the title Introduction to Bioengineering.

Most of them are big tomes. I cannot see how an instructor can use them to teach a course

for the beginners. This book, however, is aimed at the beginner. It has been tried out

several times at UCSD, and have been found exciting. We invite other institutions to try

it for their students.

Y. C. Fung

Editor
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TO THE INSTRUCTOR

This book is not an ordinary textbook. It is a cultural reader trying to tell a beginner what

bioengineering is. The authors tell the story through their personal experiences. They do

not claim complete balance of their views; but they are sincere, vigorous, and so committed

that they are devoting their whole lives to pursue their visions. They know that the field

of bioengineering is young, and is developing in many directions. They all believe that

the best way to teach introductory bioengineering is to ask the beginners to think about

invention and design right away, whatever they think bioengineering is. This is where this

little book comes in. Each author asks certain questions, then invents and designs some

method to answer their questions. Their lecture notes and papers could serve as models.

We recommend a series of assignments to the students as listed in the following pages,

and asking them to read the book one chapter per week. We trust that you will find this

approach very enjoyable, because your students will be proud of their new found abilities.

xi
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TO THE STUDENTS

Hi,

This course is an introduction to the central topics of Bioengineering. The principles of

problem definition, team design, engineering inventiveness, information access and commu-

nication, ethics and social responsibility are emphasized.

The authors of this book are faculty members of Bioengineering. Each of them presents

a short lecture on some of the things they are doing, and a sample of their writing. This

volume is a collection of these lecture notes and papers. By meeting your faculty members,

listening to them and reading the lecture notes and papers, you will get an idea about their

personal interests and achievements. Overall, you will get a feeling about Bioengineering

as a discipline.

An objective of this course is to let you learn a little bit about what a bioengineer is

expected to do and to behave in the industry. In the industry, you are expected to design

and to work in teams with other people. Our course assignments are aimed in this direction.

Bioengineering is a young discipline. It is still developing rapidly. New knowledge is

added every day. In the development of new knowledge, the application of the methods

and results of classical disciplines is most important. That is why your university asks you

to take courses in mathematics, physics, chemistry, humanities, etc. To help you realize

that this is the case, I am introducing design as a major approach to bioengineering in this

course. You are asked to think yourself. Then you are asked to think with some friends as

a team, advancing your project together. At the end of the course, you gain not only some

knowledge, but also some friends. That friendship may be the most valuable part of you

college eduction.

My philosophy of using design as a major approach to learning science was developed

over the years. In the past, students listen to lectures, read textbooks, do exercises, take

exams and pass courses with only a vague idea that what is learned is useful. You have

done enough of that. Now, in thinking about a design project, you may find that your

success depends on certain knowledge about science and humanity. Therefore, you search

for knowledge actively.

The reading material accompanying each lecture is a sample of good papers. Each paper

talks about a topic of engineering science. These papers are not design reports, but usually

they are the results of many successful designs.

On the following three pages are the assignments I gave the class when I was teaching.

Your instructor may give you a different set.

Y. C. Fung

Editor
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SAMPLE ASSIGNMENTS

Reading: Read a chapter before the class, and the author’s paper after the class.

Lecture Schedule: To be presented.

Assignment No. 1 Report Due on:

Describe a research project you would like to do. This can be an invention of an instrument

for scientific inquiries, or a device for clinical application, or a gadget for home care, or any

other things that you think should qualify as Bioengineering. Or it can be a study of a

scientific or technological problem concerning a phenomenon of interest to bioengineering.

Note that I did not define “bioengineering.” You define it yourself. I know most of us have

at least a dozen projects we would like to do at any time. For the present assignment, make

a choice of one which is your highest priority, one of which you would be most proud if the

project were completed successfully. This assignment is to be answered intuitively, based

on your “gut feeling.” Explain your project as best you can. Describe what it is, why do

you think it is important, and how would you approach it, all in one page. If the idea is

your own, no reference is needed. If the whole idea or parts of it came from another person,

or from a journal article, a paper, a book, then you should acknowledge the source with

references. Don’t ever be caught for plagiarism.

Assignment No. 2 Due date:

Embodiment of Your Thoughts on a Design.

Give your design a title. Supply some details with hand drawn sketches or graphics, and

explain your objectives, design principles and expectations of its significance. Not to exceed

3 pages.

Important Note:

You are responsible to hand in a typed or neatly handwritten report at the due date spec-

ified. Please hand in at or immediately after class. Each page should have a page number

and your full name clearly printed at the upper right corner. Use 8.5 × 11 inch sheets of

plain paper. Sign and date the paper at the end. Neatness and timeliness are essential

quality of a good engineer.

Assignment No. 3 Due date:

Report on Team Organization and Team Project.

Teamwork is encourged. Get several friends to work together. Discuss your projects to see

if you can reach a consensus to concentrate on one project. If you can, then revise Reports

to Assignments 1 and 2 into a team report, and write Reports to Assignments 4–8 together

as a team. On the upper right hand corner, write down the names of all team members. If

you decided to go at it alone, it is OK. In that case, turn in an improved version of Reports

1 and 2, with greater details.

xv
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Assignment No. 4 Due date:

Library Search.

Present references that you have found.

Not to exceed 2 pages.

Assignment No. 5 Due date:

Design.

Discuss the scientific basis of your design in light of library search. Discuss the feasibility

and difficulties. Estimate time needed to accomplish your design. Discuss possible ethical

questions involved.

Report, maximum 2 pages.

Assignment No. 6 Due date:

Illustrate your design with good graphs. Explain your drawings carefully. If your work is

theoretical, develop your equations with sufficient details.

Assignment No. 7 Due date:

Discuss the feasibility of your design or research. What are the unknown factors? What

may cause your design to fail? What are its strengths? What are its weaknesses? How

are you going to test your design? Do you need animal experiments? Do you need human

experiments? What are the governmental and university regulations with regard to these

experiments?

Assignment No. 8 Due date:

Final Report.

Prepare a final report based on all you have written up to this point. Use the following

format for the cover page:

(a) At top:

Final report on Course BE1, Introduction to Bioengineering Instructor’s name:

(b) At center: Title of your project

(c) The names of all the authors in alphabetical order

(d) At bottom: Date submitted

Beginning on page 2, write Sections in the following order:

Introduction

Specific Aims

Designs and Analysis

Discussion

References
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This final report will be retained by the department. It will not be returned to you. Please

save a xerox copy for yourself.

Write the best you can. Make it a nice little paper for future reference.

Reports Expected

You are responsible to hand in a clearly written report on each item listed below at the due

dates specified. Each page should have a page number and your full name clearly printed

at the upper right corner. Sign and date the paper at the end.

Report 1 Proposal of a Design Project 1 page

Report 2 Embodiment of my Thoughts in a Design on. . . Not to exceed 3 pages

Report 3 Scientific Basis of My/Our Design On. . .

Team work is encourged. Get several friends to work

together. Discuss your projects to see if you can reach

a consensus to concentrate on one project. If you can,

then revise Reports 1 and 2 into a team report, and

write Reports 4–6 together as a team. On the upper

right hand corner, write down the names of all team

members. Max. 3 pages

Report 4 Results of Library Search on My/Our Project on. . . Not to exceed 2 pages

Report 5 Estimate of Time and Money Needed to Accomplish

My/Our Design on. . . and Possible Ethical Question

Involved Max. 2 pages

Report 6 Team and Individual Final Report on the Design of. . .

Collate your five reports together. Correct all errors

and misprints. Improve the English. A nice paper



CHAPTER 1

ROLES OF FLOW MECHANICS IN VASCULAR CELL BIOLOGY
IN HEALTH AND DISEASE

SHU CHIEN

Departments of Bioengineering and Medicine, and
The Whitaker Institute for Biomedical Engineering,

University of California, San Diego

Endothelial cells (ECs) form the inner lining of blood vessels, separating the circulating

blood from the remainder of the vessel wall. Endothelial cells not only serve as a permeabil-

ity barrier to regulate the passage of molecules between blood and the vessel wall, but also

perform many important functions, including the production, secretion, and metabolism of

many biochemical substances and the modulation of contractility of the underlying smooth

muscle cells. The responses of endothelial cells and smooth muscle cells to changes in pres-

sure and flow play a significant role in regulating the functional performance of blood vessels

in health and disease.

Atherosclerosis results from the accumulation of fatty materials as atheroma in the

artery wall. Atherosclerotic narrowing of the vessel lumen can cause a reduction of blood

flow in the organ supplied by the vessel, thus leading to clinical problems. Examples are

stroke, heart attack, and walking difficulty, which result from severe reductions of blood

flow to the brain, heart, and legs, respectively.

There are two major elements in the initiation of atherosclerosis (Fig. 1). The first

is lipids, especially the low density lipoprotein (LDL), which can become oxidized in the

vessel wall. The second is monocytes, which become transformed into macrophages (large

Fig. 1. Schematic drawing showing the roles of low density lipoprotein (LDL) and monocytes in the formation
of foam cells.

1



2 S. Chien

Fig. 2. The hemodynamic forces acting on the blood vessels due to blood pressure and flow.

eating cells) after entering the artery wall. The macrophages can engulf oxidized LDL to

form foam cells, and the accumulation of foam cells in the vessel wall is the basis for the

formation of atheroma (Steinberg, 1995).

Although every part of the arterial tree is exposed to the same LDL concentration in

the circulating blood, atherosclerotic lesions show preferential distributions in branch points

and curved regions (Cornhill et al., 1990), suggesting that local variations in hemodynamic

forces play a significant role in the focal nature of the lesions (Nerem et al., 1993). Work

done in our and other laboratories indicate that hemodynamic factors modulate both the

transendothelial passage of large molecules such as LDL and the entry of monocytes into

the artery wall. There are several components of hemodynamic forces (Fig. 2). This chapter

focuses on the effects of shear stress, which is the tangential forces acting on the luminal

surface of the vessel as a result of flow. Other important forces are the normal stress and

circumferential stress resulting from the action of pressure. The aims of studying the role of

hemodynamic forces in the regulation of EC function are to elucidate (a) the fundamental

mechanism of mechano-chemical transduction, and (b) the biomechanical and molecular

bases of the preferential localization of atherosclerosis in the arterial tree.

1. Role of Hemodynamic Factors in Transendothelial Permeability of

Macromolecules

At the branch points and curved regions of the arterial tree, which have a predilection

for atherosclerosis, blood flow is unsteady and the shear stress shows marked spatial and

temporal variations (Glagov et al., 1988). Weinbaum et al., (1985) proposed the hypothesis

that complex flow patterns cause an accelerated EC turnover (including cell mitosis and

death), such that the resulting leakiness around the ECs undergoing turnover increases the

permeability of large molecules (e.g. LDL) across the endothelial layer. Our experimental

studies have provided evidence that EC mitosis (Chien et al., 1988; Lin et al., 1989) and

death (Lin et al., 1990) are associated with the leakage of macromolecules such as albumin

and LDL on individual cell basis. Studies performed in a number of laboratories, including

our own (Schwenke and Carew, 1988; Chuang et al., 1990; Truskey et al., 1992) have shown

that these events of accelerated EC turnover occur primarily in areas with disturbed blood

flow, e.g. arterial branch points. Electron microscopic studies (Fig. 3) have identified the

widening of the intercellular junctions around ECs which are dying or undergoing mitosis

(Huang et al., 1992; Chen et al., 1996).
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Fig. 3. A. Transmission electron micrographs showing a section of an endothelial cell undergoing mitosis, as
indicated by the separation of the dense nucleus into two parts. The arrow points to an intercellular junction
around this mitotic cell. The junction is abnormally widened as shown by the electron-dense tracer used to
outline the junction. B. A higher magnification of the widened junction in A. From Chen et al. (1996).

The results of experimental and theoretical studies indicate the following sequence of

events that contribute to the focal nature of atherosclerosis.

Local hemodynamic factors→ ↑ EC turnover → ↑ Local LDL→ Focal lipid

(complex flow pattern) (mitosis & death) permeability accumulation

2. Effects of Shear Stress on Monocyte Chemotactic Protein-1

(MCP-1) Gene Expression

2.1. The process of gene expression

Proteins are encoded as genomic DNAs, which are composed of two strands of comple-

mentary nucleic acids. Each strand of the genomic DNA has a promoter region containing

cis-elements (nucleotide sequences) which are activated following the binding of specific

proteins (transcription factors) to trigger the transcription of the DNA strand into a single-

stranded RNA. Such primary RNA transcripts undergo appropriate maturation processes

in the nucleus to become messenger RNAs (mRNAs). The mRNA exits the nucleus to serve

as a template for translation into the encoded protein in the ribosome, which manufactures

proteins by using the information encoded in the RNA sequence. The synthesized proteins

perform their functions either inside the cell or outside following their secretion into the

extracellular fluid. Chemical and mechanical stimuli can modulate gene expression in a

variety of cells. The effects of shear stress on endothelial cell gene expression have been

reviewed (Davies, 1996; Chien et al., 1998).

2.2. Effects of shear stress on MCP-1 gene expression

As mentioned above, monocytes/macrophages play a major role in atherogenesis. It has

been shown that macrophages are found underneath the ECs primarily in the arterial branch

points (Malinkaukas et al., 1995), suggesting that local hemodynamic forces in these lesion-

prone areas can enhance monocyte entry. The entry of monocytes into the blood vessel
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wall is induced by a number of chemotactic agents, especially the monocyte chemotactic

protein-1 (MCP-1). MCP-1 is secreted by the EC, as well as other types of cells. Several

chemical substances (e.g. the phorbol ester TPA) can stimulate the expression of the MCP-1

gene and the consequent secretion of MCP-1 protein by ECs to attract monocyte entry into

the vessel wall.

The effects of shear stress on MCP-1 secretion by cultured human umbilical vein en-

dothelial cells (HUVECs) have been studied by using a flow channel system (Fig. 4). The

application of a shear stress at levels existing in the arterial tree (e.g. 12 dynes/cm2) caused

an increase in MCP-1 gene expression to approximately 2.5 fold in about 1.5 hours (Fig. 5)

(Shyy et al., 1994). Sustained application of the shear stress was accompanied by a decrease

of the gene expression to or even below the preshear background level.

Studies on the promoter region of MCP-1 showed that the TPA responsive element

(TRE) is a critical cis-element in the shear stress activation of MCP-1 (Shyy et al., 1995).

The transcription factor for TRE is known to be a dimer (molecule with two subunits)

Fig. 4. A schematic drawing of the flow channel system.

Fig. 5. Time courses of the activation of signaling molecules and gene expression in endothelial cells in
response to shear stress. The activation of Ras reaches a peak in less than 1 minute, followed by an increase
in the kinase activity of JNK with a peak at 30 min. The induction of the MCP-1 gene occurs later than
the activation of signaling molecules, with a peak at 90 min. Following prolonged shearing, the activities of
the signaling molecules and the MCP-1 gene expression become lower than those in the static controls.
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composed of cJun-cFos or cJun-cJun. The activation of c-Jun and c-Fos is known to be

mediated by the mitogen activated protein kinase (MAPK) signaling pathways. The MAPK

pathways are also involved in cell mitosis and programmed cell death (apoptosis). Therefore,

the understanding of these pathways is important for the elucidation of both the chemo-

attraction of monocytes by MCP-1 and the modulation of LDL permeability by acceleration

of cell turnover.

3. Effects of Shear Stress on MAPK Signaling Pathways

3.1. The MAPK signaling pathways

Protein kinases are enzymes that can add a phosphate group to a protein (phosphorylation).

The MAPK signaling pathways involve a group of protein kinases that are activated sequen-

tially to result in a phosphorylation cascade. Thus, the phosphorylation of an upstream

protein kinase will activate it so that it can serve as an enzyme to phosphorylate the next

protein kinase in the pathway. There are several parallel pathways in this system (e.g. JNK

and ERK shown in Fig. 6), with the molecule Ras situated as a common upstream molecule.

When Ras is activated, it binds to GTP (guanosine triphosphate) instead of GDP (guanosine

diphosphate). The GTP-bound Ras is the activated form that initiates the phosphoryla-

tion of the MAPK pathways, culminating in the phosphorylation of JNK and ERK and the

activation of c-Jun and c-Fos, respectively. The end result is the expression of genes such

as MCP-1.

3.2. Effects of shear stress on signal transduction in endothelial cells

The effects of shear stress on signal transduction in ECs have been studied in the

flow channel system. The application of shear stress at the level found in the arteries

(e.g. 12 dynes/cm2) causes the Ras to become GTP-bound and activates both ERK and

JNK (Li et al., 1996). The Ras-GTP binding occurs in less than 1 min after the beginning of

shearing, and this is followed by the activation of the downstream molecules (Fig. 5). The re-

sponse of Ras is very transient in nature, and the early onset and short duration of its activa-

tion is in line with its upstream location relative to ERK and JNK in the signaling pathways.

Ras N17, which is a negative mutant molecule of Ras, markedly suppresses the shear-

activation of TRE. Upstream to Ras, the adaptor molecules Shc, Grb2 and Sos have been

Fig. 6. Schematic diagram showing some of the signaling pathways mediating the mechano-chemical trans-
duction in endothelial cells in response to shear stress.
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found to be important (Fig. 6) because uses of their negative mutants suppress the shear-

activation of TRE (Jalali et al., 1997; Li et al., 1997).

With the elucidation of the signaling pathway for the mechano-chemical transduction

process, the next question is what are the mechano-sensors that are responsible for the

initial conversion of the mechanical stimulus of shear stress into chemical changes that are

transmitted through the signaling system.

4. Mechano-sensors for Shear Stress

The experiments described in this section indicate that there are at least two sets of mem-

brane sensors for the mechanical stimulation due to shear stress. One set is the membrane

receptors located on the luminal side of the EC membrane, and the other is the integrin

molecules situated on the abluminal side facing the extracellular matrix (ECM).

4.1. Membrane receptors — receptor tyrosine kinases

Receptor tyrosine kinases (RTK) are membrane receptors that can undergo phosphorylation

on their tyrosine residues upon appropriate stimulation. Such tyrosine phosphorylation ac-

tivates the receptor such that it becomes associated with the adaptor molecules (e.g. Shc),

and this in turn activates the downstream signaling pathway such as Ras-JNK. An example

of receptor tyrosine kinases is the vascular endothelial growth factor receptor (VEGFR),

which is known to be activated by the chemical binding of VEGF. We found that the ap-

plication of shear stress causes the clustering and phosphorylation of VEGFR, as well as

its binding to Shc and other adaptor molecules, and the subsequent activation of Ras and

its downstream molecules (Chen et al., 1999). Thus, mechanical stimulation can activate

this receptor in the same manner as the chemical stimulation due to VEGF. The time

courses of the responses of VEGFR to these two modes of stimuli are very similar: start-

ing rapidly in less than 1 min and subsiding totally in 30 min. Therefore, VEGFR and

possibly other membrane receptors (e.g. G-protein coupled receptors, Kuchan et al., 1994)

can serve as mechano-sensors to convert extracellular mechanical stimuli to intracellular

chemical signals. It is likely that shear stress causes membrane perturbation, thus changing

the conformation and/or interaction of membrane proteins such as VEGFR to trigger the

downstream activation.

4.2. Membrane integrins

Integrins are transmembrane receptors that link the intracellular cytoskeletal proteins with

the proteins in the ECM to provide two-way communications between the cell and its

ECM. There are more than twenty types of integrins, each of which is composed of two

subunits, α and β. One of the major integrins in vascular ECs is αvβ3, which interacts

specifically with the ECM proteins vitronectin and fibronectin. Shear stress causes the

association of αvβ3 with Shc and the subsequent activation of the Ras pathway, only when

the ECs are cultured on ECM composed of vitronectin or fibronectin (Jalali, 1998). In such

systems, anti-αvβ3 antibodies markedly attenuate the shear-induced signaling. These and

other findings indicate that integrins play an important role in the initiation of signaling in
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response to shear stress (Fig. 6). It is possible that the tension induced by shear stress on

the luminal side of the EC membrane can be transmitted along the plane of the membrane

and through the junctions to the integrins on the abluminal side; in this case integrins serve

as a direct mechano-sensor. Alternatively, the signaling initiated by membrane receptors

may be transmitted by the cytoskeleton to activate the integrins; in that case integrins may

act as an amplifier for the mechano-sensing.

5. Effects of Complex Flow Pattern on Endothelial Cell Proliferation

and Gene Expression

The experiments described above were performed on rectangular flow channels with a uni-

form height along the channel length, and the flow is laminar throughout the channel. In

order to simulate the flow conditions near a branch point, we have developed a step flow

channel (Chiu et al., 1998), which has a lower channel height at the entrance and an expan-

sion of the channel height thereafter (Fig. 7). Eddy flows are induced just downstream to

the step, and the flow direction in the eddy region is opposite to that of the downstream for-

ward flow region. Between the two regions with opposite flow directions, there is a narrow

flow-reattachment region (“c” in Fig. 7) where shear stress is zero but the spatial gradient

of shear stress is high.

The proliferation of vascular ECs in the step flow channel can be assessed by deter-

mining the incorporation of a labeled nucleotide, e.g. BrdU. Under static condition, BrdU

incorporation is low and randomly distributed throughout the channel. Following 24 hours

of laminar shear at 12 dynes/cm2, BrdU incorporation is markedly enhanced in the reat-

tachment area and its vicinity and is much lower elsewhere, including the downstream

laminar flow region (Pin-Pin Hsu, unpublished results). The same distribution pattern is

seen for the expression of genes related to cell cycle control for proliferation and of signaling

molecules such as ERK. These results indicate that the flow pattern in the reattachment

area at branch points stimulates cell proliferation. In contrast, the laminar flow region has a

low cell proliferation rate and, as mentioned above, the signaling pathway and MCP-1 gene

expression are down-regulated following sustained shearing. This down-regulation does not

occur in the reattachment region because of the lack of sustained laminar shear. Further-

more, we have found that sustained shearing in the laminar flow region causes the activation

of growth-arrest genes, which oppose cell proliferation. Taken together, these results can be

interpreted to indicate that the complex flow pattern near the branch points increases EC

proliferation and does not down-regulate the expression of MCP-1 gene, thus placing this re-

gion at risk for atherogenesis. In contrast, the sustained shearing in the laminar flow region

Fig. 7. A schematic drawing of the step flow channel. The expansion of the channel height beyond the step
leads to secondary flow and flow reattachment
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Table 1. Comparison between the straight part and branch points of the arterial tree.

Straight Part Branch Points

Flow Pattern Laminar Disturbed

Cell Turnover Slow Rapid

LDL Permeability Low High

Monocyte Infiltration Few Frequent

Gene Expression Growth Suppression Cell Proliferation

Atherosclerosis Rare Prevalent

induces EC cell arrest rather than proliferation and down-regulates MCP-1 expression, thus

providing a protective action against atherogenesis (Table 1).

6. Implications in Clinical Conditions

The results of the research studies outlined above have considerable implications in the pre-

vention and treatment of cardiovascular diseases. Two examples are given below to illustrate

how such knowledge is useful in relation to coronary artery disease, which is a major cause

of death in the United States. The two most common modalities of treatment of coronary

artery narrowing are bypass surgery and balloon angioplasty. The molecular responses of

the vascular cells to mechanical forces are very relevant to both of these procedures.

6.1. Importance of mechanical matching between vascular bypass and

native artery

In vascular bypass surgery, the segment of the coronary artery with the atherosclerotic

narrowing is removed and replaced by an artificial vascular graft or a vessel segment from

the patient. One of the most commonly used bypass vessel is the saphenous vein from the

patient’s leg. While the saphenous vein graft has had its successes, recurrence of obstruction

(restenosis) is a major complication. Veins are normally exposed to much lower pressures (<

10 mmHg) than arteries (∼ 100 mmHg), and their structural features and hence mechanical

properties are quite different. The insertion of a segment of saphenous vein into the coronary

tree exposes the thin-walled and compliant vein to a pressure much higher than what the

venous wall is used to accommodate. The mechanical mismatch causes the saphenous

vein segment to bulge, and this sudden enlargement causes a geometric mismatch. Thus,

the proximal junction between the coronary artery and the saphenous venous graft has a

condition very similar to that in the step flow channel. Hence, the area of the saphenous vein

at this junction is subjected to eddy flow, and the resulting flow reattachment area becomes

vulnerable to atherogenesis because of the activation of events such as cell proliferation and

MCP-1 gene expression. Therefore, it is necessary to reinforce the saphenous vein prior to

grafting so that there would be a mechanical match with the coronary artery and prevents

the occurrence of geometric mismatch. In the preparation of tissue-engineered vascular

graft, whether cell-based and/or biomaterial-based, it is essential to match the mechanical

properties of the graft with those of the native vessel.
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6.2. Use of a Ras negative mutant to prevent restenosis following

balloon angioplasty

In treating coronary artery disease by balloon angioplasty, a catheter with a balloon near

its tip is advanced to the site of stenosis under X-ray visualization. Inflation of the balloon

presses on the plaque and opens the obstructed vessel lumen. Although the procedure

is usually successful, vessel wall thickening recurs in about 1/3 of the cases within a few

months. This restenosis is principally due to the proliferation of smooth muscle cells, which

is stimulated by the mechanical injury incurred by the ballooning and the chemical factors

in the blood following endothelial denudation. Ras plays a pivotal role in the regulation

of the intracellular signaling events for many functions in a variety of cells, including the

proliferation of vascular smooth muscle cells. Therefore, we have tested the possibility of

using the negative mutant RasN17 to prevent the vascular stenosis induced by balloon injury

in animal experiments (Jin, 1999). In order to provide an efficient mode of transfection of

the RasN17 into the vessel wall, it was packaged into nonreplicating adenovirus to produce

AdRasN17. As a control, a nontherapeutic molecule LacZ was similarly packaged to produce

AdLaz.

Under general anesthesia, the common carotid artery of the rat was subjected to bal-

loon injury with a balloon catheter, similar to the procedure used clinically in balloon

angioplasty. By the use of temporary clamps, the injured carotid artery was divided into a

cranial and a caudal segment. AdRasN17 was introduced into one segment and AdLaz into

the other. After 5 minutes, the lumen contents were rinsed out, flow was reestablished after

removal of the clamps, the neck wound was closed, and the animal was allowed to recover.

Six weeks later, the common carotid artery was removed for histological examination. The

artery without any balloon injury had a thin wall and a wide lumen. Balloon injury (with

or without AdLaz treatment) caused a marked thickening of the vessel wall and a severe

narrowing of the lumen. AdRasN17 treatment greatly attenuated the wall thickening due

to balloon injury, and the lumen was sufficiently wide to allow an essentially normal flow.

These results suggest the potential value of using RasN17 as an agent to prevent the resteno-

sis resulting from balloon angioplasty and illustrate how basic research can generate new

approaches for clinical management of disease.

7. Summary and Conclusions

Hemodynamic forces can modulate the structure and function of endothelial cells and

smooth muscle cells in blood vessels. Under normal conditions, these modulating influ-

ences allow the vascular wall to adapt to changes in pressure and flow to optimize its

functional performance. In disease states, however, the abnormal responses can disturb the

homeostasis and initiate or aggravate pathological processes.

Changes in flow conditions can activate EC membrane receptors such as VEGFR

and integrins to initiate the signal transduction involving Ras and the downstream JNK

and ERK leading to an increase in MCP1 expression. Sustained laminar flow in the

straight part of the arterial tree down-regulates such activation and hence minimizes

monocyte entry into the vascular wall. Laminar flow is also associated with a lower

rate of cell turnover, because growth-arrest genes, rather than cell-proliferation genes, are
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preferentially expressed. The reduced monocyte entry and cell turnover are protective

against atherogenesis.

Atherosclerosis occurs primarily in arterial branch points and curved regions. The com-

plex flow pattern, especially the flow reattachment, in these lesion-prone regions is associated

with a high cell turnover rate (accelerated cell proliferation and cell death), thus leading to

a greater EC permeability to LDL due to the widening of the intercellular junction. There

is also an increased tendency for monocyte accumulation due to the lack of MCP-1 down-

regulation. Both the greater LDL permeability and the enhanced monocyte accumulation

are important atherogenic factors.

Consideration of the results on mechano-chemical transduction can lead to the improve-

ment of methods of prevention and treatment of coronary artery disease. In vascular by-

pass surgery, it is essential to consider mechanical matching between the graft and the

vessel in order to prevent the creation of complex flow patterns due to geometric mismatch.

Adenovirus-mediated transfer of RasN17 has the potential of being used as a prophylac-

tic procedure against restenosis in balloon angioplasty by suppressing smooth muscle cell

proliferation.

By combining mechanics with biology (from molecules to tissues), bioengineering can

play a major role in enhancing our understanding of the fundamental process of mechano-

chemical transduction and improving the methods of the management of important clinical

conditions such as coronary artery disease.
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CHAPTER 2

PERSPECTIVES OF BIOMECHANICS

Y. C. FUNG

Department of Bioengineering, University of California, San Diego

1. Introduction

Physics studies how matters move. Chemistry studies how matters move. Engineering stud-

ies how matters move. So must biology. The science of movement of matter is mechanics.

Molecular biology has molecular biomechanics. Cell biology has cell biomechanics. Tissue

biology has tissue biomechanics. Organ biology has organ biomechanics. Whole individuals

have animal mechanics, plant mechanics, sport mechanics, rehabilitation mechanics, etc.

Biomechanics is the study of the effects of forces in a living organism. It is a discipline

of engineering science. It is a discipline that is needed in the design of any medical devices.

It is a discipline needed in the understanding of the physiology of living organisms. It is a

discipline the study of which requires lots of design of experiments and instruments.

Biomechanics is a basic discipline in biology, but is often neglected by biologists. It can-

not be neglected by bioengineers, because forces and motion are two of the most important

factors an engineer must consider to invent and design any devices to work with or work in

a living organism.

Today, biomedical engineering has given us the following:

Better understanding of physiology,

Mathematical models, computational methods,

Artificial internal organs,

Artificial limbs, joints, and prostheses,

Better understanding of hearing, vision, speaking,

A number of implantable materials,

New biosensors,

New imaging techniques: CT, NMR, PET, etc.,

Clinical devices, instruments, techniques,

Remote sensors, virtual reality,

Minimally invasive surgery techniques,

And many more.

Most of the successes listed above are still limited in scope and have not achieved their

full potential. Real progress will depend on further research.

It is easy to see the role played by mechanics in the items listed in the paragraphs

above. Artificial hearts and heart assist devices are fluid mechanical devices. Artificial

21
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kidney is a device for mass transport. Pacemaker must be structurally sound. Design of

new implantable materials depends on mechanics. Design of implantable biosensors requires

fluid mechanics and mass transport analysis. Imaging and clinical devices and virtual reality,

and the minimally invasive surgery techniques such as angioplasty rely on biomechanics.

Other well-known contributions include sports and sports medicine, orthopedics, treatment

of automobile injuries, burn injuries, and equipment for rehabilitation. Biomechanics of

hearing, seeing, and speaking are extremely important subjects. Lengthening of bone to

solve gait problems can be done with proper understanding of biomechanics.

To illustrate the use of biomechanics in bioengineering, it is best to consider a concrete

example. In an article presented on pp. 35–56, I give you an example of the lung. In

that article, it is shown how the consideration of biomechanics lead to the improvement

of our understanding of the anatomy, mechanical properties, functions, and diseases of the

lung. With the mastery of a quantitative approach, one can begin to talk about engineering

the lung.

In the present chapter, however, I would like to dig a little at the foundation. I would like

to deal with an ad hoc hypothesis in biomechanics which has been so universally accepted

that it has almost become an axiom. The hypothesis is that when all external loads acting

on an organ are removed, there is no stress in the organ. I shall show that this is generally

untrue, and that removal of this hypothesis will lead us to rethink many things.

2. The Zero-stress State of a Blood Vessel

First, let me describe a very simple experiment. In Fig. 1, an aorta is sketched. If we cut

an aorta by two consecutive sections perpendicular to the longitudinal axis of the vessel,

Fig. 1. Sketch of an aorta with an indication of the cutting positions. Right: Schematic cross-section of a
cut vessel segment at zero-stress, defining the opening angle θ.
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Fig. 2. The figures in the upper row show an arterial segment of a rat before cut and after cutting at four
positions. The lower row shows the same vessel cut into 4 pieces and reassembled in 4 ways. It appears that
one cut is sufficient to reduce an arterial segment at no-load to the zero-stress state. From Fung and Liu
(2), by permission.

we obtain a ring. If we cut the ring radially, it will open up into a sector (1, 8). By using

equations of static equilibrium, we know that the stress resultants and stress moments are

zero in the open sector. Whatever stress remains in the vessel wall must be locally in

equilibrium. If one cut the open sector further, and can show that no additional strain

results, then we can say that the sector is in zero-stress state. We did a simple experiment

illustrated in Fig. 2 (from Ref. 2). Five consecutive segments (rings), each 1 mm long, were

cut from a rat aorta. The first four segments were then cut radially and successively at the

positions indicated in Fig. 1, namely, inside, outside, anterior, posterior; designated as I, O,

A, P, respectively. The fifth segment was cut in all four positions, resulting in four pieces

designated a, b, c, d. The open sectors of the first four rings are shown in the upper row

on the right. When the four pieces of the fifth ring were reassembled in the order of abcd,

bcda, cdab, bcda, with tangents matched at successive ends, we obtain four configurations

shown in the lower row of Fig. 2. They resemble the shape of the four cut segments of the

first row quite well. This tells us that the arterial wall is not axisymmetric, that different

parts of the circumference are different, and that one cut is almost as good as four cuts in

relieving the residual stress. Hence, we may say that one cut of the ring reduces the ring

into zero-strain state within the first order of infinitesimals.

Having been assured that the open sector represents zero-stress state of a blood vessel,

we conclude that the zero-stress state of an artery is not a tube. It is a series of open sectors.

To characterize the open sectors, we define an opening angle as the angle subtended by two

radii drawn from the midpoint of the inner wall (endothelium) to the tips of the inner wall

of the open sections (see Fig. 1).

Although the opening angle is a convenient simple measure of the zero-stress state of

an artery, it is not a unique measure of the artery, because its value depends on where the

cut was made. This is clearly illustrated in Fig. 2. The four segments were not identical.

The blood vessel shown in Fig. 2 was not uniform circumferentially. Hence, in stating an

opening angle, one must explain where the cut was made. This requirement is a limitation

to the usefulness of the opening angle as a simple measure of a complex phenomenon.

The photographs in the first column of Fig. 3 show a more complete picture of the

zero-stress state of a normal young rat aorta (2). The entire aorta was cut successively into

may segments of approximately one diameter long. Each segment was then cut radially at
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Fig. 3. Photographs of the cross-sections of a rat aorta cut along “outside” line shown in Fig. 1. The 1st
column shows zero-stress state of normal aorta. Other columns show changed zero-stress states a number of
days after a sudden onset of hypertension. Successive rows correlate with locations on the aorta expressed in
percentage of total length of aorta, L, from the aortic valve. The aortic cross-sectional area was clamped 97%
by a metal band below the diaphragm to induce the hypertension. From Liu and Fung (2), by permission.

the “outside” position indicated in Fig. 1. It was found that the opening angle varied along

the rat aorta: it was about 160◦ in the ascending aorta, 90◦ in the arch, 60◦ in the thoracic

region, 5◦ at the diaphragm level, 80◦ toward the iliac bifurcation point.

Following the common iliac artery down a leg of the rat, we found that the opening

angle was in the 100◦ level in the iliac artery, dropped down in the popliteal artery region

to 50◦, then rose again to the 100◦ level in the tibial artery. In the medial plantar artery

of the rat, the micro arterial vessel 50 µm diameter had an opening angle of the order of

100◦ (4).

There are similar spatial variations of opening angles in the aorta of the pig and a dog

in pulmonary arteries, veins and trachea.

3. Hypertension Causes Change of the Opening Angle of Aorta

We created hypertension in rats by constricting the abdominal aorta with a metal clip

placed right above the celiac trunk (2). The clip severely constricted the aorta locally,

reduced the cross-sectional area of the lumen by 97%, with only about 3% of the normal

area remaining. This causes a 20% step-increase of blood pressure in the upper body, and

a 55% step-decrease of blood pressure in the lower body immediately following the surgery.

Later, the blood pressure increased gradually, following a course shown in Fig. 4. It is seen

that in the upper body the blood pressure rose rapidly at first, then more gradually, tending

to an asymptote at about 75% above normal. In the lower body, the blood pressure rose to

normal value in about four days, then gradually increased further to an asymptotic value of
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Fig. 4. The course of change of blood pressure (normalized with respect to that before surgery) after banding
the aorta. From Fung and Liu (2), by permission.

25% above normal. Parallel with this change of blood pressure, the zero-stress state of the

aorta changed. The changes are illustrated in Fig. 3 in which the location of any section on

the aorta is indicated by the percentage distance of that section to the aortic valve measured

along the aorta divided by the total length of the aorta. Successive columns of Fig. 3 show

the zero-stress configurations of the rat aorta at 0, 2, 4, . . . , 40 days after surgery. Successive

rows refer to successive locations on the aorta.

Figure 5 shows the course of change of the opening angle of the rat aorta in greater detail.

Figures 3 and 5 together show that the blood vessel changed its opening angle in a few days

following the blood pressure change. We found similar changes in pulmonary arteries after

the onset of pulmonary hypertension by exposing rats to hypoxic gas containing 10% oxygen,

90% nitrogen, at atmospheric pressure (3).

Since opening angle changes reflect structural changes, we conclude that blood vessels

remodel significantly with modest blood pressure changes.
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Fig. 5. The course of change of the opening angle of the rat aorta at the zero-stress state following aortic
banding to change blood pressure. L is the length of aorta. %L indicates location of section from aortic
valve. (a) Locations above the constriction. (b) Locations below the constriction. From Fung and Liu (2),
by permission.

4. What Does the Change of Opening Angle Mean?

The open sector configuration of an artery at zero-stress looks like a curved beam and

mechanically can be analyzed as a curved beam. (See Figs. 1 and 6.) A beam can change

its curvature only if one side of the beam lengthens while the other side of the beam shortens.

If the opening angle increases due to tissue remodeling, then the endothelial side of the blood

vessel wall must have an increase in circumferential strain, while the adventitial side of the

blood vessel wall must have a decrease of circumferential strain, see Fig. 6 (5). Since these

increases and decreases are not due to external loads, but are due directly to growth and

resorption of the tissue in remodeling, we can conclude without much ado that the change

of opening angle of blood vessels due to change of blood pressure is due to nonuniform

remodeling throughout the thickness of the vessel wall.
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Fig. 6. Illustration that the remodeling of a blood vessel is best described by change of its zero-stress state.
From Fung (6, p. 528), by permission.

From the point of view of studying tissue remodeling, the zero-stress state is significant

because it reveals the configuration of the vessel in the most basic way, without being

complicated by elastic deformation. If cellular or extracellular growth or resorption occurs

in the blood vessel due to any physical, chemical and biological stimuli, they will be revealed

by the change of zero-stress state.

5. What is the Residual Stress Doing There?

The state of a body on which all the external load are removed is called a no-load state.

The internal stress existing in a body at the no-load state is called the residual stress. For

a blood vessel, if there is no longitudinal tension and no transmural pressure, then it is at a

no-load state. From Fig. 6, we see that a blood vessel at no-load state can be obtained by

bending the vessel wall in its zero-stress state into a tube and then welding the edges into

a seamless tube. The residual stresses can be calculated according to this point of view.

The in vivo state of a blood vessel can be obtained from the no-load state by stretching

it longitudinally and then put the blood pressure on the inner wall and external pressure

on the outer wall. Follow through on this thought, one can easily show that the residual

circumferential stress is compressive at the inner wall of the blood vessel, and tensile at

the outer wall of the blood vessel. On introducing the blood pressure, and working out the

mechanics problem, one will see that the residual stresses will make the stress distribution

much more uniform in the vessel wall at the in vivo state. Therefore, we found that the state

of stress in a blood vessel in vivo is very much affected by the residual stress. Accordingly,

it is clear that we must know the zero-stress state of all organs in our body in order to

calculate the stress in our body in vivo. Thus, the very simple experiment illustrated in

Fig. 1 is indeed fundamental and far-reaching.
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6. Tissue Remodeling Revealed by Change of Zero-stress State

The stress and strain in our body change normally or pathologically. In principle, the reason

for these changes is very simple. By molecular mechanism, living cells can make proteins

to enlarge themselves or build up intercellular matrix. Hence, new materials are made from

a molecular pool according to the laws of molecular biomechanics. These proteins can also

be metabolized and carried away by blood and lymph flow. Hence, the mass of the tissue

can vary with time. It follows that the structure of the tissue can change with time. This

changes the zero-stress state of the tissue. The stress-strain laws of the tissue will change,

and the stress distribution will change (6, 7).

The changing stress then feed back onto the cells, causing them to react to the changing

stress field by producing new materials, or move, or proliferate by cell division, or be

resorbed. This logical sequence of events has been demonstrated. In the following, a brief

sketch is given to indicate the current status of our knowledge.

7. Tissue Remodeling of Arteries Under Stress

Figure 7, from Fung and Liu (3), shows the history of tissue remodeling of rat pulmonary

artery when the pulmonary blood pressure was raised from the normal value at sea level to

a higher value obtained by breathing a gas with 10% O2 and 90% N2 at normal atmospheric

pressure. The left hand side figure is a sketch of the pulmonary artery of the left lung. The

first row shows the morphological changes of the cross-section of the arterial wall in the

arch region. It is seen that significant changes occurred already in 2 hours. The intima

changed first, followed by the media in which the vascular smooth muscle reside. The

adventitia changed slower. The succeeding rows show the changes in the vessel walls of

smaller arteries.

Fig. 7. Remodeling of rat pulmonary arteries when the animal is subjected pulmonary hypoxic hypertension
by breathing hypoxic gas to the length of time shown in the figure. Photographs of histological slides from
4 regions of main pulmonary artery of a normal rat and hypertensive rats with different periods of hypoxia.
Specimens were fixed at no-load condition. From (3), by permission.
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Figure 8, from Liu and Fung (9), shows how the stress-strain relationship of rat thoracic

aorta is changed by tissue remodeling during the development of diabetes following an

injection of streptozocin. The general trend remains the same, but the elastic constants at

any given strains are changed.

Figure 9, from Fung and Liu (10), shows our current method of determining in vivo

the incremental elastic constants of the arterial wall when it is regarded as a two-layered

Fig. 8. Change of the stress-strain relationship of rat thoracic aorta during the development of diabetes 20
days after an injection of AZT. From Liu and Fung (9), by permission.

Fig. 9. Six types of in vivo experiments that can be used to determine the eight incremental elastic moduli
of the two layers of a blood vessel at a homeostatic state in vivo. Counting an experiment of type a with
variable longitudinal stretch, and another one of type b with variable internal pressure as two additional
experiments, we have a total of eight experiments for the eight unknowns. From Fung and Liu (10), by
permission.
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material: an intima-media inner layer, and an adventitia outer layer. (a) refers to the

measurement of the vessel diameter when the blood pressure is changed while the length

of the vessel is held fixed. (b) refers to changing longitudinal tension due to longitudinal

stretch. By varying the length in (a) and the blood pressure in (b), we cover a combined

variation of the two variables, length and pressure. (d) refers to bending of the vessel

wall with a pair of micropipets of rectangular mouth pushing or pulling diametrically while

measuring the blood pressure and the micropipet force and displacement. (e) refers to

axial bending with a silk thread, measuring force in the thread and deflection of the vessel.

These four experiments are sufficient to obtain the incremental. Young’s modulus in the

circumferential and longitudinal directions.

Figure 10, from Fung (5), shows the length-tension relationship of the vascular smooth

muscle in the pig coronary arterioles deduced by the present author (5) from the experi-

mental data of Kuo, Chilian and Davis (14–16). This is the homeostatic length-tension rela-

tionship of the vascular smooth muscle. The relationship is strongly influenced by the shear

stress imposed on the blood vessel wall by the flowing blood, τ . The upper panel shows the

relationship in vessels without flow. The lower panel shows the effect of flow-induced shear,

Fig. 10. (A) Relationship between the vascular smooth muscle tension and length derived in Ref. 5 from the
experimental results given in Refs (12–16). (B) The influence of shear stress, τ , acting on the endothelium.
From Fung (5), by permission.
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τ . Note the similarity of these curves to the length-tension curve of the tetanized skeletal

muscle, and to the curve of muscle length vs the peak tension in isometric twitch of heart

muscle. The major distinction of the vascular smooth muscle is that it normally works at

lengths corresponding to the right leg of an arch shaped curve, whereas the heart and skele-

tal muscles normally work at lengths corresponding to the left leg of the arch shaped curve.

Knowing the curves of Fig. 6, we can now understand the autoregulation of the blood flow;

and hyperemia, the increased blood flow in a vessel upon release from compression; and the

Bayliss phenomena. Autoregulation is the tendency for blood flow to remain constant in the

face of changes in arterial pressure to the organ. It is seen in virtually all organs of the body.

It is most pronounced in the brain and kidney. (See Johnson (17) for detailed discussion

and literature.) Each organ has a steady state flow-and-pressure relationship. Suppose in

an autoregulated region, say at a point A in Fig. 10, you made a sudden increase of arterial

blood pressure. By the elasticity of the artery, the arterial diameter will be increased in

response to the sudden increase of pressure, thereby, the resistance to blood flow is tran-

siently reduced and the flow increases. Then the tension in the vascular smooth muscle is

increased to a new value above that of the point A in Fig. 10. The curve Fig. 10 shows

that at equilibrium, such an upward movement of tension will have a muscle length that

is shorter than that of point A. The smooth muscle shortens to reach the new equilibrium

state. The vessel diameter is reduced, the flow resistance increases, and the flow falls back

toward the normal value. This is autoregulation, which used to be considered mysterious.

With Fig. 10, we see it as a revelation of the basic feature of the smooth muscle property,

and the fact that the normal working condition of the artery corresponds to a point lying

on the right leg of the arch-like curve of Fig. 10.

Reactive hyperemia is the period of elevated flow that follows a period of circulatory

arrest, e.g. by inflating a cuff on an arm as we use a manometer to measure our blood

pressure. On releasing the cuff pressure, the blood flow burst forth far above the normal

value. (See Johnson, (17) for details.) The explanation based on Fig. 10 is that under

compression the tension in the smooth muscle is reduced: the condition is represented by

a point lower than the normal condition of point A. Hence, the smooth muscle lengthened

and the vessel circumference enlarged while the vessel was compressed. Upon release of the

compression and the return of the blood flow, the enlarged blood vessel causes a large flow.

Later, the muscle length adjustments take place to return the flow to the normal condition.

Reactive hyperemia is often used to detect if a vessel has an arteriosclerotic plaque, because

the plaque abolishes reactive hyperemia.

8. Theory and Experiment. Design and Explanation

The example above illustrates how a simple experiment can lead to a broad and deep

theoretical investigation with fundamental implications. These theoretical investigations

lead to new experiments; new experiments lead to new theory. The spiral leads to greater

understanding of nature. In the present example, the results of several rounds of theory and

experiment has led to the concept of tissue engineering, because if tissues remodel under

stress, then the stress can be used as a tool to control or “engineer” the tissue. This concept

has led to significant medical advances.
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Thus, you can see how theory and experiment couple together, how design and expla-

nation couple together. Historically, I thought of doing the experiment shown in Fig. 1 in

1982 because new papers kept appearing which showed that there is a strong stress con-

centration in heart and blood vessels due to internal pressure. These stress concentrations

were demonstrated by the theory of linear elasticity. When people improved the theory with

the nonlinear stress-strain law, and taking the nonlinear finite strains-deformation gradient

relationship into account, the stress concentrations did not decrease. Not only did they not

decrease, they became much worse. Thus, these studies suggested an intrinsic risk factor in

our bodies. Before accepting that conclusion, I thought the fault might lie in the assumption

that the heart and blood vessels are stress free when the pressure loading is removed. To

test this suspicion, I cut up the specimen to see if there were residual strains. There were!

The evidence presented in Ref. (1) shows them. Paul Patitucci, a graduate student at that

time, made lots of contributions. Almost simultaneously, without us knowing it, Vaishnav

and Vossoughi made similar investigation and obtained the same results (12, 13). Following

this, other important papers followed. I have listed most of them in the list of References at

the end of this chapter (11–44). New investigations have turned to cellular and molecular

details to explain the macroscopic observations. The better we know how our body works,

the better we feel.

9. Conclusion

What impact does this kind of biomechanics have on the classical theory of continuum

mechanics? The impact lies in calling for vigorous renewal. Biomechanics differs from

other branches of applied mechanics by (1) nonconservation of mass, (2) nonconservation

of structure, (3) nonlinearity of the equations describing the mechanical properties, (4) the

stress-strain relationship changes with the changing state of stress or disease, (5) the stress-

growth laws define the outcome of the external or internal loading, and (6) by probing

more deeply into the basic reasons of the features named above, one is lead to the study of

biomechanics of the cells and biomolecules. One can expect a vigorous new development of

applied mechanics to answer this calling!

The point of this chapter is to show that a very simple experiment may open up a large

gate for research. All depends on penetrating thoughts.

For an account of a more complete story of applying biomechanics to the study of one

organ, the lung, see the article on pp. 35–56.
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CHAPTER 3

THE IMPLANTABLE GLUCOSE SENSOR: AN EXAMPLE OF
BIOENGINEERING DESIGN

DAVID A. GOUGH

Department of Bioengineering, University of California, San Diego

1. Introduction

The development of an implantable glucose sensor for use in diabetes has long been an

important bioengineering objective. In this chapter, I explain how such a sensor would be

used and review the work of my student collaborators and myself over the past decade.

Our efforts have led to the development of a prototype glucose sensor and telemetry unit

that has been implanted in animals and currently holds the record for long-term operation.

A miniaturized version of the sensor system is being prepared for use in humans. The

developmental process, from the conception of the sensor to its eventual application in

humans, is an example of the application of design principles in bioengineering.

1.1. What is the problem in diabetes?

The pancreas is a finger-sized organ that lies just below the stomach. The pancreas has two

major functions: 98% of its mass is composed of acinar cells that produce enzymes which

are secreted into the intestinal tract to aid in digestion, and the remaining 2% of its mass

is organized in small, dispersed cell clumps called islets that contain pancreatic beta cells

which synthesize and secrete the hormone insulin. Insulin is often described as the master

hormone of the body because of its many roles. Most importantly, insulin regulates the

metabolic breakdown of the sugar glucose, the main fuel of the body, and its conversion

into the energy needed by all cells to carry out their respective functions (e.g. thinking,

muscle contraction, growth, etc.). The beta cells detect blood glucose concentration and

secrete just the right amount of insulin, which allows glucose to enter muscle cells and the

metabolic production of energy to proceed.

In the most severe type of diabetes, the beta cells of the pancreas are selectively oblit-

erated by a misdirected autoimmune reaction. Although the causes of this reaction are

not clear, the result is that the pancreas eventually looses the ability to synthesize and

secrete insulin. Without insulin, glucose cannot readily enter most cells and builds up in

the bloodstream, leading eventually to a paradoxical state of cellular starvation in the face

of an overabundance of glucose in the blood. If this situation, known as hyperglycemia, is

allowed to progress unchecked, it can lead to serious problems. Hyperglycemia can eas-

ily be reversed by an injection of insulin, but if too much is given, blood glucose can fall

too rapidly leading to life-threatening hypoglycemia, or low blood glucose. A person with

diabetes must constantly adjust his/her glucose consumption, activity levels and insulin
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injections to try and keep blood glucose within the normal range. This delicate process is

carried out automatically by the healthy pancreas.

Although hypoglycemia is immediately dangerous and is thought to occur frequently

in many people with diabetes, it is usually not a cause of death as it can be perceived by

most people and rapidly reversed by glucose consumption. More serious are the long-term

problems that result from hyperglycemia, including retina and nerve damage, kidney failure,

large blood vessel disease and reduction of longevity. Diabetes is a leading cause of loss

of vision, kidney failure and, amputation, and has a strong correlation with cardiovascular

diseases. Diabetes is a major health problem: it affects 2 to 4% of the population and

accounts for over 15% of the total national health care expenditures, in addition to an

inestimable loss of human resources (1).

1.2. How could an implantable glucose sensor help?

At present, a person with diabetes must determine his/her blood glucose concentration by

collecting a drop of blood by “fingersticking” many times a day and measuring the glucose

concentration with a home blood glucose detector. The amount and timing of insulin

injections, eating, and activity schedules are then adjusted to maintain blood glucose as

close to normal as possible (around 90 mg/dl). The problem is that blood glucose can

rise or fall to dangerous levels within 15 minutes in the worst case, but most people are

(understandably) unwilling to perform more than 2 to 4 fingersticks and 1 or 2 insulin

injections per day to avoid these excursions. (You can imagine the unfortunate difficulties

of a parent dealing with a two-year old diabetic!) It is not realistically possible to monitor

blood glucose and adjust insulin administration frequently enough with present technology

to achieve close blood glucose control that approaches normal (1).

A miniature glucose sensor that can be completely implanted in the body along with a

small implanted radio telemetry system could continuously record blood glucose and display

the value on an external receiver similar to a pager. The device could be programmed to

warn of hypo- or hyperglycemia and indicate the actual minute-by-minute blood glucose

value. This would allow users to adjust their insulin injections much more effectively if they

wished to continue with that form of therapy, or the sensor could eventually be coupled to

an implanted insulin pump to deliver the correct amount of insulin automatically, to make

a mechanical artificial beta cell (2). This affords the possibility of achieving close control

of blood glucose and avoiding the long-term complications of the disease. The implantable

insulin pump has already been developed by others and is awaiting the advent of a reliable

blood glucose sensor.

1.3. Alternative approaches

There are other experimental approaches to treatment in which bioengineering design may

be important. Functioning beta cells can be isolated from animals, grown in culture and

entrapped in an implantable membrane device intended to provide isolation of the function-

ing beta cells from the body’s immune system. The membrane has to be designed so that

glucose and insulin are freely permeable, but antibodies and cytokines (molecules that reg-

ulate cell growth) cannot interfere with beta cell function. Pancreatic transplants are also
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being carried out on a limited basis, but the rejection process is still not easily managed and

there is a substantial shortage of transplantable tissue. Xenotransplantation, or transplants

from animal donors, may eventually address the tissue availability problem, but there is

much to be done before cross-species transplanting becomes possible. Studies into diabetes

prevention involve identifying parts of the genome related to diabetes and alerting carriers.

This may lead to approaches for avoiding the disease and, eventually, to new strategies for

intervention, but prevention is of little value for those who already have the disease. These

and other exploratory approaches, while potentially exciting in the long-term, are unlikely

to be available in the near future (3). There are plenty of challenges for bioengineers in

these areas.

2. The Sensor from Concept to Prototype

Of the several hundred physical principles that have been tried as the basis of a continuous

glucose sensor, only three or four presently show much promise (4). The main problem is

achieving selectivity for glucose over the many other molecules found in blood that have

similar size, concentration and molecular properties.

2.1. The sensing prinicple

The most promising methods have employed an enzyme, or biological catalyst, known as

glucose oxidase, which catalyzes the following reaction:

glucose + O2 + H2O→ gluconic acid + H2O2 .

In our sensor, the enzyme can be immobilized, or bound to a membrane, and coupled to

an electrochemical sensor that detects oxygen consumption (5). Glucose and oxygen from

the body diffuse into the membrane, the reaction occurs consuming some of the oxygen,

and the remaining oxygen is detected by the oxygen sensor in the form of an electron

flux or current. This is a glucose-modulated, oxygen-dependent current. A second oxygen

sensor without the enzyme membrane is needed to determine the ambient or background

oxygen concentration, producing an oxygen reference current. The two currents are then

subtracted to give a glucose-dependent difference current, which under certain conditions,

indicates glucose concentration. The enzyme is used because there are few other means

of obtaining a potentially specific glucose measurement. The most promising alternative

sensor approaches also involve the enzyme in some way.

2.2. Design challenges and performance requirements

Although this approach was potentially feasible, there were a number of substantial chal-

lenges that had to be addressed (5). Originally, the biggest obstacle was understanding the

sensing mechanism — the enzyme reaction, oxygen sensor and other aspects — in sufficient

detail to permit engineering design. This required some basic scientific studies described

below. Second, it was widely known that most enzymes are unstable at body temperatures

and lose their catalytic activity over the period of hours to days. Reasons for this loss of

activity would have to be determined and methods would have to be found for prolonging
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activity for months to years for use of the enzyme to be feasible. Third, the electrochemical

oxygen sensors that were then available were widely known to be unstable and require fre-

quent recalibration. The reasons for instability would have to be determined and improved

sensors would have to be developed. Fourth, we discovered that there was an oxygen deficit

in the body due to the relatively high glucose concentration (5.0 mM and usually higher)

and low oxygen concentration (at most 0.2 mM). Unless this concentration disparity could

somehow be reversed, the equimolar enzyme reaction would be limited by oxygen rather

than glucose and impede glucose sensing. This previously unrecognized problem had con-

founded previous attempts by others to make a sensor by this approach. Fifth, the sensor

would have to be biocompatible, or acceptable to the body as an implant. This would require

minimizing or avoiding the universal response of the body to an implanted foreign object.

Sixth, the sensor would have to respond to glucose rapidly enough that feedback control

action by adjustment of insulin administration would be feasible.

Once ways were found to meet these challenges, several specific engineering design re-

quirements could be addressed. The sensor would have to provide a specific response to

glucose over a range of about 2 to 20 mM, independent of oxygen variations. The sensor

must not need frequent recalibration, a process that is likely to require the aid of a profes-

sional. The implanted sensor would have to be capable of following a maximal 0.2 mM/min

rise or fall in blood glucose concentration. The sensor, its associated implantable telemetry

and battery should be small enough to be inserted with a minimal surgical procedure, and

potentially expendable elements such as the enzyme may have to be replaced every 6–12

months with a simple nonsurgical procedure. The implant would have to be capable of

transmitting glucose values to the external receiver every 1–2 minutes and the implanted

battery should last for at least a year. The overall device must be acceptable for use in small

children, who are most difficult to treat and who stand to gain the most from controlled

blood glucose over a lifetime.

2.3. The engineering design approach

The idea of developing an implantable glucose sensor was first mentioned in the late 1960’s

and many investigators have been involved since. There are over 10,000 papers and many

books that mention some aspect of the implantable glucose sensor (4). However, the vast

majority of these studies emphasize a “trial-and-error” approach in which sensors are built

a given way, implanted in animals or humans, the response tested, deficiencies noted, sensor

properties adjusted, and the cycle repeated. With a device as complex as an implantable

sensor, this approach is very slow, labor intensive, costly, and inefficient.

The use of the classic engineering design approach has been a deciding factor in our

ability to make more rapid progress (5). We emphasized understanding the physics of the

sensing process in detail. This led to the development of a priori mathematical models

that were solvable for the glucose signal under arbitrary conditions (e.g. 6). The param-

eters required for these models were determined independently by physical experiments.

This allows the sensor design to be optimized by computation and modeling, with the

need to actually build and test only the best candidate sensors. The sensor signal is pre-

dictable and improvements can be rapidly made. This approach is analogous to modern
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engineering methods for design of complex devices such as spacecraft, bridges, computers,

automobiles, etc.

We also believe that sensors should be thoroughly understood and tested in vitro, that is,

on the bench under simulated physiologic conditions, before in vivo testing as an implant can

be justified. The biological environment is much more complicated and implant experiments

are more costly and difficult to interpret. Experiments with animals are essential, but must

be minimized and very carefully conceived. Experiments with animals must be thoroughly

mastered before experiments with humans are justified.

Finally, a broad interdisciplinary approach is essential. The development has been based

on principles of mathematical modeling, chemical engineering, materials engineering, electri-

cal engineering, dynamic systems analysis, enzymology, organic chemistry, electrochemistry,

physiology, tissue engineering, and manufacturing. Research groups that have taken narrow

disciplinary approaches limited to only a few of these areas have been ineffective.

3. Benchtop Studies (5, 6)

3.1. Membrane synthesis and characterization

It was first necessary to synthesize enzyme-containing membranes and characterize their

permeability to glucose and oxygen. Synthesis of the most basic membrane is simple, but

measuring permeability can be complicated in this case because of concentration boundary

layer effects, in which the stagnant layer of fluid adjacent to the membrane contributes to

the mass transfer resistance and masks membrane permeability. This is a concern for small

diffusable molecules such as oxygen and glucose and relatively permeable membranes. A

novel rotated disc electrode system and electrochemical methods were therefore developed

(obviously not for implantation!) for membrane characterization, with which boundary

layers could be precisely controlled and accounted for in the membrane permeability mea-

surements. Characterization was done with and without the enzyme reaction operating,

allowing the effect of the reaction to be determined.

3.2. Immobilized enzyme stability

A new technique was then devised for using the rotated disc electrode for nondestructive es-

timation of the kinetic constants and intrinsic catalytic activity of the immobilized enzyme.

With this technique, the rate of enzyme inactivation could then be estimated. Repeated

kinetic determinations were made on membranes stored at 37◦C under quasi-physiologic

conditions, giving the in vitro rate constant of inactivation. The main mechanism of in-

activation was found to be consistent with peroxide complexation to certain forms of the

enzyme. It was discovered that the lifetime of glucose oxidase can be extended substan-

tially by coimmobilization another enzyme catalase, which breaks down peroxide. A second,

slower form of inactivation occurred in the absence of peroxide. The rate constants of inacti-

vation were used to simulate the change in signal resulting from enzyme inactivation during

long-term operation. These studies confirmed that the signal can remain constant and in-

sensitive to enzyme inactivation while enzyme activity remains high, but these conclusions

needed to be verified in vivo.
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Fig. 1. The Two-Dimensional Glucose Sensor (6). Glucose and oxygen enter from the exposed end, but
only oxygen can enter through the curved surface. The reference oxygen sensor without the enzyme can be
similar, or it can be incorporated into the glucose sensor cylinder.

3.3. Accounting for oxygen effects (5)

All previous sensor designs required that both oxygen and glucose diffuse into the mem-

brane from the same direction. Diffusion to and within the membrane has been mainly

perpendicular to the plane of the membrane for both molecules. This posed a problem

because it is difficult to synthesize membranes that eliminate the oxygen deficit by having

high oxygen permeability and low glucose permeability, while still allowing excess enzyme

loading to promote a long lifetime. A new design shown schematically in Fig. 1 is a small

tube with the glucose sensor at one end. The core of the cylinder at the exposed end is the

oxygen sensor, surrounded by a concentric layer of immobilized enzyme. On the outside

is a tube of silicone rubber, which is impermeable to solvated molecules such as glucose

but highly permeable to oxygen. Both glucose and oxygen can diffuse into the gel layer

through the exposed annular end parallel to the axis of the oxygen sensor, but only oxy-

gen has radial access to the gel through the silicone rubber covered surface. Thus, there

is a two-dimensional supply of oxygen to the enzyme region (radial and axial) and only a

one-dimensional supply of glucose (axial). In vitro experimental results have shown that

glucose can be determined with this sensor over a clinically useful range, even for very low

physiologic oxygen concentrations. The two-dimensional sensor design is a major advance:

it solves the oxygen deficit problem in a simple way, a problem that had been considered

by some to be intractable.

3.4. The oxygen sensor

An essential component of the sensor is a stable oxygen sensor. Previous electrochemical

oxygen sensors used in medical applications required frequent recalibration and were never

intended for continuous, long-term operation. A new type of oxygen sensor was developed

based on adaptation of classical electrochemical principles. The signal of this sensor has
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been documented stable to within ±10% during continuous in vitro operation for periods

of months without recalibration, and for periods of several years in unpublished studies.

Stability of this oxygen sensor is more than adequate.

3.5. Modeling studies

We have developed quantitative models of the steady state and transient responses to glucose

and oxygen, for both 1-D and 2-D sensors. These models were based on nonlinear ordinary

and partial differential equations with variable coefficients, cast in classical dimensionless

variables, and solved for the sensor signal in terms of sensor parameter values. We have

also developed a description of the dynamic delay and maximal dynamic error present in

all continuously operated sensors. We related the dynamic delay to our previous rotated

disc methods for sensor characterization. The models have been useful to help understand

the sensing mechanism and describe the response of specific sensors.

4. Implant Studies in Animals

At that point, there was little more that could be discovered from in vitro studies and in

vivo experiments were needed.

4.1. Telemetry and implantable instrumentation (7)

To test the sensor in animals, it was necessary to make an implantable battery-operated

telemetry-instrumentation system. The system, shown with sensors and a wire antenna in

Fig. 2, continuously recorded the sensor currents and potentials, temperature, and other

system parameters (12 in all), linked short segments of the signals into a 1-second long

train, produced a radio-frequency oscillation proportional to each signal component, and

transmitted the train in a burst every 1, 10 or 100 seconds, as set by an external magnetic

switch. An external receiver decoded and displayed the information. This prototype system

Fig. 2. The Implantable Sensor with Telemetry (7). The sensor leads project from the top and the antenna
lead from the bottom, right.
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was based on inexpensive commercial integrated circuits, a 3-month wristwatch battery,

and epoxy encapsulation, but a much smaller, long-lived system can be developed later by

industry. This system allowed recording of all parameters from the implanted sensor that

could possibly be recorded of a nonimplanted sensor using external instrumentation, and

was an important research tool.

4.2. Chronic central venous implantation in the dog (8)

There are several possible sites in the body where the sensor could be implanted for testing,

each with advantages and disadvantages. The first question is whether the sensor should

be implanted in the tissues or exposed to blood. A sensor implanted in the bloodstream

would report blood glucose directly and results could be validated by comparison to blood

glucose assayed by an established method. However, implantation in contact with blood

may pose a possibility of blood clotting. The sensor could alternatively be implanted in a

tissue site, which would not cause clotting, but tissue remodeling around the sensor may

occur, leading to delays in glucose transport from the local capillary network.

We chose to implant sensors in the superior vena cava, the large vein that brings blood

from the upper body and has the lowest likelihood of incurring a clot. Sensors were im-

planted in six dogs for periods of 7 to 108 days. The sensors were introduced into the jugular

vein of the anesthetized canine subject and advanced into the vena cava. The sensor tips

were located in the center of the blood vessel, typically several centimeters above the en-

trance of the right atrium of the heart. The telemetry unit was implanted in a subcutaneous

pocket which was formed nearby. An intravenous catheter attached to a subcutaneous access

port was implanted simultaneously for sampling and infusion. No systemic anticoagulation

was used.

Some results are shown in Fig. 3. The panels show the response to respectively one and

two glucose excursions on days 87 and 108 after implantation. Blood glucose excursions

Fig. 3. Examples of the Responses of an Implanted Intravenous Sensor to Glucose Challenges (8). The solid
line is the sensor signal and triangles are conventional venous blood glucose assays. (Note: 90 mg/dl glucose
= 5.0 mM).
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were produced by infusions of sterile glucose solutions through an intravenous catheter in

a foreleg vein. There was no detectable electrochemical interference, enzyme inactivation,

oxygen sensor instability, or biocompatibility problems, and, importantly, there was no

need for recalibration during the entire implant period. (Note that the phase-correlated

root mean square difference between the signal and blood glucose values on day 108 was

10 mg/dl.) At the time of this writing, this remains the published world record for long-

term implanted glucose sensor operation. The conclusion is that the sensor is accurate and

stable as a central venous implant in dogs for several months. When we began this journey,

we and others saw many obstacles and did not expect to obtain favorable results.

5. From Prototype to the Patient

There are many important considerations in going from a promising prototype in animals

to a safe and reliable device for use in humans. For example: What would the ideal

configuration be? How would the electronics be integrated? How and where would the

device be implanted? How would it be recalibrated, if necessary? Would there be replaceable

components? What safety features should be included? How would the sensor be eventually

integrated with the pump and controller? Some of these questions involve final design

and manufacturing, and must take into account device reliability, materials compatibility,

integration of components, extensive testing, and eventually, costs. At this stage, the plan

must take into consideration the FDA (Food and Drug Administration) testing and approval

process. Although the university is the best place to develop a prototype, the questions at

this level must be addressed by a collaboration between university and industry.

6. Conclusions

How long will this take? It is difficult to say exactly, but with the right teamwork approach

and resources, it may be possible within a few years. Bioengineers using the powerful tools

of engineering design will continue to play a key role in this effort.
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CHAPTER 4

DESIGN AND DEVELOPMENT OF ARTIFICIAL BLOOD

MARCOS INTAGLIETTA

Department of Bioengineering, University of California, San Diego

1. Introduction

Blood is a key necessity in surgery and treatment of injury. Its availability is a critical factor

in insuring survival in the presence of severe blood losses. Its use in the general public,

under conditions of optimal medical care delivery is one unit (0.5 liters) per 20 person-year.

However, statistics from the World Health Organization indicate that at present it is used

at the rate of one unit per 100 person-year on a world basis. The gap between need and

availability is further aggravated by the fact that blood per se has a number of inherent

risks (Dodd, 1992), ranging from about 3% (three adverse outcome per 100 units transfused)

for minor reactions, to a probability of 0.001% of undergoing a fatal hemolytic reaction.

Superposed to these risks is the possibility of transmission of infectious diseases such as

hepatitis B (0.002%) and hepatitis non-A non-B (0.03%). The current risk of becoming

infected with the human immunodeficiency virus (HIV) is about 1 chance in 400,000 under

optimal screening conditions. These are risks for the transfusion of one unit of blood.

It should be noted that many surgical interventions and trauma victims require multiple

transfusions, with a proportional increase in risk of adverse outcomes.

The HIV epidemic caused many fatalities due to blood transfusion before stringent

testing was introduced in 1984. The potential contamination of the blood supply led the

United States military to develop blood substitutes starting in 1985 with the objective of

finding a product for battlefield conditions that was free of contamination, could be used

immediately and that did not need special storage. The end of the Cold War, changes in

the nature military engagements, the slow rate of progress, and the perception that the

blood supply was again safe and abundant, significantly lowered the interest of the U.S.

military in the development of artificial blood. After a decade of work, about a dozen blood

substitutes had been developed, and many of these are presently undergoing clinical trials.

There are several products that are about to enter clinical use. They restore circulating

volume, i.e. they are plasma expanders, and are able to deliver oxygen to the tissue, thus

restoring the two main functions of blood. However, the majority of these product has shown

unexpected side effects, most commonly hypertension. This unwanted feature appears is the

result of the philosophy of development, which emphasized systemic, whole organ studies

in order to assess efficacy and biocompatibility, without quantitative analysis of transport

phenomena inherent to blood function, or data from the microcirculation, the microscopic

system of vessels that permeates the body where all the exchange processes take place.

Realistic studies on oxygen exchange in the microcirculation become possible in 1990’s

through technology developed at UCSD that allowed to measure optically how oxygen is

75



76 M. Intaglietta

Fig. 1. Hamster skin fold preparation. This experimental model allows to study the microcirculation of
skeletal muscle and subcutaneous connective tissue, at the microscope, for several days, and in the absence
of anesthesia. The effect of blood substitutes can be evaluated by measuring blood flow in the micro-
scopic vessels, the reaction of arterioles and venules, oxygen delivery from the microvessels, and oxygenation
distribution in the microvessels and the surrounding tissue.

distributed and exchanged from blood vessels whose dimensions are 10 times thinner than

human hair. This technology was used in specialized animal model called the chamber

window preparation of the hamster, which allows to study the microcirculation in vivo,

without anesthesia, and for periods of up to one week (Fig. 1). Advances in pharmacology

established the fundamental role played by blood flowing over the cells that lined the inside

surface of the microvessels (the endothelium) in producing substances that control blood

flow and exchange through the mechanism of autoregulation. Data obtained from the

transport phenomena and pharmacological experiments in the microcirculation obtained at

UCSD is presently used in bioengineering models of the circulation and the tissues exposed

to the artificial blood substitutes. This mathematical analysis have provided a new gauge

with which to formulate artificial blood, and how to use the products available and those

to be developed, to optimize efficacy and cost and eliminate side effects. Therefore, a new

generation of artificial blood products, based on rational design established in microscopic

models of the circulation is now ready for clinical trials. This new formulations also have a

significant price advantage over blood and conventionally developed “artificial blood”.

2. Modern History of Blood Transfusion and Blood Substitutes

The need for blood transfusion for replacing lost circulating volume in severe blood loses

was recognized since the discovery of the circulation. The earliest successful volume re-

placement fluid, or blood substitute, was physiologic saline which was introduced around

1875. Blood transfusion remained the major objective in restoring tissue oxygenation, and

the use of human blood become possible when substances responsible for incompatibility

reactions and hemolysis of blood were discovered in 1900, which led to blood typing. The

finding that sodium citrate and glucose prevented coagulation of blood was the final step

in the introduction and relatively safe use of blood transfusions. World War II caused the
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development of the blood banking system, and the American Red Cross begun establishing

blood banks in 1947.

The addition of potassium and calcium ions significantly improves the effectiveness of

saline in maintaining the viability of tissue, and lactate is added to this composite solu-

tion, which is gradually converted into sodium bicarbonate, which prevents alkalosis. This

constitutes “lactate-Ringers” which is the most widely used solution for blood volume resti-

tution. This fluid must be given in volumes that are as much as 3 times the blood loss to

be treated, since the dilution of plasma proteins lowers the plasma osmotic pressure caus-

ing an imbalance of the fluid exchange favoring microvascular fluid loss and edema. The

advantage of crystalloid solutions is that large volumes can be given over short periods, and

excess volumes are rapidly cleared from the circulation by diuresis which is beneficial in the

treatment of trauma.

Blood plasma (the fluid in which red blood cells are suspended) and serum (blood

plasma with the coagulation factors and platelets removed) were recognized earlier on to be

superior to crystalloid solutions in maintaining tissue viability, and this effect was correctly

attributed to the osmotic pressure due to albumin whose molecular weight is 69 kDa. In

1947, it was shown that bovine plasma could be used if globulins were removed. Dextrans,

high molecular weight polysaccharides consisting of linked glucose molecules with molecular

weights 40–70 kDa, have proven to be safe as a colloidal substitute for albumin and were used

for reestablishing blood volume with a noncellular nonoxygen carrying blood substitute.

This compound was regarded as the colloid of choice for volume replacement and shock

treatment until recently in Europe. It is now gradually replaced worldwide by hydroxyethyl

starch, a chemically modified starch with molecular weight ranging from 40 to 450 kDa.

Perfluorocarbons were introduced in the 1960’s. These materials are fluorinated poly-

mers, similar to Teflon which bind reversibly with oxygen. They are water insoluble and are

dispersed in water as an emulsion. They dissolve oxygen as a linear function of pO2 and in

physiological conditions they carry about 2–3 times the oxygen than is carried by water in

solution. By comparison, the arterial blood of a person breathing normal air carries about

20 times the oxygen present in the same volume of water (or plasma). Therefore, for these

products to deliver sufficient oxygen the lungs must be exposed to high oxygen atmospheres.

Hemoglobin, the protein present in red blood cells that reversibly binds oxygen is the

oxygen carrier of choice because of its high oxygen carrying capacity. The introduction of

stroma-free hemoglobin, i.e. pure hemoglobin void of the cellular debris remaining from the

breakdown of red blood cells from which it is extracted, eliminated many of the toxic effects

noted with the use of these solutions. Pure hemoglobin, however, cannot be used to carry

oxygen in the circulation because it dissociates into dimers which cause renal toxicity, a

problem corrected by chemical modifications that bind the dimers.

3. Nonoxygen Carrying and Oxygen Carrying Blood Volume

Replacement

In general, it is possible to survive losses of the red blood cell mass of the order of 70%.

However, our ability to compensate for comparatively smaller losses of blood volume is

limited. A 30% deficit in blood volume leads to irreversible shock if not rapidly corrected.
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As a consequence, maintenance of normovolemia is the objective of most forms of blood

substitution or replacement, leading to the dilution of the original blood constituents or

hemodilution. This process causes systemic and microvascular effects that underlie all

forms of blood replacement and therefore is a reference point for the understanding of the

behavior of blood substitutes.

The fluids for volume restitution are crystalloid solutions, colloidal solutions and oxygen

carrying solutions. The end point of any change of the properties of blood is whether

tissue is adequately oxygenated, a phenomenon that takes place in the microvasculature.

Therefore hemodilution must be analyzed not only in terms of systemic effects but also in

terms of how these, coupled with the altered composition of blood, influence the exchange

of oxygen in the microcirculation. Data for this kind of analysis was not available when

plasma expanders and hemoglobin based blood substitutes were developed in the 1980’s.

An important characteristics of blood is its viscosity which is determined by the con-

centration of red blood cells or hematocrit (% of red blood cells by volume vs the volume

of whole blood). Normal blood has a viscosity of about 4 centipoise (cp) while plasma

is approximately 1 cp. Blood viscosity is approximately proportional to the hematocrit

squared, therefore small changes in red blood cell concentration have important effects on

blood viscosity at normal hematocrits. Colloidal solutions at about 10% concentration have

viscosities similar to that of plasma (7% plasma proteins concentration), therefore hemod-

ilution with most plasma expanders and hemoglobin solutions significantly reduces blood

viscosity.

The lowered blood viscosity due to hemodilution allows the heart to pump blood

at higher volumetric rate without increased expenditure of energy, since the power (or

metabolic) requirement of the heart, when blood pressure is maintained, is equal to the

product of volumetric output (cardiac output) and blood viscosity. Physiologically, low-

ered blood viscosity increases central venous pressure and the return of venous blood to

the heart, which improves cardiac performance and increases cardiac output. This causes

increased blood flow velocity and shear rate at the vessel walls.

The decrease in hematocrit lowers the intrinsic oxygen carrying capacity of blood, but

this effect is compensated by the increased blood flow velocity due to the lowered blood

viscosity, which increases the rate at which the fewer oxygen carrying red blood cells are

delivered to the microcirculation. As a consequence, both systemic and capillary oxygen

carrying capacities remain approximately normal up arterial hematocrit of about 25% (nor-

mal is 45%). This explains why the organism can easily sustain blood losses that lower the

number of red blood cells to half of its original value.

During hemodilution with a nonoxygen carrying colloid the organism compensates for

the lost oxygen carrying capacity and there is no advantage in restituting blood oxygen

carrying capacity until about half of the red blood cells are lost. This point identifies

the “transfusion trigger” currently set at a hemoglobin concentration of about 7%. The

transfusion trigger determines the point at which the organism may be in danger of becoming

ischemic, a condition that must be corrected by the transfusion of blood or an oxygen

carrying blood substitute. Therefore, in most cases, oxygen carrying capacity restitution

is made when blood is hemodiluted, and the effects of the newly added oxygen carrying

capacity are superposed to those due to the hemodiluted blood.
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4. The Underlying Physical Process and its Mathematical Analysis

The concentration of oxygen in the blood vessels can presently be routinely measured in the

microcirculation by a technique developed UCSD (Torres and Intaglietta, 1993; Tsai et al.,

1998), which allows to determine the partial pressure of oxygen in blood and tissue. When

a survey of pO2 is made in the blood vessels arranged according to their order of branching

we obtain a distribution as shown in Fig. 2. The salient features of this result is that oxygen

exits continuously the microvessels, being a minimum in the capillaries and the tissue. Most

of the oxygen appears to be delivered by arterioles and the increase of oxygen tension in

venules is due to convective and diffusive shunts between arterioles and venules. The rate

at which oxygen is delivered from the microscopic blood vessel is a function of blood flow,

blood viscosity, blood composition, oxygen carrying capacity of blood, vessels dimensions

and distribution, and the diffusion characteristics of gases. Ideally, we would develop an

artificial material that is identical in all respects with blood, but this has proven not to

be possible, and all blood substitutes to be developed have physical properties different

from blood. Given the number of variables involved in the process of delivering blood to

the tissue, the engineering method is needed to understand and predict the behavior of

these material as suppliers of oxygen to the tissue. This technique gives a mathematical

formulation that shows the relationship between the variables and allows to identify what

are the critical parameters of the process.

Fig. 2. Measurement of the partial pressure of oxygen in blood and tissue in the hamster window preparation
(mean ± SEM). The blood vessels are grouped according to size and their position in the branching order in
the microvascular network A1,2,3,4 are arterioles in descending size, Cap: capillaries, Vc: venous capillaries;
Tis: tissue pO2; and, Vl: large venules. A1 arterioles, which branch directly from small arteries, have a
nominal diameter of 55 µm. The large Vl venules have 80 µm diameter. Measurements were made optically
with the phosphorescence quenching technique and reported by Kerger et al., 1996. The venules, which
collect the blood from the tissue, have higher pO2 than the capillaries because of the presence of flow shunts
that bring arteriolar blood directly into the venules, and the diffusion of oxygen between arterioles and
parallel running venules.
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Analysis of the relationship between the variables that determine oxygen distribution

in the microvascular network is based on mass balance considerations for a segment of a

microscopic blood vessel of length dx of branching order i, where the rate of oxygen entering

the upstream cross section at x is mi, the rate of exit at x+ dx is mi,x+dx and mdiffusion is

the rate exit of oxygen through the vessel wall by diffusion:

mi,x = mi,x+dx +mdiffusion,i . (1)

The rate at which oxygen passes through a given vessel cross section is equal to the

product of the volumetric flow rate of blood Qi, and a function F (Htc,C) that represents

the intrinsic oxygen carrying capacity of blood due to oxygen carried by red blood cells,

i.e. the hematocrit Htc, and oxygen contained by an oxygen carrier C. S0,i + nipO2,i is

the linearized relationship between blood oxygen expressed as a % of the maximum amount

that can be dissolved in blood mt at the prevailing partial pressure of oxygen pO2,i that

approximates the hemoglobin oxygen dissociation curve in the branch i of length Li (S0,i

is oxygen saturation at zero pO2 for each segment i, and ni is the linearized slope of the

dissociation curve for that segment). Accordingly:

mi = QiF (Htc,C)[S0,i + nipO2,i]mt . (2)

The rate of oxygen exit by diffusion is found by solving the diffusion equation for the

region of tissue surrounding the blood column. The steady state distribution of oxygen in

terms of its concentration c is given by the diffusion equation for region in which there is

oxygen consumption:

D∇2c = g0 (3)

where D is diffusion coefficient for oxygen, and g0 is the rate of oxygen consumption in the

vessel wall. The vessel wall is assumed to be thin, i.e. its thickness h is such that relative

to vessel wall radius r0, h/r0 � 1. The diffusional gradients are assumed to be important

primarily in this region according to recent experimental evidence, which allows to make

the simplifying assumption that the geometry for the region of the vessel wall is Cartesian

(rather than cylindrical).

The solution of the diffusion equation in a consuming medium for the layer of tissue

adjacent to the blood tissue interface in Cartesian coordinates, where the direction of dif-

fusion is r (note that this is now the Cartesian coordinate), gives the concentration profile

outside of the blood vessel:

c(r) =
g0

2D
r2 − g0

D
δr + αpO2,i (4)

where α is the oxygen solubility of oxygen in tissue and δ is the distance from the blood

tissue interface at which all the delivered oxygen has been consumed, given by:

δ =

√
2DαpO2,i

g0
. (5)

The concentration gradient at the blood/tissue interface is given by:

dc

dr

∣∣∣∣
r=0

∼ −
√

2g0αpO2,i

D
(6)
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leading to a rate of oxygen exit per unit vessel length dx given by:

mdiffusion = πdi

√
2Dg0αpO2,idx . (7)

In this equation, oxygen partial pressure is the variable which in a gas is proportional

to oxygen concentration. In blood, oxygen concentration is related to pO2 through the

oxygen saturation curve which describes the oxygen held in chemical binding. In this

system, it is practical to express mass balance as a function of partial pressures rather than

concentrations (molecule per unit volume) because of the changes present at the blood/vessel

wall interface.

The mass balance for oxygen in vessel segment i is obtained from Eqs. (1) and (5)

whereby:

mi,j = mi,j +
∂mi,j

∂x
dx+mdiffusion (8)

where the subscript j labels the differential element within the segment i. From (6) and

(7), we obtain the differential equation describing the longitudinal oxygen distribution for

a blood vessel of order i:

dpO2,i

dx
= πdi

√
2g0αpO2,i

QiF (Htc,C)nimi
. (9)

Integration of Eq. (4) over the extent of the vascular segment Li yields:

pO
1/2
2,i = pO

1/2
2,i−1 − ki where ki =

πdiLi
QiF (Htc,C)nimt

√
2g0α

D
(10)

which indicates that if we know pO2 at the beginning of the vascular segment, i.e. the end

of the previous segment i−1, we can calculate pO2 for the end of the ith segment. Knowing

pO2 at i = 0, i.e. the central oxygen tension, allows prediction of pO2 at any subsequent

order of vascular branching n (see Fig. 3) according to:

pO
1/2
2,n = pO

1/2
2,0 −

n∑
l

ki . (11)

Blood flow in any segment is given by Poiseuille’s equation:

Qi =
πd4

i∆Pi
128µLi

(12)

where µ is blood viscosity and ∆Pi is the pressure difference between entrance and exit of

the segment i. Introducing this expression into Eq. (8) and rearranging the summation we

obtain:

Kn =
∑

ki =
128µ

F (Htc,C)mt

√
g0αD

2

n∑
l

L2
i

nid
3
i∆Pi

. (13)

The summation shown in Eq. 11 shows a group of terms common to all vessel segments

and including blood viscosity, blood oxygen carrying capacity and vessel wall metabolism.

The second group is a summation where each term is specific to each vascular segment.

The combination of these terms allows to predict capillary blood pO2 for any given set of

physical properties of blood.
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Fig. 3. Distribution of oxygen in the large blood vessels and the microcirculation determined from mass
balance considerations and the solution of the diffusion equation. As blood flows through the arterial
vessels, oxygen exits and passes into the tissue by diffusion. Consequently the amount of oxygen that
arrives to the exchange vessels of the microcirculation is determined by the summation of the losses ki in
each vessel segment. The circulation is designed to insure that both the amount of oxygen and the partial
pressure of oxygen that arrives to the microcirculation is regulated within a narrow range, and departures
from this set point causes autoregulation. In the case of artificial blood, if too much oxygen is delivered the
microcirculation reacts by constricting the arterioles, causing hypertension.

This analysis shows that, solely on the basis of the prevailing transport phenomena,

better oxygenation results from lowering viscosity. The factor g0 represents the vessel wall

metabolism, which had not been previously recognized as a significant component in the

management of oxygen distribution. The significance of this factor is that metabolism of

the vessel wall is directly affected by the composition of blood and flow velocity.

The vessel wall metabolism also plays an important role, since an increase of this pa-

rameter due for instance by an inflammatory process or increased work of the vessel wall

due to contraction work against blood pressure increases wall metabolism and lowers tissue

oxygenation (since the increase in Kn lowers capillary pO2).

5. The Role of Autoregulation

The delivery of oxygen to the tissue, which is described by the capillary blood oxygen

tension, is regulated by related active and passive mechanisms. As shown by the foregoing

analysis, the physical properties of blood play a key role in setting the passive component
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of regulation through the interaction between blood viscosity, oxygen carrying capacity

and position within the microvascular network of the dissociation curve for hemoglobin

(i.e. the value of n at each segment i). The existence of this coupling has only recently

come under scrutiny, and is of importance for blood substitutes, since their use decreases

the concentration of red blood cells, the major determinant of blood viscosity. Altering

blood viscosity changes blood flow velocity, thereby lowering viscosity and increasing flow

velocity, which lowers diffusional oxygen exit from the arterioles and increases their oxygen

tension.

Superposed to the passive delivery of oxygen determined by the physical properties of

the microcirculation, in the normal tissues there is a process of active blood flow regula-

tion and oxygen delivery that ensures that parenchymal cells receive an adequate supply

of oxygen to satisfy the requirements of oxidative metabolism. Furthermore, blood flow

regulatory mechanisms also prevent an overabundance of oxygen delivery to the tissues.

The linkage between blood supply and oxygen demand is due to the existence of chemical

vasodilator signals transmitted from the tissue cells to the resistance vessels, which relax

(increase their diameter) causing blood flow to increase when tissue oxygen tension falls

below critical levels. Conversely, increasing blood oxygen tension over normal levels elicits

vasoconstriction.

The prevailing assumption is that both passive and active flow regulation are focused on

ensuring that capillaries receive an appropriate supply of oxygenated blood. The parameter

that characterizes the role of capillaries as a system for oxygenating blood is functional

capillary density defined as the number of capillaries that possess red blood cell transit.

This parameter is regulated in such a fashion that over-oxygenation, hypertension and

hypotension lower functional capillary density with the consequence that tissue oxygen

decreases.

There is also a component of autoregulation that is directly linked to flow, whereby

the endothelium directly senses blood flow. The mechanism relates blood viscosity, µ, and

shear rate dν/dr which determine shear stress τwall at the blood vessel wall (τwall ≈ µdν/dr).
Production of the vasodilators prostacyclin and NO by the endothelium is a direct function

of the shear stress generated by blood at the vascular wall. Consequently lowered blood

viscosity is beneficial only if blood flow velocity increases in proportion so that τwall remains

constant, otherwise if flow velocity does not increase to the required level, the net effect of

lowered viscosity in terms of endothelium derived factors regulation is vasoconstriction.

The implication of these considerations is that stroma cell-free oxygen carriers may

perform the task of substituting red blood cells in oxygen delivery. However, their transport

properties must be tailored so that the consequent physiological reactions do not negate the

intended function. This becomes apparent in predicting the consequences of substituting

blood with stroma free hemoglobin solutions, which is the current direction of the technology

for artificial blood.

Paradoxically, lowering blood viscosity while maintaining oxygen carrying capacity, as

it occurs with most of the presently developed artificial bloods is counter productive, be-

cause as consequence of the increased flow velocity due to the lower number of red blood

cells, flow velocity is increased and too much oxygen arrives to the microcirculation. This

overabundance of oxygen delivery is sensed by the mechanism of “autoregulation” which
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is designed to maintain oxygen delivery constant, which causes constriction of the blood

vessels in order to limit the oxygen supply, and hypertension. An additional adverse effect

of these hemoglobin solutions is due to the shear stress at the vessel wall (i.e. the frictional

force caused by the passage of blood over the blood vessel wall) which causes the release of

vasodilators in proportion to the product of blood flow velocity and viscosity, and lowering

both factors significantly reduces shear stress and the release of vasodilator, aggravating

the vasoconstrictor effect. In fact, most of the “artificial bloods” developed so far cause

hypertension.

6. Summary and Future Developments

The mathematical model presented here describes how the physical properties of blood de-

termine the distribution of oxygen in the circulation, and particularly the microcirculation,

which is the site where blood exchanges oxygen with the tissue. Some of the variables are

interdependent and inclusion of their functional relationship further refines the model. For

instance, blood viscosity and hematocrit are directly related. Analysis of Eq. (13) also shows

that, in general, viscosity and oxygen carrying capacity must change simultaneously if we

wish to achieve normal capillary oxygen tension. Lowering blood viscosity while maintain-

ing oxygen carrying capacity causes too much oxygen to arrive to the capillaries, a situation

that is sensed by autoregulation and which leads to vasoconstriction. This equation also

shows why vasoconstriction is deleterious to tissue oxygenation since a small change in vessel

diameter is significantly magnified since this parameter is cubed.

The analytical development yields a very well defined result: maintenance of oxygen

carrying capacity requires the maintenance of the viscosity of the mixture of blood and the

oxygen carrying blood substitute at a level close to that of natural blood. Consequently,

success in developing an oxygen carrying blood substitute is dependant on the availability of

comparatively high viscosity infusible, biocompatible materials. This analysis illustrates the

power of the engineering method in the analysis of complex phenomena and for finding the

relationship between variables. In summary, the design of artificial blood may be considered

as classical bioengineering endeavor, where engineering analysis is used in parallel with the

knowledge of biological mechanism, which in this case are represented by our information

on the range of adaptability of the circulation to a varying oxygen shown by the tolerance

to hemodilution, and the reaction of the microcirculation to overabundance of oxygen.
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CHAPTER 5

ANALYSIS OF CORONARY CIRCULATION:
A BIOENGINEERING APPROACH

GHASSAN S. KASSAB

Department of Bioengineering, University of California, San Diego

1. Introduction

The coronary blood circulation supplies the heart with oxygen and nutrients and removes

its waste products. The hemodynamics of the coronary circulation reveal a number of inter-

esting phenomena such as phasic arterial inflow and venous outflow, spatial and temporal

flow heterogeneity, the existence of significant vascular compliance and zero-flow pressure,

and autoregulation to mention just a few (see recent review by Hoffman and Spaan, 1992).

In order to understand such a complex system, it is necessary to analyze each component

separately before synthesizing the whole system. In order to initiate the analysis, we con-

sider the simplest possible situation: steady state blood flow in the diastolic, maximally

vasodilated state of the coronary vasculature. The effects of systole, vasoactivity and time-

varying boundary conditions will be added to the model once a foundation is established

using the engineering approach.

In a bioengineering approach to coronary blood flow analysis, one should use the vascular

geometry and branching pattern, mechanical properties of the coronary vessels (arteries,

capillaries and veins), and rheology of blood in the coronary vasculature, apply the basic

laws of physics to write down the governing equations and specify the appropriate boundary

conditions, and solve the boundary-value problems. To date, only two organs have been

subjected to such detailed analysis. One organ is that of the cat lung (Zhuang et al., 1983;

Fung, 1997) and the other is the Spinotrapezius muscle in the rat (Schmid–Schoenbein,

1986). Recently, a full set of data describing the branching pattern and vascular geometry

of the entire porcine coronary vasculature, from arteries to capillaries and veins, in the

diastolic, maximally vasodilated state has been obtained in our laboratory (Kassab et al.,

1993a, 1994, 1994b, 1997a).

In this chapter, I will briefly review the morphometric data of the coronary vasculature

and illustrate some of its hemodynamic applications. I will also consider the mechanical

properties of the coronary vessels and demonstrate the interaction of blood flow and vessel

elasticity in formulating a new pressure-flow relationship for the coronary blood vessels.

2. Innovations in Morphometry of Coronary Vasculature

We have added four new innovations to morphometry: the Diameter-Defined Strahler or-

dering system for assigning the order numbers of the vessels, the distinction between series

93
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and parallel vessel segments, the connectivity matrix to describe the asymmetric branching

pattern of vessels, and the longitudinal position matrix to describe the longitudinal position

of daughter vessels along the length of their parent vessels. These innovations were used to

study the anatomy of the coronary vasculature in the pig and have yielded the first complete

set of morphometric data on the coronary arteries (Kassab et al., 1993a, 1997a), capillaries

(Kassab and Fung, 1994) and veins (Kassab et al., 1994b) in health as well as that of arterial

remodeling in right ventricular hypertrophy (Kassab et al., 1993b). Now that the porcine

coronary morphometric data base is complete, we are beginning to demonstrate some of its

applications (Kassab et al., 1994a, 1997b and Kassab and Fung, 1995; see accompanying

manuscript).

3. Anatomy of the Coronary Vasculature

The heart muscle is perfused via two major coronary arteries: the right coronary artery

(RCA) and the left common coronary artery (LCCA). In the porcine, LCCA is a short

segment (1–2 mm) which bifurcates into the left anterior descending (LAD) artery and

left circumflex (LCx) artery. Figure 1 shows a cast of the LAD artery made from silicone

elastomer while Fig. 2 shows examples of the branching pattern of intramural arterioles and

venules (Kassab et al., 1993a and Kassab et al., 1994b).

There are two routes by which coronary venous flow returns to the heart. In one route,

blood flows from the great cardiac vein, the posterior vein of the left ventricle, the posterior

interventricular vein, the oblique vein of Marshal, and anterior cardiac vein into the coronary

sinus on the epicardial surface and empties into the right atrium. In another route, blood

flows through the smallest cardiac veins of Thebesius to the endocardial surface and drains

directly into the heart chambers (predominantly into the right ventricle). The branching

pattern of the porcine coronary arteries and endocardial veins are tree-like (Kassab et al.,

1993, 1994b), but the coronary capillary blood vessels have a non-tree-like topology (Kassab

and Fung, 1994). Arcades are found at the epicardial surface connecting the sinusal veins

Fig. 1. Cast of porcine left anterior descending artery. Scale is 1 cm. From Kassab et al. (1993a), by
permission.
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Fig. 2. Photomicrographs of arteriole (A) and venule (B) in the porcine left ventricle. From Kassab et al.
(1993a, 1994b), by permission.

and at the endocardial surface connecting Thebesian veins (Kassab et al., 1994b). There

are also connections between the sinusal and Thebesian veins.

4. Mathematical Description of Coronary Arterial and Venous Trees

First, the capillary blood vessels are defined as vessels of order zero. The smallest arterioles

supplying blood to the capillaries are assigned an order number of 1. The smallest venules

draining the capillaries are assigned an order number of −1. When two arterioles of order 1

meet, the confluent vessel is given an order number 2 if its diameter exceeds the diameters

of the order 1 vessels by an amount specified by a set of formulas or diameter criterion

(Kassab et al., 1993a), or remain as order number 1 if the diameter of the confluent is

not larger than the amount specified by the formulas. When an order 2 artery meets

another order 1 artery, the order number of the confluent is 3 if its diameter is larger by an

amount specified by the diameter criterion, or remains at 2 if its diameter does not increase

sufficiently. This process is continued until all arterial segments are arranged in increasing

diameter and assigned the order numbers 1, 2, 3, . . . , n, . . . Similarly, the veins are assigned
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Fig. 3. Relationship between the mean length of the major axes of vessel elements in successive orders of
vessels and order number of vessels in the porcine RCA, LAD, LCx, Thebesian and Sinusal Veins. From
Kassab et al. (1993a, 1994b), by permission.

Fig. 4. Relationship between mean length of vessel elements in successive orders of vessels and order number
of vessels in the porcine RCA, LAD, LCx, Thebesian and Sinusal Veins. From Kassab et al. (1993a, 1994b),
by permission.
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Fig. 5. Relationship between mean total number of vessel elements in successive orders of vessels and order
number of vessels in the porcine RCA, LAD, LCx, Thebesian and Sinusal Veins. From Kassab et al. (1993a,
1994b), by permission.

the order −1,−2,−3, . . . ,−n, . . . Once the entire coronary arterial and venous trees are

assigned order numbers, we define those vessel segments of the same order connected in

series as elements. Figures 3, 4 and 5 show the relationship between the diameter or major

axes length, element length and number of vessels and order number, respectively.

The connectivity of the various elements is presented in the form of a matrix, the com-

ponent of which in row n and column m are the ratio of the total number of elements

of order n sprung from elements of order m, divided by the total number of elements in

order m. We call the results the connectivity matrix (Kassab et al., 1993a, 1994b). Finally,

the longitudinal position matrix of the coronary vasculature is determined, the component

of which in row m and column n is the fractional longitudinal position of the vessels of

order m which spring directly along the length of vessels of order n. We call the results

the longitudinal position matrix (Kassab et al., 1997a). In summary, the order number,

diameter, length, connectivity matrix, longitudinal position matrix and fractions of the ves-

sels connected in series were measured for all orders of vessels of the right coronary artery

(RCA), left anterior descending artery (LAD), left circumflex artery (LCx), coronary sinus

and Thebesian veins.

5. Mathematical Description of Capillary Network

We have previously emphasized that the capillary vessels have a non-tree-like branching

pattern (Kassab and Fung, 1994). As mentioned above, we designated the capillaries as

blood vessels of order number zero; we further designated those capillaries fed directly by
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arterioles as C0a, those drained into venules as C0v, and those capillary vessels connected

to C0a and C0v as C00 (Kassab and Fung, 1994). The capillaries are connected in patterns

geometrically identified as Y , T , H or HP (hairpin) and anastomosed through transverse

capillary cross-connections (Ccc). The Ccc vessels may connect adjacent capillaries or cap-

illaries originating from different arterioles.

6. Hemodynamic Applications of Morphometric Data

6.1. Analysis of total cross-sectional area and blood volume

The data on the diameters, lengths, and number of elements can be used to compute the

total cross-sectional area (CSA) and blood volume in the coronary arteries or veins. The

total CSA, An, is equal to the product of the area of each element and the total number of

elements:

An = (π/4)D2
nNn (1a)

for arteries. The veins have a noncircular cross-sectional area which can be approximated

by an ellipse with major and minor axis a and b, respectively (Kassab et al., 1994b). Hence,

the CSA for the veins can be expressed as

An = (π/4)a2
n(b/a)n . (1b)

The total blood volume in all elements of a given order, Vn, are given by

Vn = AnLn . (2)

The cumulative volume of the whole coronary artery or vein is the summation of Vn over n

from 1 to N where N is the order of the largest vessel.

6.2. Pressure and flow distributions

6.2.1. Arterial tree

The branching pattern of the coronary arterial tree is prescribed by the connectivity and

longitudinal position matrices while the vascular geometry is prescribed by the morphome-

tric data (diameters and lengths). After the branching pattern and vascular geometry of

the asymmetric network is generated, a hydrodynamical analysis can be performed (Kassab

et al., 1997a, 1997b). The Reynolds’ and Womersley’s numbers are small in most coronary

vessels; hence, the physical laws governing blood flow reduce to Poiseuille’s Law which ap-

plies for an analysis of steady flow of blood in the coronary vasculature in diastole. We shall

initially use Poiseuille’s Law to compute the pressure drop across individual vessels, which

assumes that the vessels are rigid (the distensibility of the vessels will be considered later).

Poiseuille flow, the volumetric flow Qij , in a vessel between any two nodes, represented by

i and j, is given in terms of the pressure differential, ∆Pij , and vessel conductance, Gij , by

Qij = (π/128)∆PijGij (3)

where ∆Pij = Pi − Pj , Gij = D4
ijµij/Lij and Dij , Lij and µij are the diameter, length and

viscosity, respectively, between nodes i and j. We assume that the coefficient of viscosity
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is 4.0 cp in vessels of order 11 to 5 and decreases linearly with order number to a value of

2.0 cp in the pre-capillary arteriole (Zhuang et al., 1983). There are two or more vessels

that emanate from the jth node anywhere in the tree with the number of vessels converging

at the jth node being mj. By conservation of mass we must have

mj∑
i=1

Qij = 0 (4)

where the volumetric flow into a node is considered positive and flow out of a node is

negative for any branch. From Eqs. (3) and (4) we obtain a set of linear algebraic equations

in pressure for M nodes in the network, namely

mj∑
i=1

[Pi − Pj ]Gij = 0 . (5a)

The set of equations represented by (5a) reduce to a set of simultaneous linear algebraic

terms for the nodal pressures once the conductances are evaluated from the geometry, and

suitable boundary conditions are specified. The boundary conditions are as follows:

P (at the Sinus of Valsalva) = 100 mmHg.

P (at the first bifurcation of the capillary network) = 26 mmHg. (5b)

In matrix form, this set of equations is

GP = G′P ′ (6)

whereG is the n×nmatrix of conductances, P is a 1×m column vector of the unknown nodal

pressures, and G′P ′ is the column vector of the boundary pressures times the conductances

of their attached vessels. The solution to Eq. (6) is obtained in the form of a column vector

of the nodal pressures throughout the arterial network. The pressure drops, as well as the

corresponding flows, are then computed.

Once the hemodynamics of the network have been determined, Poiseuille’s hypothesis

can be reexamined. Poiseuille’s Law applies only when the flow has a low Reynolds’ and

Womersely’s numbers. The former is defined by the formula UD/ν where U is the mean

velocity of flow, D is the blood vessel lumen diameter and ν is the kinematic viscosity of

blood. The latter is defined as (D/2)(ω/ν)1/2, where w is the circular frequency of pulsatile

flow and is computed for a heart rate of 110 cycles/minute. We have previously shown that

the Reynolds’ number is less than 120 for all orders of vessels and hence justifies the steady

state assumption (Kassab et al., 1997b). Womersley’s number, on the other hand, is less

than 1 for all orders less than 9 (Kassab et al., 1997b). Hence, the inertia of blood should be

taken into account for the first several largest orders. Equation (3) may also be corrected for

loss due to bifurcation by replacing m with the “apparent” viscosity which depends on the

Reynolds number. To account for the effect of change of kinetic energy along the stream,

at each junction of vessels of order n to a vessel of order n+ 1, a static pressure drop equal

to 1/2[ρU2
n+1 − ρU2

n] should be added according to the well-known Bernoulli’s equation

(Fung, 1997) where Un is the mean velocity of flow in the vessel of order n.
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6.2.2. Capillary network

We have previously stressed that the topological structure of the coronary arteries and

intramyocardial veins are tree-like, but the coronary capillary blood vessels have a non-

tree-like topology (Kassab et al., 1993a; Kassab and Fung, 1994; Kassab et al., 1994). The

analysis of blood flow in the capillaries needs a different network analysis from that presented

above. The capillaries not only branch but also cross-connect along their lengths (Kassab

and Fung, 1994). The presence of cross-connections in the myocardial capillaries may make

the pressure and flow distributions in the capillary bed more uniform and hence must be

taken into account when modeling its hemodynamics. The arterial analysis presented is

valid for the flow into the capillary network. The capillary network is then simulated based

on its geometry, branching pattern, distensibility and blood rheology.

At the capillary dimension, the particulate nature of the blood cells becomes important

and the blood properties become non-Newtonian. The viscosity in Poiseuille’s law [Eq. (3)]

is no longer constant and should be considered as an apparent viscosity, µapp. An empirical

formula for the apparent viscosity which accounts for the non-Newtonian properties of blood

is (Schmid-Schonbein, 1988)

µapp = [k1 + k2(U/D)−1/2]2 (7)

where U is the mean velocity of blood and D is the diameter of the capillary vessel. The con-

stants k1 and k2 depend on vessel diameter, hematocrit and shear rate. The constants have

been experimentally determined in rigid glass tubes (Lingard, 1979) and in vivo viscosity

measurements by Lipowsky et al. (1978).

6.2.3. Venous tree

The morphology and connectivity of the venous trees have been presented by Kassab et al.

(1994b, 1997a). The venous trees are connected to the capillaries as specified by their con-

nectivity matrix. The tree simulations developed above will be applicable to the venous

trees with its appropriate vascular connectivity, longitudinal position of bifurcations, vas-

cular geometry, distensibility and boundary conditions. Hence, the hemodynamics of the

entire coronary vasculature will be synthesized to determine the pressure-flow relationship

of the coronary circulation.

Let us consider some of the hemodynamic modifications needed for the coronary venules

and veins because of their unique geometry. Unlike coronary arterioles and arteries which

have cylindrical cross-sections, the venules have approximately elliptical cross-sections. If

the cross-section of a vein is approximated by an ellipse, then, relative to a set of rectangular

Cartesian coordinates x, y with origin located at the center, the parametric equations of the

ellipse with a semi-major axis a and a semi-minor axis b are

x = a cos θ, y = b sin θ . (8)

The parameters relevant to the flow can be derived from the Navier–Stokes equation.

For a steady longitudinal flow of a Newtonian viscous fluid in a long cylindrical tube of

elliptic cross-section subjected to a constant pressure gradient, dp/dx. In analogy to the

exact solution of flow in a circular cylinder, the velocity profile

u = 2U [1 − (x/a)2 − (y/b)2] (9)
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satisfies the Navier-equation and the boundary condition that u = 0 on the elliptic wall

described by Eq. (8). U is the mean velocity over this section. With Eq. (9), the Navier–

Stokes equation yields

dP/dx = −4µU [(a2 + b2)/(a2b2)] (10)

where µ is the coefficient of viscosity of the fluid, and x is the length along the longitudinal

axis of the tube. Then the volume rate of flow is

Q = AreaU = πabU = π/4µL[(a3b3)/(a2 + b2)]dP/dx . (11)

The resistance to flow is given by:

Resistance = 4µL/π[(a2 + b2)/(a3b3)] (12)

where L is the length of the tube. The formulas (9)–(12) show that a and the ratio b/a

are the most important parameters of venous blood flow in which the Womersley number

is less than one and have been measured in detail (Kassab et al., 1994).

7. Distensibility of Coronary Vessels

Vessel distensibility data are necessary because the elasticity of blood vessels of an organ

is an important determinant of the pressure-flow relationship of blood flow through the

organ. Pressure affects blood vessel diameter which, in turn, controls pressure distribution.

Mathematically, the hemodynamic equations consist of an equation describing blood mo-

tion, and an equation for blood vessel deformation. The interaction of the two equations

enters through the boundary conditions.

We have recently obtained data on the distensibility of the coronary vessels in the form

of a pressure-diameter relation (unpublished data). Our data show two important features

of distensibility of coronary arteries: (1) that the relationship is linear in the physiological

range of pressures and (2) the compliance is small; i.e. the coronary epicardial arteries are

relatively rigid in the diastolic state of the heart.

8. Steady Laminar Flow in an Elastic Tube

With the distensibility of the blood vessels known, the mechanics of the blood vessel is

coupled to the mechanics of blood flow to yield a pressure-flow relation for each vessel

segment. This can be demonstrated for the cylindrical coronary arteries as follows: assume

that the tube is long and slender, that the flow is laminar and steady, that the disturbances

due to entry and exit are negligible, and that the deformed tube remain smooth and slender.

These assumptions permit the use of Poiseuille’s law for a Newtonian fluid that can be state

as

dP/dx = (128µ/πD4)Q (13)

where P is the pressure, x is the axial coordinate, Q is the volume-flow rate and D, and

µ are the diameter, and viscosity, respectively. In a stationary, nonpermeable tube Q is a

constant throughout the length of the tube. The tube diameter is a function of x because
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of the elastic deformation. Our data shows that, in the physiological pressure range, the

elastic deformation can be described by the equation

D −D∗ = α(P − P ∗) (14)

where D is the diameter at a given intravascular pressure P , D∗ is the diameter correspond-

ing to a pressure P ∗ and α is the compliance constant of the vessel. Using Eq. (14), we

have

dP/dx = dP/dDdD/dx = 1/αdD/dx . (15)

On substituting Eq. (14) into Eq. (13) and rearranging terms, we obtain

D4dD = (128µαQ/π)dx . (16)

Since the right-hand side term is a constant independent of x, we obtain the integrated

result

D5(x) = (640µαQ/π)x +D5(0) . (17)

The integration constant can be determined by the boundary condition, at the entry section

of the vessel, that when x = 0, D(x) = D(0). Putting x = L, at the exit section of a vessel,

in Eq. (17) yields

D5(L)−D5(0) = 640µαQL/π . (18)

We now seek an approximate expression of Eq. (18) when D(L)−D(0) is small; i.e. the

vessel compliance is small. Letting D(L) = D(0)+ε, expanding the left hand side of Eq. (18)

in power series of ε, and retaining only terms up to ε2, we obtain the approximation

[D(L)−D(0)]{1 + 2[D(L) −D(0)]/D(0)} = (128µαLQ)/(πD4(0)) . (19)

Using Eq. (14) first at x = L and then at x = 0 and subtracting, we have

D(L)−D(0) = α[P (L) − P (0)] . (20)

Combining (19) and (20), and writing D0 for D(0), we obtain

∆P + (2α/D0)∆P 2 = (128µLQ/πD0
4) (21)

where ∆P = P (L)− P (0). The solution to Eq. (21) takes the form

∆Pn = [−Dn + (Dn
2 + 8αn∆PpnDn)1/2]/4αn (22)

where ∆Pp is the Poiseuille’s pressure drop as given by the right hand side of Eq. (21) and

applies to each arterial vessel of order n. The pressure drop in Eq. (22) can be plotted as a

function of the compliance α for the various orders of arterial vessels as shown in Fig. 6. It

can be seen that when the compliance is zero (rigid vessel), the pressure drop corresponds to

that given by Poiseuille’s equation. However, when the compliance is nonzero, the pressure

drop is smaller than that given by Poiseuille’s equation and varies for different orders of

vessels.

In the case of a non-Newtonian blood, as in the capillary vessels, the hydrodynamic law

[Eq. (13)] can be combined with the elasticity [Eq. (14)] and rheology of blood [Eq. (7)]

relationships to yield

dP/dx = (128/π)[k1 + k2[π(α(P − P ∗) +D∗)3/4Q]1/2]2[α(P − P ∗) +D∗]−4Q . (23)
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Fig. 6. Relationship between normalized pressure drop and logarithm of compliance constant for various
orders of the left common coronary artery.

Fig. 7. A block diagram showing the interaction between input data (morphological, compliance, etc.),
theoretical predictions and experimental validations.

This is the governing equation for non-Newtonian viscous blood flow in an elastic vessel at

steady state conditions which can be integrated for specific boundary conditions (Kassab

et al., 1999).

9. Integration of Theory and Experiment

The interaction of the anatomy, elasticity, vasoactivity, tissue/vessel interaction, theoretical

analysis and experimental validation is presented in Fig. 7. When the theoretical and
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experimental results are compared, one may find that they do agree. In that case the

process ends successfully and one gains confidence in the theory, which can then be used

to predict the behavior of the physiological system. On the other hand, one may find that

they disagree. Then it is necessary to examine carefully the cause of the discrepancy. With

the diagnosis, one may wish to improve the experiment, or the theory, or both. With the

improved theory and experiment, the process is repeated. The iterative process ensues until

there is agreement between theory and experiment. This second alternative is what usually

happens and provides real opportunity for learning and discovery.

10. Concluding Remarks

A mathematical model of coronary circulation should be constructed based on the physical

laws governing blood flow, the set of measured data on anatomy and elasticity of the coro-

nary blood vessels, data on muscle/vessel interaction and vasoactivity, rheology of blood

and the appropriate boundary conditions. This yields a predictive model that incorpo-

rates some of the factors controlling coronary blood flow. The virtue of the model will be

determined through experimental validation. The model of normal hearts will serve as a

physiologic reference state. Pathological states can then be studied in relation to changes in

model parameters that alter coronary perfusion. This chapter illustrates the use of physical

principles, with the help of anatomy and mechanical properties, to explain and predict the

physiology of the coronary circulation in quantitative terms.

In this chapter, I hoped to demonstrate the extend to which an engineering approach

can yield precise information about the blood circulation in the heart. The theory connects

a large number of physical, morphometric, and rheological variables. Without such an

approach, it would be very difficult to correlate all of these variables by conventional,

empirical methods. In the present research, we are building our theory on continuum

mechanics, and using measured geometric and elasticity data. Ad hoc hypotheses are kept

to a minimum. Hence, the theory is basic and the agreement between the theoretical

predictions and experimental results will yield conviction in the usefulness of the engineering

approach.
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CHAPTER 6

WHAT LIES BEYOND BIOINFORMATICS?

BERNHARD O. PALSSON

Department of Bioengineering, University of California, San Diego

1. Introduction

Since this material is prepared for a diverse audience, I’d like to start off my comments

by briefly reviewing the central dogma of molecular biology (Fig. 1). The DNA molecule

contains the inherited material that is passed from one generation to the next. DNA is

a long molecule in the form of a double helix, in which each strand of the helix consists

of a complementary sequence of base pairs. Well-defined segments of the DNA molecule

are transcribed to an RNA molecule (a close chemical relative of DNA) that leaves the

nucleus of the cell. There, this RNA transcription is “translated” into a protein molecule

that comprised an amino acid sequence specified by the base pair sequence in the transcript

molecule. The genetic code relates this base pair sequence to the amino acid sequence and

the resulting protein molecule then carries out a particular chemical or physical function in

the cell.

The order of magnitude of the information contained in a DNA molecule can be obtained

from the following: the number of base pairs in the human genome is a few billion, in simple

bacteria a few million, and in simple viruses, a few thousand. The number of genes found

in the human genome is estimated to be on the order of 70,000 to 100,000, while some of

the bacteria described below have gene numbers that are on the order of a few thousand,

whereas a virus may contain half a dozen to a dozen genes.

2. Emergence of Bioinformatics

This central dogma of molecular biology has been well known for over 30 years, so what

is new? The ability to generate massive amounts of compositional and structural data on

these biomolecules is leading to the compilation of practically complete information about

the genetic and biochemical composition of particular organisms. This has developed as

a result of DNA sequencing technology, DNA chip technology, and other methods that

allow us to determine the biochemical details of the schema shown in Fig. 1 on a whole

organism-scale.

There are a number of small genomes that have been fully sequenced and published. The

first full DNA sequence was published in the summer of 1995 for Haemophilus influenzae,

a human bacterial pathogen (1). Since then, a growing number of small genomes have

been fully sequenced, see, e.g. (Table 1) and published. There are undoubtedly many more

whose sequence has been established but not published. The full sequence for higher order

organisms, including human, is expected to be established within just a few years.
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Fig. 1. The central dogma of molecular biology.

Table 1.

Once the sequence of base pairs in the DNA molecule is known, the coding regions in

the sequence are identified. Such identification leads to the location of the so-called “open

reading frames” or ORFs. These are the regions of the DNA that are transcribed as shown

in Fig. 1. The numbers of ORFs found in the fully sequenced small genomes are shown

in Table 1. These single cellular organisms have on the order of a few thousand identified

ORFs. It is interesting to note that E. coli has 4288 identified ORFs. This organism can

grow on a single nutrient, such as glucose, along with a few salts, and generate all of its

cellular components from these basic starting materials. It is also able to survive in a

wide variety of environments. Thus, it can been called “the complete organic chemist.” In

contrast, the pathogen H. influenzae, has 1748 identified ORFs. This organism requires

many nutrients to survive, and can only grow in certain microenvironments.

Once the ORFs have been identified, one then tries to assign function to the gene

products that they encode. This task is more difficult than identifying the location of the

ORFs. Such assignments are possible by looking at similarities to known genes with known

functions. For some classes of genes, this task is easier than others. For instance, the

metabolic enzymes have been known for a long time, and finding functional assignment to

the corresponding ORFs is relatively easy. On the other extreme, there are ORFs with
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Fig. 2. Where is Bioinformatics leading us? For some model organisms, the DNA sequence, the functional
assignments of open reading frames (ORFs), and the use of gene products under different circumstances
(proteonomics) is headed towards completion. This figure was prepared with E. coli K-12 in mind.

sequences that bear no similarity to any protein of known function. The percentage of

the ORFs that have been assigned function are shown in Table 1. For E. coli, about two-

thirds of the ORFs have assignments, whereas in H. influenzae, the assignments are now at

over 80%.

3. Pressing Questions

Let us put this situation in perspective. We are effectively establishing complete “part

catalogs” of simple cells. Taken as a function of time, these events can be represented

by Fig. 2 using E. coli K-12 as an example. The DNA sequence is known, and we have

assigned function to about 2/3 of the ORFs. Which of these genes are expressed under

different conditions can be determined by a variety of techniques, giving basis for the so-

called proteonomics . Therefore, we have the expectation that within a decade or so, we

will have extensive, if not complete knowledge about bacteria like E. coli in both genetic

and biochemical terms. Although the outline above gives a narrow view of bioinformatics

through small genome sequencing, we can generally state that we are headed towards ef-

fectively knowing all the details of the events depicted in Fig. 1 for a selected number of

organisms.

That brings us to the pressing question of what is next? What lies beyond bio-

informatics? The DNA sequencing efforts that I just outlined lead to the definition of

the genotype of a cell, e.g. a list of the genes contained in the organisms and their individ-

ual function. The term phenotype is used to describe the function or behavior of the cell

under particular conditions. With the complete genetic makeup of a growing number of

organisms becoming available, the pressing question arises as to how the phenotype can be

predicted from the genotype. Some of the current thinking has been that there is a linear,

or one-to-one relationship, between genes and cellular functions (2). Thus, we have the

breast cancer gene, genes that confer chemical dependencies, the baldness gene, and so on.
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The expectation then, is that the identification of these genes will lead to the possibility of

manipulating the corresponding physiological functions through genetic alterations, or by

affecting the function of their gene products. However, experience with an increasing num-

ber of knockout mice shows that the removal of particular genes leads to null phenotypes,

and the knock-out animal develops “normally” without the gene product derived from the

currently deleted gene.

Thus, the relationship between the genotype and the phenotype is complex and highly

nonlinear, and cannot be predicted from simply cataloging and assigning gene functions to

genes found in a genome (3). Genomics will give us detailed and complete compositional

information, but not the dynamic and systemic characteristics that determine the physiolog-

ical functions of living systems. The establishment of the genotype-phenotype relationship

will lead to an entirely new field of study, one that I propose we call Phenomics.

4. The Axioms of Phenomics

Relating the genotype to the phenotype is a challenging task. In attempting to formulate a

strategy for meeting this challenge, it appears to me that two fundamental statements can

be made from which we can build.

AXIOM #1: The function of a gene product is physico-chemical in nature.

The metabolic gene products have well defined catalytic functions that are described us-

ing enzyme kinetics. This statement also holds true for the biomechanical properties of

cytoskeletal elements, the function of cellular motors, the DNA binding functions of tran-

scription factors, the kinases involved in signal transduction, and so on. Thus, the function

of gene products must ultimately be described by the governing physico-chemical laws. This

observation in turn, calls for the analysis of gene products by the appropriate kinetic theory,

transport theory, thermodynamic laws, and biomechanical means.

AXIOM #2: Most, if not all cellular functions require the coordinated func-

tion of multiple gene products. For instance, the universal glycolytic pathway requires

about twelve gene products, and signal transduction pathways have a few dozen players.

Consequently, essentially all cellular functions are integrative in nature, calling for systems

analysis to elucidate their integrated function. Methods to deal with complex systems are

developed in many fields, although it is likely that special methods will have to be formu-

lated for the analysis of multigeneic functions.

5. The Concept of a Genetic Circuit

It follows from these two axioms that individual cellular functions rely on a network of

cooperating gene products that can be called genetic circuits (Fig. 3). This term indicates

that the information for the function of gene product in the network is specified by the

gene, but that all of the participating gene products in a cellular function together perform

as a dynamic circuit.

Genetic circuit function is greater than the sum of its constituent parts. This state-

ment follows from their nonlinear dynamic nature, and the fact that nonlinear couplings
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Fig. 3. From Genomics to Genetic Circuits. After the DNA sequence is known, the ORFs have been located
and function assigned to them, our next challenge is to analyze the behavior of multiple gene products that
together perform a cellular function. Such operations are termed genetic circuits.

lead to holistic functionalites that cannot be predicted from the study of the individual el-

ements. The principle of superimposition does not apply mathematically nor conceptually.

Therefore, it is difficult to predict changes in genetic circuit function based on changes in just

one of their elements. Genetic circuits must be viewed, studied, analyzed, and manipulated

as integrated entities.

6. The Properties of Genetic Circuits

Although not all the fundamental properties of genetic circuits are presently known, some

important ones can be stated:

• Genetic circuits have many components; they are complex. For instance, com-

parative analysis of the first two fully sequenced bacterial genomes has led to the iden-

tification of 256 genes, which together perform about a dozen cellular functions that

constitute a minimal gene set for a modern cell (4).

• Genetic circuits are flexible. They are “redundant,” i.e. in most cases, one can

remove their components without compromising their overall function (5). For instance,

many knockout mice have effectively normal phenotypes, even if the genes removed were

thought to have critical roles. In addition, multiple oncogenes are typically needed for a

transformation to a malignant phenotype. Further, genetic circuits are “robust” in the

sense that the function of many of their elements can be altered without compromising

overall function.
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• Genetic circuits have built-in controls. That is to say, once the genes are expressed,

the coordinated function of the gene products is autonomous. Genetic circuits are capable

of functioning by themselves.

• Creative functions and decision-making. Embedded in these control structures are

the capabilities to perform creative functions. Such functions include sustained oscillatory

behavior and multiple steady states leading to built-in “decision making” mechanisms (6).

• Evolutionary dynamics. Finally, it appears that once a genetic circuit has been estab-

lished, it is evolutionarily preserved. This preservation leads to unity in biology, such as

the universal glycolytic and Ras-signaling pathways. However, the precise function of such

genetic circuits changes over the course of evolution, and adjusts to organismic-specific

needs.

7. Describing Genetic Circuit Function

In searching for methods to describe and analyze genetic circuit function, it is helpful to

look at the field of metabolic modeling. Given the early elucidation of metabolic pathways

and the development of enzyme kinetics, systems analysis in cellular biology is perhaps best

developed for metabolic dynamics. Several methods have been developed for the analysis of

integrated metabolic functions. Analysis methods such as metabolic control analysis (MCA)

(7), biochemical systems theory (8), flux-balance analysis (FBA) (9, 10), and modal analysis

(11) have emerged and proven useful for metabolic studies (12).

Some of these existing methods will prove important in analyzing growing genomic

databases. FBA for instance, can be applied to the initial analysis of freshly sequenced

genomes with the assignment of ORFs, resulting in the definition of the “metabolic geno-

type” of the organism. The metabolic capabilities and characteristics of this metabolic

genotype can then be assessed using established FBA approaches (13). Although enzyme

kinetic properties are presently not as well catalogued or “assignable” as ORFs, it is likely

that bioinformatics will eventually allow similar analysis of metabolic dynamics. We can

anticipate the use of existing methods to analyze the systemic kinetic behavior of newly

sequenced genomes and their metabolic genotypes.

8. Genetic Circuit Analysis: Flux Balances

There are specific examples of genetic circuit analysis that have appeared. I am going to

present the analysis of the genotype-phenotype relationship in metabolic circuits using a

flux balance analysis (Fig. 4). One can think of this approach as analogous to Kirchhoff’s

laws for circuit design, in which the sum of all the currents going into a node has to equal

to the sum of the currents going out.

A metabolic map, illustrated as a “node-branch” diagram in Fig. 4, has arrows or

branches representing the chemical conversions catalyzed by the enzymes, and the dots

represent the different metabolites. Looking at each of these metabolites, one sees what

is shown in the enlarged bubble in Fig. 4. The metabolite is in the middle, and the four

different types of reactions by which it is synthesized, degraded, exported, or used to meet
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Fig. 4. Branch and node representation of metabolism and the use of flux balances to describe the steady
state distribution of fluxes through the network.

metabolic requirements are also shown. Dynamic mass balances describe how the time

derivative of the concentration of metabolites is equal to the sum of their formation and

degradation flux. The vector “b” is the net exchange vector with the environment of the

metabolic system, and it is a vector which we can measure.

The transients associated in the metabolism are relatively rapid compared to the time

constants of growth, and these metabolites do not accumulate, so one can put this sys-

tem of equations into a steady state, and solve the corresponding flux balance equation.

The vector “b” represents the experimental data, and the matrix S the stoichiometry of

the metabolic reactions taking place. Clearly, the fully sequenced genomes with assigned

metabolic functions lead directly to the construction of S.

The matrix S is not square, so I cannot simply invert it and calculate the distribution

of the metabolic fluxes. Therefore, for any set of inputs and outputs, the cell has choices in

which way it distributes its internal fluxes. Conceptually, this is important because it rep-

resents the choices that the cell has in meeting the demands upon which it has been placed.

Mathematically, the solutions to the flux balance equations are confined to a space; not

every possible vector is a solution to these equations. The solution vectors are found in the

null space of the stoichiometric matrix. Biologically, this space represents the capabilities

of the defined metabolic genotype.

The metabolic phenotype, on the other hand, would be one particular solution in the

null space. One can explore the characteristics of these phenotypes and study how they

relate to the underlying genotype. One can use linear optimization to find the “best”

phenotypes arising from a genotype, if objectives are stated for metabolic function. You

can find the particular solution that would be the “best” metabolic phenotype, which, in

biological terms, means the highest possibility for survival. We have used the objective
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of optimizing growth in our experimental and theoretical studies of E. coli. It turns out

that the observed behavior of E. coli is consistent with this objective, and one can analyze,

interpret, and even predict the phenotypic behavior of E. coli based on its genotype, if this

is based on the optimal growth objective.

9. The E. coli Metabolic Genotype

Based on bioinformatic data on E. coli genomics and biochemistry, we have synthesized its

metabolic genotype (14). The number of metabolic reactions in this metabolic genotype

is 720 operating on 436 metabolites. This is the integrated metabolic circuit that E. coli

uses to synthesize all of the organic chemical structures that it needs for its own synthesis

and function. With the interconnectivity of the gene products known, one can study the

systems properties of the metabolic genotypes.

10. Redundancy Characteristics of the E. Coli Metabolic Genotype

We have studied the results of changing the metabolic genotype by 1, 2, or 3 gene increments,

and have determined what the effects of such deletions are on the overall functionality of E.

coli. Figure 5 shows the effects of deleting the genes in the core metabolic pathways one at

a time, based on the ability of the network to satisfy all growth requirements from glucose

as the sole substrate. What this figure shows is the growth rate that these mutants can

achieve relative to the wild-type, or the genotype that has all of the genes. These results

are quite interesting. They show that almost two-thirds of these genes can be deleted,

and the organism will still grow at essentially the same rate. It can reroute its fluxes and

metabolic traffic around those deleted enzymes. There is a group of enzymes here that we

call retarding, whose loss will slow the growth rate, but the organism will still grow. Then

there are a few deletions that are lethal; if you remove them, the organism cannot grow on

Fig. 5. Gene deletions and changes in the capabilities of the E. coli K-12 in silico metabolic genotype.
This figure shows the maximal growth rates on glucose for all possible single gene deletions in the central
metabolic pathways as a fraction of the growth rate obtained by the full set of genes.
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glucose. Interestingly enough, some of these enzymes have isozymes, so the cell has several

genes for closely related gene products that can carry out the same chemical conversion.

You may wonder what these studies mean? I call this the in silico E. coli strain. It

is basically a computer strain that has a metabolic genotype ascribed to it which is the

same as that defined for the wild type strain based bioinformatics. It has the functional

properties that have been described above. It turns out that many of the mutants whose

behavior we have been predicting are already known. You can go into the literature and

get information about the metabolic behavior of these mutants. Remarkably, 60 out of the

65 cases presented here are accurately predicted based on this flux balance analysis (14).

Finally, I would like to paraphrase Jim Watson, with a phrase from his book Molecular

Biology of the Gene (15),

“Cells obey the laws of [physics and] chemistry”

to which we humbly add

. . . including mass energy and redox balances.

By imposing these balances on the defined genotype we can actually analyze, interpret,

and predict what cells are capable and not capable of doing.

11. Conclusion

Bioinformatics is beginning to give us essentially complete spare-part catalogs of cells.

This information demands functional analysis, which in turn needs system science and

the physico-chemical sciences. I am predicting that genetic circuits in the sense that I have

described them here, will arise as a fundamental new paradigm in cellular and molecular bi-

ology. We will not be thinking about individual genes, but instead about these circuits and

how we can modify them along with the circuits that represent particular cellular functions.

I believe a new field will arise, one which I tentatively call Phenomics, as an anal-

ogy to genomics, which will deal with the genotype/phenotype relationship. The field of

bioengineering is poised to play a key, leading role in these developments. It will be the

bioengineering of the future which is going to be an effective integration of the biological

sciences, the physico-chemical sciences, and the systems sciences, in ways that we have not

seen before.

I would like to end on one historical note. I think we all know what happened to

electrical engineering following the 1950’s when it took on integrated circuits. I would like

to submit that bioengineering is at a very similar point in its history. The development of

genetic circuits may lead to similar influence in bioengineering, as integrated circuits did

for electrical engineering.
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CHAPTER 7

TISSUE ENGINEERING OF ARTICULAR CARTILAGE

R. L. SAH

Department of Bioengineering, University of California, San Diego

The goal of this chapter is to provide an introduction to some approaches to the tissue

engineering of articular cartilage. Initially, an introduction to articular cartilage in health

and disease and a definition of tissue engineering are provided. Then, several selected tissue

engineering therapies for articular cartilage defects are reviewed. From these therapies

emerge several general ideas. (1) There are characteristic length and time scales associated

with the biological, biomechanical, and biotransport processes underlying tissue engineering.

(2) Quantitative measures and models help to interpret experimental results and to develop

improved therapies. In this context, a number of interrelated processes involved in the

development and refinement of cartilage tissue engineering therapies are analyzed in some

detail. These include the repair processes leading to integration of an implant with host

cartilage, the biomechanical regulation of transplanted chondrocytes, and the tissue-scale

biomechanical and structural properties of articular cartilage.

1. Introduction

Articular cartilage is the hydrated connective tissue that provides a low-friction wear-

resistant bearing surface in diarthrodial joints and distributes stresses to underlying bone

(26, 117, 131). Adult articular cartilage consists of cells and extracellular material. The

cells are called chondrocytes and make up a small percentage (∼1–10% by volume) of the

tissue. The extracellular material makes up most of the tissue volume and is composed

primarily of fluid, collagens, and proteoglycans. The fibrillar collagens of the extracellular

matrix form a meshwork that is strong in tension, while the proteoglycans contribute to

the swelling and compressive properties of the tissue. The swelling propensity of proteo-

glycans is due to the acidic charge groups on the glycosaminoglycan (GAG) side chains,

predominantly chondroitin sulfate, attached to the protein core. The balance between the

swelling propensity of the proteoglycans and restraining function of the collagen meshwork

is a major determinant of the biomechanical behavior of cartilage (15, 31, 116).

Unfortunately, articular cartilage and synovial joints do not always remain normal

throughout life (27). Millions of people are stricken with degenerative joint disease, also

called osteoarthritis, and suffer from pain and impaired joint function (141). In osteoarthri-

tis, the articular cartilage becomes fibrillated and gradually erodes away. In addition, the

bone undergoes pathologic remodeling. This includes sclerosis and cyst formation in the

subchondral area and formation of cartilage-covered bone, called osteophytes, at the margin

of the joint.
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Damaged adult articular cartilage does not naturally undergo a successful repair pro-

cess. More than two centuries ago, Hunter noted that “articular cartilage, once damaged,

has a poor capacity to heal” (86). Since then, many studies have verified the limited in-

trinsic reparative ability of articular cartilage (27, 113). Clinical observations suggest that

damaged cartilage, if left untreated, will adversely affect the joint and lead to osteoarthritic

degeneration of the surrounding and opposing cartilage. Long-term studies in animals have

shown gradual deterioration of not only the repair tissue that forms after an injury that

penetrates through cartilage into the subchondral bone (163) but also the damaged and

surrounding cartilage after an experimental cartilage laceration (63). Currently, there is no

treatment that reverses the course of osteoarthritis, and the available treatment regimens

only provide symptomatic relief (83, 84, 157). Such treatment includes physical therapy,

weight loss programs, footwear and mechanical aids, analgesic medications, nonsteroidal

antiinflammatory medications, local noninvasive therapies (heat, ice, ultrasound, and elec-

trical stimulation), steroid injections, and surgical interventions. Surgical treatments can

be divided into those that sacrifice and those that spare the articular cartilage.

The typical end-stage surgical therapy for degenerate joints is replacement with a pros-

thesis fabricated from metal and plastic (34, 47). Joint replacement with such prostheses

have been enormously successful in providing pain relief and joint function for many in-

dividuals with debilitating arthritis. In the United States alone, hundreds of thousands

of such procedures, primarily for the hip and knee, are done each year (141). However,

such nonliving prostheses do exhibit wear and generate problematic debris (10, 66). Such

prostheses are also not sufficiently durable for physically active individuals.

Tissue engineering has been defined as “the application of principles and methods of

engineering and life sciences toward fundamental understanding of structure-function rela-

tionships in normal and pathologic mammalian tissues and the development of biological

substitutes to restore, maintain, or improve tissue functions” (166). The major factor that

distinguishes tissue engineering therapies from others is the primary involvement of living

cells — the engineered implant either includes living cells or is designed to modulate the

function of endogenous cells (60). Since the early 1990’s, the field of tissue engineering has

emerged and become the subject of review articles (103, 132), books (16, 104, 129, 138,

139), conference symposia (1), as well as a new journal and society, both entitled Tissue

Engineering.

Tissue engineering of articular cartilage has received a great deal of interest, both in

the scientific literature (114) and the popular press (169). A living tissue replacement may

provide a long-term solution for damaged cartilage and arthritic joints. A tissue engineering

approach to treating cartilage damage has potentially important intrinsic advantages over

the modern generation of metal-and-plastic joint prostheses. A tissue engineering approach

may minimize the generation of nonresorbed wear debris, and thus not elicit a host immune

response. Such an approach also provides a material that can adapt biologically to changing

physiological demands.
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2. Tissue Engineering Therapies for Articular Cartilage Defects

The concept of replacing a damaged joint, or portions of it, with engineered living tissue

is not new. For example, muscle can be induced in vivo to form vascularized bone grafts

in the shape of a femoral head or mandible (95). Currently, cartilage tissue engineering

therapies are focused on the treatment of localized articular cartilage defects. It should

be noted that these therapies are not directed toward treating end-stage arthritis, where

the majority of opposing joint surfaces are typically damaged. On the other hand, the

diagnosis and treatment of smaller and localized defects may lessen the incidence of end-

stage arthritis. These therapies include the transplantation of autogeneic or allogeneic

tissues, cells, scaffolds, chemicals, or combinations of these substances [Fig. 1, reviewed

in (28, 135, 148)]. The tissues that have been used alone, and in combination, include

cartilage, bone, marrow, perichondrium, periosteum, and even an induced fracture callus.

The cellular component of engineered tissues has typically been derived from the tissues

listed above. Some cells are used in tissue engineering therapies soon after they are isolated

from tissues. Other cells are expanded in number to amplify cellular effects or select for

certain types of cells. The phenotype of a cell is defined by its biological behavior. The

normal phenotype of articular chondrocytes includes expression of type II collagen and the

large proteoglycan, aggrecan (26). Aggrecan is found in a number of load-bearing tissues.

On the other hand, expression of type I collagen indicates a dedifferentiated (fibroblastic)

chondrocyte phenotype, while expression of type X collagen indicates a hypertrophic (bone-

forming) phenotype. Chondrocytes are known to change their phenotype when cultured in

monolayer at low density (19); this is the culture method used commonly for many types

of cells. Chondrocytes maintain their phenotype better when cultured in monolayer at

high density (100) or in three-dimensional gels (19, 79). Dedifferentiated chondrocytes

can also redifferentiate into chondrocytes when cultured in three-dimensional gels (19).

The cells used in tissue engineering therapies for cartilage range from differentiated and

dedifferentiated chondrocytes (23, 67) to mesenchymal stem cells, which are capable of

differentiating into the cells of cartilage and bone (35). Ultimately, such cells probably need

to express the articular chondrocyte phenotype to form normal cartilage tissue.

The materials used in cartilage tissue engineering therapies include biological substances

Tibia
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cartilage
bone
marrow
perichondrium
periosteum
fracture callus

CELLS

MATERIALS
collagen
fibrin
hyaluronan
carbon fibre
polylactic acid
polyglycolic acid

GROWTH FACTORS
BMP2, 7, ...; FGF-2; IGF-I; TGF-ß

Fig. 1. General approaches to cartilage tissue engineering.
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such as fibrin clot, collagen, and hyaluronan (a component of cartilage and synovial fluid)

as well as nonbiological materials such as carbon fiber, polylactic acid, and polyglycolic

acid. These materials degrade to varying degrees and over various time scales into different

chemical products; these products may have effects on the engineered tissue (143). Biolog-

ical materials may be degraded through pathways that are normally regulated in tissues,

whereas nonbiological materials may be degraded through these or other pathways. Some

materials are designed to have a specific chemical structure, for example, to enhance and

modulate ingrowth of reparative cells. Other materials are designed to release specific chem-

icals, such as the growth factors [e.g. bone morphogenetic protein-2 (159)], also to stimulate

reparative cells. Still other materials, such as bone fragments, may provide mechanical

support.

There is a spectrum of biomechanical and biological approaches to tissue engineering of

articular cartilage. Some tissue-engineered constructs are designed to restore mechanical

function immediately after implantation; these constructs usually include underlying bone.

Other constructs are cells or materials that must form or induce a cartilaginous tissue sub-

sequent to implantation. Between these extremes are constructs that are cell-laden tissue,

which are not yet fully-functional cartilage. One biological approach is to augment the

natural healing process of articular cartilage. Another biological approach is to recapitulate

the normal development process of cartilage and, thus, to regenerate articular cartilage.

Several of the current tissue engineering therapies, already used clinically for articu-

lar cartilage defects, are described below and provide examples of these approaches. The

therapies discussed include osteochondral allografts, osteochondral autografts, and autolo-

gous chondrocyte transplantation. There are many other approaches, such as generation

ex vivo of a preformed cartilaginous tissue from cells seeded onto a meshwork formed from

polyglycolic acid (49, 176), transplantation of perichondrial cells in a polylactic acid carrier

material (43), transplantation of mesenchymal cells in a collagen carrier material (177).

Many of these and other tissue engineering therapies for articular cartilage are progressing

rapidly toward or in clinical trials.

For the past several decades, the transplantation of site-matched allogeneic osteochon-

dral fragments has been a reasonably successful treatment for relatively large cartilage

defects (29, 42, 57, 62, 64). An osteochondral graft consists of mechanically functional

articular cartilage attached to a supporting layer of subchondral bone. Viable chondrocytes

within the grafted articular cartilage contribute to the long-term maintenance of the tis-

sue. In 1997, an episode of the popular television series, “ER”, introduced the American

public to osteochondral allografting for a traumatic defect in the femoral condyle. After

implantation and fixation, the subchondral bone of the allograft is ideally resorbed and

replaced by host bone. Disadvantages of osteochondral allografts include difficulty in ob-

taining fresh grafts (with viable chondrocytes) and the possibilities of immune response and

disease transmission.

An osteochondral autograft procedure avoids these problems. Recently, the autograft

procedure termed “mosaicplasty” was popularized by Hangody (76) and Bobic (21). In

this procedure, autogeneic osteochondral fragments, typically in the shape of cylinders,

are harvested from relatively “unused” areas of an articulating joint and transplanted into

the defect area. However, there are disadvantages with such autografts in comparison to
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allografts. There is morbidity associated with the donor site. Also, it is unfeasible to create

an anatomically-matched graft. Further, there are multiple vertical cartilage interfaces

between the multiple tissue fragments. While there is relatively little long-term outcome

data, this procedure and various modifications have become popular (20, 89, 137, 152), and

a number of companies (including Arthrex, Innovasive Design, Smith and Nephew, Stratec

Medical) have marketed surgical tools for the procedures.

An altogether different cartilage tissue engineering approach is the transplantation of

autologous chondrocytes, cells derived from cartilage and manipulated ex vivo. Unlike

procedures that involve only tissue harvest and transplantation, autologous chondrocyte

implantation requires the surgical acquisition of non weight-bearing articular cartilage from

the patient, in vitro isolation of chondrocytes from this tissue, expansion of the number of

cells in tissue culture, and then reimplantation (23, 67). In the implant procedure, a piece

of periosteum is harvested and sutured over the defect area to form a tissue flap, the cells

are injected under the periosteum, and fibrin glue is applied around the margin of the defect

to seal the cells in the defect area. In 1995, Genzyme Tissue Repair introduced a service,

named CarticelTM, to receive harvested cartilage, process the tissue using a proprietary

method, and provide culture-expanded autologous cells for implantation. On August 25,

1997, Genzyme Tissue Repair received a Biologics License from the United States Food and

Drug Administration to commercially market CarticelTM for the “repair of clinically signifi-

cant symptomatic cartilaginous defects of the femoral condyle (medial, lateral, or trochlear)

caused by acute or repetitive trauma” (2). Genzyme Tissue Repair has created a registry

to track the outcome of CarticelTM procedures (3). As of March, 1999, 2,419 patients

have been treated with CarticelTM. Autologous chondrocyte transplantation has attracted

widespread clinical interest (11, 65, 99, 110, 124). However, the procedure is still contro-

versial. One issue is how effective the procedure is compared to other surgical procedures,

such as microfracture of the subchondral bone, that are currently used to enhance cartilage

repair. Another related issue is if the mechanism of repair involves the chondrocytes, the

periosteum, or an interaction between these two components.

While many tissue engineering approaches for articular cartilage repair show great

promise, long-term experimental studies in animals have shown that a significant proportion

of the current procedures result in biological “failures” (22, 43, 122). Dr. Henry Mankin

has emphasized that “cartilage does not yield its secrets easily, and. . . inducing cartilage

to heal is not simple. . . (T)he progression to osteoarthritis is sometimes so slow that we

delude ourselves into thinking we are doing better than we are” (114). With clinical appli-

cation already gaining widespread popularity, there is a pressing need to determine cellular,

biochemical, and physical conditions that reliably facilitate cartilage growth, regeneration,

repair, and long-term homeostasis.

3. Principles of Articular Cartilage Tissue Engineering

The repair of a cartilage defect through tissue engineering approaches can be conceptualized

as two processes: (1) the integration of the repair tissue with the surrounding host tissue,

and (2) the filling of the bulk of the defect with tissue that is characteristic of normal

articular cartilage (Fig. 2). In general, tissue repair and regeneration involves cell signaling,
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Fig. 2. Cellular and molecular mechanisms, and time course of remodeling processes in cartilage tissue
engineering.
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Fig. 3. Biomechanical stimulation during cartilage repair.

adhesion, migration, differentiation, proliferation, apoptosis, and matrix deposition and

remodeling (28, 44, 113). Signals to and within cells initiate metabolic processes. These

result in regulation of cell adherence (e.g. to local sites where repair is needed), migration to

and proliferation at sites needing repair, programmed death of certain cells, and remodeling

of tissue-specific matrix components.

Each of these cellular processes may be modulated by regulatory molecules including

matrix components, cytokines, and growth factors (Fig. 1) as well as physical forces (Fig. 3).

Cells typically respond to regulatory molecules in an age-dependent manner [e.g. (14, 73)].

Cartilage homeostasis reflects a balance between synthesis and degradation of matrix com-

ponents, and this balance is influenced by a number of growth factors (127), known to be

present in the synovial fluid. In addition, physical factors regulate homeostasis (149), and

may involve altered transport or chemical, mechanical, or electrical signals that are induced

by loading (74, 172).



Tissue Engineering of Articular Cartilage 151

Each of the repair (Fig. 2) and regulatory (Figs. 1 and 3) processes can be analyzed at

different length scales and time scales. Cartilage function and structure can be analyzed at

many length scales, ranging from whole organisms, to intact joints, full-thickness regions

of cartilage over a joint surface, layers of cartilage tissue at different depths, cellular and

extracellular regions of cartilage tissue, molecular constituents within these regions, etc.

The nature of the physical environment in and around cell-laden repair constructs (after

being placed in a cartilage defect) depends on the loads imposed on the joint as well as the

properties of the joint tissues. This environment can be analyzed at the level of a typical

joint using “average” cartilage and bone properties, down to the level of individual cells and

molecules. Cartilage repair processes can be analyzed at different time scales. For example,

signal transduction within cells occurs over seconds-minutes (45). Adhesion, migration, pro-

liferation and apoptosis usually occurs over minutes-days, and matrix remodeling typically

occurs over weeks to months (44, 163).

Quantitative models are useful to analyze the extent and nature of various processes over

different length and time scales. Models allow extrapolation of tissue engineering strategies

from one situation to another. For example, if the controlled release of a repair-promoting

chemical substance is needed to achieve a certain concentration range for a certain duration

within the joint space, a model of transport may be useful to extrapolate the release method

and dose from a small defect in an animal to a larger defect in a human. Another example is

if transplanted cells are regulated by certain amplitudes of mechanical compressive and shear

stress, biomechanical analysis of the implant may be useful to design a physical milieu that

is conducive to tissue repair. In addition, models allow assessment of specific mechanisms.

For example, the balance between biosynthetic and degradative processes and the overall

accumulation of matrix components can be described simply by a mass balance model (61,

78). Since the overall sequence of biological events in tissue engineering is complex, a major

challenge is to integrate models of different processes and test both their ability to describe

and predict the evolution of biological processes in time and space.

The development and refinement of tissue engineering methods involves a variety of

complementary approaches. Ultimately, a tissue engineering therapy is tested in humans.

Ideally, this is in the form of a randomized, blinded prospective clinical trial in which

various therapies are compared. Alternatively, a clinical study may be observational, as

was the case in the first report of autologous chondrocyte transplantation in humans in

Sweden (23). Before human studies, experiments are typically performed in an animal

model. An example of this is the repair of a cartilage defect in the medial femoral condyle

(178) or patellar groove (67) of the rabbit. In vivo studies are often motivated by in vitro

results. In vivo, it is difficult to control or determine the mechanical and biochemical

microenvironment of transplanted cells and decipher underlying repair mechanisms. Thus,

simplified experimental systems in vitro are often used to study such regulation. An example

of this is the study of responses of cells in tissue culture to biochemical (127) and physical

stimuli (74, 172).

A common theme in tissue engineering is to analyze critical processes, and then to use

the results of such analysis to refine tissue engineering methods. In the context of different

biological applications, such processes are often tissue specific. The studies, below, provide

some specific examples of processes and issues in the tissue engineering of articular cartilage.
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4. Integrative Cartilage Repair: Matrix Metabolism and Biomechanics

At a 1994 workshop on “New Horizons in Osteoarthritis,” a panel of basic and clinical

scientists concluded, “(m)ethods must be developed to obtain. . . a firm attachment between

(tissue-engineered implants). . . and the collagen network and (other extracellular matrix

components) of the host cartilage” (25). One general area of study in cartilage tissue

engineering is the biomechanics of integrative repair (i.e. implant integration with host

articular cartilage) and associated matrix remodeling mechanisms.

4.1. Biomechanics of Integrative Cartilage Repair

From a macroscopic viewpoint, the complete repair of an articular cartilage defect requires

the integration of repair tissue with the surrounding host cartilage. Consideration of this

process, at least in the early stages, as the formation of an adhesive substance, a material at

“the surfaces of two solids (that) can join them together such that they resist separation”

(175) suggests several biomechanical approaches for characterizing the properties of the re-

pair tissue (reviewed in (8) and summarized here). Both strength of materials and fracture

mechanics approaches for characterizing adhesives have been applied recently to the study

of integrative cartilage repair. In the former, the mechanical failure of a material is char-

acterized by the normal or shear strength, defined as the ultimate stress that is sustained

just before failure (168). In the latter, the propagation of flaws (intrinsic to a material) to

cause failure is dependent on the applied stress and characterized by the fracture toughness

of the material (9).

Experimental configurations, such as the single-lap adhesive test (Fig. 4), have been

adapted to determine the strength of the biological repair that occurs between sections of

cartilage during culture, as well as the strength of bioadhesives that are applied to opposing

cartilage surfaces. The repair strength of a cartilage-cartilage interface after in vitro culture

(see below) is similar to that of glues [e.g. tissue transglutaminase and fibrin sealant (93)].

However, the adhesive strength of photochemical welds (91) can be ∼ 5-fold higher than

that of these glues.

(A) (B)

CARTILAGE BLOCKS

POROUS PLATEN

F

CARTILAGE-
CARTILAGE
INTERFACE

F

Fig. 4. Integrative repair of bovine cartilage explants. (A) Culture configuration with area of apposing
cartilage blackened. (B) Adhesive strength testing using single-lap shear configuration. From (144), with
permission.
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A variety of different fracture mechanics test procedures, such as the (modified) single

edge notch, “T” peel, dynamic shear, and trouser tear tests, have also been used to assess

fracture toughness of normal articular cartilage and repair tissue in different failure modes.

For bovine cartilage explants that are incubated to allow integration as described above,

the fracture toughness (estimated as fracture energy) is 16 J/m2 (7). This is approximately

10- to 1000-fold lower than the fracture energy of normal articular cartilage (24, 41). Such

biomechanical measures of integrative repair may be used not only to compare different re-

pair strategies to each other and to normal cartilage but also to further analyze mechanisms

of cartilage repair.

4.2. An in vitro Model of Integrative Cartilage Repair

Explant cultures of cartilage have proven useful for examining the mechanisms of biological

(127) and physical (74, 172) regulation of cartilage metabolism. Explant cultures involve

isolation and incubation of small pieces of tissue, usually with a volume of several mm3.

Such cultures help to maintain the normal structure of the tissue, especially the relationship

between cells and extracellular matrix. Incubation of cartilage explants in medium contain-

ing fetal bovine serum (FBS) stimulates the chondrocytes to maintain matrix homeostasis

(77) and the indwelling cells to retain the cartilaginous phenotype (18). Explant cultures

of defined geometry have been used to assess the regulation of chondrocyte metabolism by

physical factors that are associated with joint loading (74).

Cartilage explants have been used to study the integrative repair of cartilage. Scully

et al. (158) examined the in vitro healing of experimental lacerations in cartilage explants

by histological analysis. Over the first few weeks of incubation in medium including FBS,

an acellular matrix filled the defect. Between three and six weeks, cells began to populate

the newly formed matrix. While these studies were not designed to allow mechanical char-

acterization of the repair tissue, they suggested that repair tissue could be synthesized and

deposited at the interface region between a pair of cartilage explants grown in apposition.

To determine the biomechanical characteristics of integrative repair in vitro, cartilage

explants have been incubated in a single-lap joint configuration and subsequently tested

[Fig. 4 and (144)]. Cartilage blocks were harvested from the patellofemoral groove and

patella of adult bovines. Pairs of cartilage blocks were placed in chambers that maintained

overlapping areas of tissue (Fig. 4A) during culture. At the end of the incubation period,

the samples were tested by applying a uniaxial positive displacement at a constant rate

until failure, while measuring the resultant load (Fig. 4B). The adhesive strength of the

interface region was calculated as the peak load normalized to the original overlap area.

Incubation of cartilage explant pairs in partial apposition resulted in the development of

adhesive strength of the interface between samples under certain culture conditions. After

incubation in medium including 20% FBS, the adhesive strength between pairs of bovine car-

tilage blocks increased at a rate of ∼ 11 kPa/week. This repair process appeared dependent

on appropriate regulation of the indwelling cells. Either lyophilization of cartilage (to lyse

the endogenous chondrocytes) before incubation or inclusion of 100 µg/ml cycloheximide

[a chemical that inhibits protein synthesis (150)] during incubation completely inhibited

the development of adhesive strength. In addition, the repair process was modulated by
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biochemical factors in the medium. While incubation of sample pairs for 2–3 weeks in

medium including 20% FBS resulted in a relatively high adhesive strength (30 kPa), incu-

bation in basal medium (without FBS stimulation of cells) resulted in an adhesive strength

that was reduced to ∼ 20% of this level. Supplementation of basal medium with certain

growth factors, known to be present during cartilage growth or in a repair scenario, regu-

lated integration. For example, incubation with insulin-like growth factor-I (IGF-I) had a

stimulatory effect on integrative repair that was similar to that of FBS; on the other hand,

incubation with transforming growth factor beta (TGF-β) did not augment integration (5).

The use of this test geometry allowed assessment of integrative repair between sections

of cartilage that were approximately parallel to the articular surface and devoid of the

superficial layer of cartilage. Such repair may be particularly relevant to repair of a defect

that is restricted to the articular cartilage (e.g. not penetrating subchondral bone [22, 23]),

or fissures that extend horizontally in fractured or osteoarthritic articular cartilage. The

biological mechanisms involved in such an integrative repair process may depend on whether

integrative repair is required to occur across a vertical or horizontal plane within articular

cartilage.

4.3. Matrix Remodeling in Integrative Cartilage Repair

The cellular and molecular mechanisms that result in integrative repair in vitro remained

to be elucidated. Identification of the mechanisms underlying the development of adhesive

strength may suggest ways to enhance the integration process in vivo. Since both IGF-I

(78) and TGF-β1 (128) stimulate synthesis and inhibit degradation of proteoglycan, it is

unlikely the proteoglycan component of the extracellular matrix was responsible for inte-

grative repair. In addition, while it is believed that proteoglycan contributes primarily to

the compressive properties of cartilage, the collagen meshwork is primarily responsible for

the tensile and cohesive properties of the tissue (70, 117, 131).

Collagen synthesis and extracellular processing appears to be involved in integrative

cartilage repair. The relationship between deposition of newly synthesized collagen and

integrative repair was examined in correlative studies (48). Explant pairs were cultured in

apposition for 2 weeks in medium supplemented with a radioactive amino acid, [3H]proline,

for the first 12 days. Samples were tested biomechanically and also analyzed for incorpo-

rated [3H]proline, as an index of collagen synthesis and deposition. Adhesive strength was

positively correlated with [3H]proline incorporation (R = 0.60). This provided evidence for

the role of collagen synthesis and deposition in integrative cartilage repair.

The major collagen in cartilage, type II, is normally crosslinked (55). The stabilization

of collagen fibrils in cartilage is dependent on crosslinks, covalent bonds between individual

collagen molecules. In articular cartilage, the major collagen crosslinks include the di-

functional crosslink, dehydrodihydroxylysinonorleucine (∆DHLNL), and the trifunctional

crosslink, hydroxylysyl pyridinoline (HP) (54). The metabolic pathway for the formation of

∆DHLNL and HP crosslinks is dependent on the enzyme lysyl oxidase (55, 94, 145, 147).

Collagen crosslinking appears to be a critical step in integrative cartilage repair (6).

β-aminopropionitrile (BAPN) inhibits lysyl oxidase irreversibly, with 50% inhibition at 3–

5 µM (94). Thus, BAPN could be used to block collagen crosslinking and test whether
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crosslinking was involved in integrative repair. A dose-escalation study was performed on

cartilage explants to determine the effect of BAPN on overall cellular metabolism and via-

bility as well as collagen stabilization. With addition of 0 (control) or 0.25 mM BAPN in

the presence of FBS, biosynthetic levels of collagen, total protein, and GAG were elevated

similarly between day 1 and 14 of culture, and levels of total GAG and DNA were not sig-

nificantly different between the treatment groups. Concomitantly, treatment with 0.25 mM

BAPN did markedly increase the chemical extractability of newly synthesized collagen from

cartilage explants compared to control treatment, but did not affect extractability of GAG.

Subsequent metabolic studies, using radiolabeling and washout (pulse-chase) protocols with

[14C]lysine, directly confirmed that treatment with 0.25 mM BAPN was sufficient to inhibit

formation of reducible and mature lysyl oxidase-mediated crosslinks. To assess the func-

tional consequences of collagen crosslink inhibition on integrative cartilage repair, explant

pairs were cultured for 2 weeks in apposition with 0 or 0.25 mM BAPN and then tested

mechanically. The adhesive strength of control (0 BAPN) cultures was 36 kPa. However, in

the presence of 0.25 mM BAPN, functional repair was almost completely inhibited. These

results indicated that BAPN treatment coordinately inhibits extracellular processing of

collagen and integrative repair, without affecting other indices of tissue metabolism.

Since collagen crosslinking appears to be pivotal to the development of adhesive strength,

the kinetics of this process in articular cartilage may be particularly relevant. Biochemical

experiments and kinetic modeling have been performed to characterize the rate of formation

of the major reducible crosslink, ∆DHLNL, and mature crosslink, HP, in adult bovine artic-

ular cartilage explants, incubated in medium including FBS and ascorbate (4). Pulse-chase

studies, tracking the conversion of [14C]lysine into collagen metabolites, were performed for

up to 39 days of incubation of cartilage explants. Fitting of the experimental data to a ki-

netic model indicated that the portion of [14C]lysine that was incorporated by chondrocytes

and destined for conversion into [14C]hydroxylysine, [14C]DHLNL, and [14C]HP were 35%,

2.1%, and 1.4%, respectively, and the time constants for the formation of the latter two

crosslink molecules were 2.1 and 31.6 days, respectively. The relatively short time constant

is consistent with the kinetics of chemical stabilization of newly synthesized collagen. The

relatively long time constant is generally consistent with the kinetics of crosslink formation

in vivo (161), where it is difficult to interpret pulse-chase studies in terms of quantitative

models.

The exact way in which remodeling of the collagen network leads to integrative cartilage

repair still remains to be established. The development of adhesive strength may be related

to the formation of collagen crosslink molecules. There may be molecules synthesized by

chondrocytes or present in the tissue matrix that inhibit collagen remodeling. Also, tissue

remodeling typically involves the coordinated synthesis and degradation of matrix molecules.

Nevertheless, even with this information (that the synthesis and extracellular processing of

molecules, such as collagen, contributes to functional integrative repair), it can be postulated

that strategies to accelerate these processes may be useful for enhancing cartilage repair.
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5. Chondrocyte Transplantation for Cartilage Repair: Biomechanical

Regulation

The studies above identified cell-based matrix remodeling, that occurs over a period of

days-weeks, as one process involved in integrative cartilage repair. The limited intrinsic

repair capacity of articular cartilage may be due, in part, to the low density of chondro-

cytes within articular cartilage and the modest in situ proliferative response of these cells

(27, 113). To facilitate cartilage repair, procedures have been developed to transplant iso-

lated chondrocytes or chondrogenic progenitor cells into the site of the defect, either alone

(22, 23, 67, 164) or within a natural or synthetic scaffolding material (13, 17, 80, 90, 134,

177). The overriding principle governing these methods is that the introduced cells remain

in a position and are sufficient in number to effect repair through the production of new

extracellular matrix and the integration of new tissue with the surrounding host tissue. In

many of these procedures, a common theme is to isolate cells, grow the cells in culture,

resuspend the cells by stripping away the pericellular matrix, and transplant the cultured

cells into the defect.

In vivo, transplanted chondrocytes are exposed to a challenging mechanical environment

(Fig. 3). In vitro, the regulation of biological activity of transplanted chondrocytes by phys-

ical stimuli relevant to clinical therapies has been examined. Such studies have identified

the extent and mechanisms of adhesion of transplanted chondrocytes to a cartilage surface,

the ability of such cells to mediate integrative cartilage repair, and the biosynthetic response

of such cells to mechanical stimuli.

5.1. An in vitro Model of Chondrocyte Transplantation for Cartilage

Repair

In vitro model systems are often initially characterized by analyzing parameters likely to

be important to the outcome being studied. Thus, in a model of chondrocyte transplan-

tation, characterization studies have included determining the efficiency of chondrocyte

transplantation onto cartilage explants in vitro over a range of densities, characterizing pro-

teoglycan biosynthesis by chondrocytes after transplantation at different seeding densities,

and characterizing the phenotype of the transplanted cells (37). Using radioactively tagged

chondrocytes for quantitation, the efficiency of transplantation onto a cartilage substrate

was found to be > 90% for seeding densities up to 650,000 cells/cm2 and a seeding duration

of one hour followed by gentle rinsing. These findings were confirmed both by visually

tracking cells stained with a fluorescent dye and by quantitating total DNA (tissue plus

transplanted cells). During the 16 hours duration following seeding onto a cartilage sub-

strate (in which the endogenous cells had been lysed by lyophilization), the transplanted

cells synthesized GAG in direct proportion to the number of cells seeded. The transplanted

cells retained the chondrocyte phenotype, as judged by a high proportion of newly synthe-

sized macromolecules being in the form of large proteoglycan that was capable of normal

aggregation, as well as by positive immunostaining for type II collagen within the trans-

planted cells. These results indicate that the number of chondrocytes transplanted onto

a cut cartilage surface can greatly augment matrix synthesis, an effect which in turn may

enhance subsequent repair.
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5.2. Biomechanical Regulation of Integrative Cartilage Repair:

Chondrocyte Adhesion

In the earliest stages of repair by transplanted cells alone, and perhaps also in the case of

cells within a carrier matrix, the transplanted cells may need to adhere to the cut surfaces of

the surrounding host cartilage. A recent in vivo study involving implantation of allogeneic

chondrocytes, tagged by adenovirus-mediated transduction with β-galactosidase and carried

within a type I collagen matrix, showed a rapid loss of transduced cells from the cartilage

defect by 24 hours (13). It has been proposed that articular cartilage provides a relatively

antiadhesive surface for cell attachment (88). A variety of studies on chondrocyte adhesion

have been performed (50, 59, 81, 109, 123, 133, 142, 146, 167) in order to investigate the

adhesion of a particular cell type to isolated and purified forms of extracellular matrix

proteins. While information derived from such studies is useful, it does not necessarily

indicate the strength with which the cell adheres to the collection of extracellular matrix

components that are presented at the tissue surface. Steric and interaction effects, that

may exist at the cartilage tissue surface, may not be reproduced in these traditional in vitro

assays of cell adhesion.

Qualitative studies have shown that chondrocytes adhere to cartilage in vitro (12, 37).

Quantitative studies indicate the ability of chondrocytes to resist detachment from cartilage

when subjected to mechanical perturbation, and the dependence of this on the duration of

seeding time (154). The strength of chondrocyte adhesion to articular cartilage sections

was determined after seeding durations of up to forty minutes. An existing parallel-plate

shear-flow chamber design (174) was modified to incorporate a thin cartilage section as one

portion of the lower plate, allowing chondrocytes to be seeded on the cartilage section and

subsequently subjected to shear stress induced by fluid flow (Fig. 5A-D). Suspensions of

adult bovine articular chondrocytes were prepared from primary, high-density monolayer

cultures and infused into a parallel-plate shear-flow chamber where they rapidly settled
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Fig. 5. Schematic of the cell detachment assay. (A) Chondrocyte suspension was infused into parallel-plate
shear-flow chamber holding cartilage section. (B) Cells settled to cartilage surface by gravity. (C) Chamber
was inverted onto microscope stage and weakly adherent cells detached. (D) Fluid-flow-induced shear stress
was applied to cause cell detachment. (E) Cell detachment after various seeding times. From (154), with
permission.
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onto sections of bovine articular cartilage. The chondrocytes were allowed to attach to the

cartilage surface for specific lengths of time of 5-40 minutes (which might be a waiting time

that is practical in a clinical situation) in medium including FBS, after which the cells were

exposed to fluid flow-induced shear stresses. The fraction of detached cells at each level

of shear stress was computed from micrographs. Studies of the kinetics of cell detachment

indicated that exposure to shear stress for 30 seconds was sufficient to reach a steady

state. With increasing seeding times, chondrocytes became progressively more resistant to

detachment from cartilage (Fig. 5E). The increase in resistance to shear stress-induced cell

detachment with longer seeding time suggests that it may be beneficial to allow chondrocytes

to stabilize in the absence of applied load for some time after chondrocyte transplantation

for cartilage repair in vivo.

The previous studies examined the adhesiveness of large populations of chondrocytes

to cartilage in vitro. However, it was unclear if the results were affected by the different

depths below the articular surface from which cartilage tissue substrates were harvested,

or if a similar time-dependent adhesion would be evident during chondrocyte attachment

to a vertical surface. In addition, it has been hypothesized that enzymatic treatment of

a cut surface of cartilage with Chondroitinase ABC removes antiadhesive molecules, such

as GAG, (87, 88) and enhances adhesion of reparative cells to cartilage, while treatment

with proteolytic enzymes enhances repair in a situation in which exogenous repair cells are

present (35, 125). Cell adhesion to a cartilage surface may be particularly important to

repair since endogenous integration, mediated by cells within cartilage explants in vitro, is

not affected by enzymatic treatment (106).

Biomechanical studies have demonstrated that the adhesiveness of individual chondro-

cytes to cartilage can be affected by enzymatic pretreatment of the tissue. Chondrocyte

adhesion to a vertical surface of cartilage was examined using micropipette manipulation

methods (105). The chondrocyte adhesion force increased with seeding time (15 to 75 min)

and Chondroitinase ABC pretreatment but was not affected by the region of articular car-

tilage (i.e. superficial, middle, deep layer) to which the cells were attached. For normal

cartilage, the adhesion force of individual chondrocytes increased from 1.3 mdyne after a

15–30 min seeding period to 5.3 mdyne after 60–75 min. Treatment with Chondroitinase

ABC had a marked affect (+144 to +299%) on adhesion during the short (15–30 min)

seeding durations, and a lesser (+46%) effect at the longest duration (60–75 min) studied.

These results provide direct biomechanical evidence that enzymatic treatment of a cartilage

surface can enhance chondrocyte adhesion, and that chondrocyte adhesion to cartilage is

similar in different regions of cartilage tissue.

While the above studies provide practical and quantitative information on the adhe-

siveness of chondrocytes to normal and treated cartilage surfaces, the mechanism by which

chondrocytes attach to a cartilaginous tissue substrate was unknown. In articular cartilage,

chondrocytes utilize cell surface receptors to attach to matrix components. Chondrocytes,

cultured in high-density monolayers in the presence of FBS, are known to express a variety

of cell-surface receptors including β1-integrins (33, 50, 53, 108, 142, 151), CD44 (98), and

anchorin CII/annexin-V (126). These receptors are also present in cartilage in situ (180)

and normally mediate interactions between chondrocytes and specific extracellular matrix

components (32, 50, 85).
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Specific receptors mediate the attachment of transplanted chondrocytes to cartilage.

Adhesion studies were performed using the flow chamber technique, described above, and

reagents that selectively block these receptors (101). Chondrocytes were released from high

density monolayer culture, incubated in the presence or absence of blocking reagents before

seeding on normal or Chondroitinase ABC-digested cartilage for 20 min and application of

shear stress. As expected, increasing shear stress resulted in increasing cell detachment,

and chondrocyte adhesion to cartilage was more marked for tissue pretreated with Chon-

droitinase ABC. After preincubation with an antibody that blocks β1 integrin, chondrocyte

adhesion to both normal and Chondroitinase ABC-treated cartilage was markedly inhib-

ited; however, blocking CD44 or anchorin CII did not have a detectable effect. Thus, under

these simulated transplantation conditions, β1 integrin is a type of surface receptor on

chondrocytes that mediates attachment of these cells to cartilage.

5.3. Biomechanical Regulation of Transplanted Chondrocytes: Cell

Proliferation and Matrix Synthesis

Following the transplantation of chondrocytes into a defect, cell proliferation may modulate

local cellularity within the defect. Previous studies have shown that cells can attach to and

grow out from explants of articular cartilage (111) and that chondrocytes populate an in

vitro laceration site after 3–6 weeks of incubation (158). Compression of transplanted cells

can occur during cartilage repair as a result of joint loading or “press-fitting”, a graft into

a cartilage defect (Fig. 3).

A few studies have shown that mechanical loading can modulate the proliferation of

chondrocytes in model systems. Some studies involve chondrocytes that are released from

extracellular matrix, and then cultured in agarose or collagen gel (46, 51, 181). Other stud-

ies have analyzed the proliferative response of chondrocytes after attachment to cartilage

and application of static compressive stress between cartilaginous surfaces (107). In the

latter case, chondrocytes were isolated from adult bovine cartilage, cultured in high-density

monolayer, resuspended, and then transplanted onto the surface of devitalized cartilage at

a density of 250,000 cells/cm2 and maintained in culture medium including FBS and ascor-

bate. The total DNA content of transplanted cell layers increased 4-fold to a plateau by 5

days. Over this culture period, the level of DNA synthesis ([3H]thymidine incorporation),

on a per cell basis, decreased steadily (by ∼ 90% between day 0 and 6). Application of 24

hours of compressive stress in the low physiological range (0.06–0.48 MPa) to the adherent

cells at one and four days after transplantation inhibited DNA synthesis by ∼ 80% com-

pared to unloaded controls. After release from load, cell proliferation generally remained

at low levels. The marked proliferation of chondrocytes when attached to cartilage with-

out applied load, and the inhibition of this proliferation by relatively low amplitude static

compressive stress, may be relevant to the regulation of the cellularity of transplants in

cartilage defects, and the occasional overgrowth of tissue that has been noted clinically in

some chondrocyte transplantation procedures (2).

Following chondrocyte transplantation into a cartilage defect, synthesis of matrix com-

ponents by these cells may be a key factor in filling the bulk of the defect as well as me-

diating integration with the adjacent host tissue. Previous studies have shown that static
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compression of cartilage results in an inhibition of biosynthesis of matrix components by

indwelling chondrocytes [reviewed in (74, 172)]. This effect is common to cartilage explants

of various species, ages, and sample geometries, with a 50% inhibition at 0.1–1.5 MPa of

applied stress (30, 68, 69, 92, 96, 97, 150, 156, 173).

Matrix synthesis by transplanted chondrocytes is also regulated by mechanical stimuli.

(38). Bovine chondrocytes were transplanted onto cartilage disks, allowed to attach, and

subjected to compression through overlying devitalized cartilage disks in a confined com-

pression configuration. During a 16-hours radiolabeling period, application of compressive

stress of 0.24–0.72 MPa inhibited GAG synthesis by ∼ 50%. The effect of compression on

chondrocyte metabolism was reversible; in fact, at 2 days after the release of load, GAG

synthesis by the loaded cells was stimulated by 40% compared to transplanted cells that

were not subjected to loading. These results suggest that the application of compressive

stress to chondrocytes at a cartilage surface affects biosynthesis by these cells and, thus,

subsequent integrative cartilage repair.

The above studies indicate that transplanted chondrocytes are strongly regulated by

compressive stress at relatively low amplitude. This suggests that the biomechanical envi-

ronment in vivo may have a particularly potent regulatory effect on transplanted chondro-

cytes, both in terms of proliferation and matrix synthesis. Information on the dose-response

relationship between mechanical stimulus and biological response provides biomechanical

criteria for designing the tightness of the fit of a cell-laden cartilaginous construct into an

articular defect as well as for developing post-operative rehabilitation protocols that would

affect the biomechanical environment after a tissue engineering treatment.

6. Tissue-Scale Biomechanical and Structural Properties of Articular

Cartilage

The above studies indicate that biological and biomechanical stimuli are likely to regulate

cartilage repair in vivo. From such information derived in vitro has evolved tissue-engineered

implants and procedures that have been tested in a challenging in vivo environment. The

repair of experimental cartilage defects in joints of animals provides a model for assessing

repair mechanisms as well as for developing putative clinical therapies.

In such studies in animals, it is necessary to evaluate the success of the procedure. Such

analyses may be noninvasive or invasive, destructive to tissue or nondestructive, and occur

before or after termination of the experimental preparation. For example, magnetic reso-

nance imaging and many other radiological techniques are noninvasive and nondestructive.

Mechanical probing of the stiffness of cartilage is invasive and, ideally, nondestructive. Re-

moving a biopsy of tissue for histological analysis is invasive and destructive. Whole joint

surfaces may be analyzed in detail, post-mortem. Such analysis may include analysis of

the repair tissue as well as the surrounding and opposing cartilage. The quality of the re-

pair tissue is typically analyzed biomechanically to assess function, biochemically to assess

composition, histologically to assess structure, or metabolically to assess biological activity.

Such multidisciplinary analyses is often useful because, although tissue composition, struc-

ture, function, and metabolism are somewhat related, the exact relationship between such

features of cartilage tissue remains to be fully defined. All of the above analyses are also
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implicitly or explicitly done at various length scales (i.e. determining a parameter that is

spatially-averaged in some sense).

6.1. Compressive Properties of Articular Cartilage

The biomechanical material properties and geometry of the articular cartilage and surround-

ing tissues determine the function of the articulating joint, i.e. its mechanical response to

applied load. The biomechanical material properties of cartilage can be analyzed at different

length scales, for example, in terms of full-thickness tissue or tissue layers (e.g. ∼ 0.1 mm

length scale). Theories had been developed to describe depth-varying biomechanical and

electromechanical properties [Fig. 6 and (71, 130)]. The value of the biomechanical param-

eter characterizes each layer in the model. One approach to estimating these parameters is

to physically divide full thickness cartilage into tissue sections and to analyze these sections

individually (72, 102, 118, 156, 160, 171). Another approach is to leave a fragment of tissue

intact through the full thickness, and to use video dimensional analysis (182) adapted to an

epifluorescence microscope to view the intra-tissue displacement during mechanical testing

(155).

Samples of normal adult articular cartilage have been evaluated in this way (40, 153,

155). Bovine cartilage samples were preincubated with Hoechst 33258, a dye that labels cell

nuclei by binding to DNA and increasing fluorescence upon doing so. Such cell nuclei can

be used as intrinsic fiducial markers. These nuclei are visible under fluorescence microscopy

as objects of diameter of ∼ 5 µm and at a position that can be resolved to ∼ 0.2 µm (by cal-

culating the centroid). Such labeled cartilage samples were then subjected to compression

and allowed to equilibrate to achieve a steady-state mechanical response. The displacement

profile was measured (Fig. 7) and axial strain was calculated in sequential 125–250 µm thick

cartilage layers. The equilibrium stress-strain data was nonlinear and fit to a finite defor-

mation relationship to allow calculation of the confined compression modulus in each tissue

layer (Fig. 6). The compressive modulus varies ∼ 25-fold with depth from the articular sur-

face, increasing from 0.08 MPa (superficial, 0–125 µm, layer) to 1.14 MPa (1000–1125 µm)
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Fig. 7. Determination of depth-dependent compressive properties of articular cartilage. Tracking of Hoechst
33258-labeled chondrocytes (bright spots) in processed images of bovine cartilage subjected to radially-
confined compression and viewed by fluorescence microscopy. From (153), with permission.

and 2.10 MPa (250 µm layer adjacent to cartilage-bone interface). Similar trends of in-

creasing modulus with depth from the articular surface have been found to be present in

articular cartilage from human femoral head, although the overall compressive modulus was

much (∼8-fold) greater (40). The relatively low moduli and compression-induced stiffening

of the superficial layers suggest that these regions greatly affect the biomechanical behavior

of cartilage during compressive loading.

Dynamic (i.e. time-varying) mechanical testing can also be performed and the resultant

measurements can be fit to depth-varying models. Two other parameters in the above

model (Fig. 6) that describe the mechanical and electrical behavior of cartilage in a radially-

confined compression configuration are hydraulic permeability and electrokinetic coefficient.

The hydraulic permeability in such a model is defined as the incremental ratio of the fluid

flow through a tissue layer relative to the pressure drop across the tissue layer (117) under

the condition of zero current flow (58). Permeability is known to be dependent on strain,

with permeability decreasing as tissue is compacted (102). The electrokinetic (streaming

potential) coefficient in such a model is defined as the incremental ratio of the electrical

potential drop across a tissue layer relative to the pressure drop across the tissue layer

(58, 117). The electrokinetic coefficient also is dependent on strain (39, 72). When full-

thickness bovine cartilage is described by a layered material, the permeability of various

layers is up to 15-fold different in amplitude at zero-strain from that of the permeability

value assuming homogeneity and 2-fold different in the strain-dependence parameter, as

well as 2-fold different in the amplitude of the electrokinetic coefficient (39).

The magnitude of these differences indicates that the interpretation of the physical be-

havior of full-thickness cartilage varies greatly when different length scales are considered.

The quantitative measures of such material properties are useful for the evaluation of the-

oretical models of cartilage biomechanical behavior at different length scales in joints, the

development of nondestructive probes for analyzing cartilage properties, and the study of
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the effect of loading on biological responses of chondrocytes in cartilage. Also, by attempt-

ing to relate the measured properties to composition and structure, which are known to

vary with depth from the articular surface, such measurements help to develop a deeper

understanding of the basis for the physical behaviors of cartilage. Such measures of physical

properties of normal cartilage may be useful in practice, as design goals for fully functional

cartilage after therapeutic tissue engineering procedures.

6.2. Structure of Articular Cartilage after Joint Injury

The articular surface is a sensitive indicator of the integrity of an joint. Arthritis is associ-

ated with cracking and roughening of the articular cartilage surface. Histological analysis

provides detailed (∼ 0.1 µm) morphological information on very specific areas through the

depth of the tissue, and various characteristics have been used in semi-quantitative grading

scales of cartilage degeneration (75, 115, 162) and repair (43, 82, 136, 140). Typically, a

histological section for light microscopic analysis of articular cartilage is 6 µm in thickness

and through the full depth [0.1–5 mm (165)] of the tissue. However, it is difficult to obtain

a complete picture of the joint surface using histological methods.

Alternatively, the structure of the cartilage surface can be analyzed at ∼0.1 mm resolu-

tion after staining of a cartilage surface with India ink. India ink contains carbon black par-

ticles, with an individual particle diameter of ∼40 nm and clusters of particles of ∼100 nm

(112, 170). The relatively large size of the India ink particles prevents them from entering

an intact articular cartilage surface with normal proteoglycan-rich matrix (117). In car-

tilage samples that do stain with India ink, the intensity of ink staining has been related

to a reduction in the proteoglycan content through the depth of the specimen (56, 119).

India ink particles are not only entrapped by irregularities in the articular surface, but also

adhere to fibrillated cartilage (121). Since India ink particles absorb and scatter incident

light (112), the reflection of incident light (120) from cartilage depends on the degree of

India ink staining. Ink staining has shown that cartilage fibrillation and erosion have a

predilection for specific anatomic sites in human osteoarthritis (52, 121). Such patterns of

degeneration are likely to be related to the biomechanical environment, which in turn may

be modulated by specific types of joint injury or cartilage repair procedures.

In animal models of osteoarthritis, India ink staining has been used to assess the extent

and location of cartilage degradation (36). Here, the femora and tibiae were harvested

from the operated and contralateral control knees of New Zealand White rabbits that were

skeletally mature at the time of anterior cruciate ligament transection (ACLT), nine weeks

previously. The knees were positioned to obtain calibrated gray-scale images of the articular

cartilage surfaces, painted with India ink, that are opposed with the knee in 90◦ flexion.

Images (Fig. 8) were processed so that areas of normal cartilage gave a relatively high

reflectance score, whereas ink-stained fibrillated cartilage and exposed bone gave low scores.

Digital image processing allowed registration of the images and averaging of the images

(i.e. of the intensity of each x − y pixel position). ACLT led to a 11% decrease in the

overall reflectance score. The reflectance score decreased as a traditional morphological

grade of degeneration increased. ACLT-induced degeneration had a predilection for the

posteromedial aspects of the joint, and to a lesser extent, the anterolateral aspects. In the
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Fig. 8. Digitally-averaged images to highlight areas of cartilage staining with India ink and erosion, and
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(E,F) were computed by horizontally flipping the average control (A,B) image, subtracting this from the
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From (36), with permission.

tibial plateaus, ACLT caused significant degeneration in the areas of the joint that were

covered by the meniscus, but had no detectable effect on the cartilage in the uncovered areas.

Image scores of opposing cartilage surfaces were significantly correlated (R = 0.56–0.70) in

ACLT and control knees.

Such structural analysis of cartilage at different length scales provides insight into the

quality of cartilage tissue. Characterization of the surface structure of the cartilage apposing

an area of repair may be a sensitive way of assessing the success of a tissue engineering

procedure. On the other hand, histological and histochemical analysis of the interface region

between an implant and host tissue as well as the implant tissue itself allows determination

of features (e.g. cellularity, matrix components, surface smoothness and continuity) that are

characteristic of normal articular cartilage.

7. General Discussion and Outlook

In the 1950’s, total joint replacements with nonliving materials were introduced (179) and

transformed orthopaedic surgery into a specialty that delivers an improved quality of life

for a large number of patients-primarily those who are elderly and suffering from end-stage

arthritis. However, many young and active patients still suffer from joint impairment and

could benefit from more lasting and effective articular therapies. In the 1990’s and the

21st century, tissue engineering promises to deliver another major transformation in the

orthopaedic treatment of articular cartilage degeneration.
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CHAPTER 8

CELL ACTIVATION IN THE CIRCULATION

GEERT W. SCHMID-SCHÖNBEIN

Department of Bioengineering and Whitaker Institute for Biomedical Engineering,
University of California, San Diego

1. Introduction

As a young and broad discipline, bioengineering offers a rich variety of opportunities to

develop and improve techniques to treat disease. In this chapter, I want to draw attention to

a related but somewhat different question. What could be the actual cause and mechanisms

that may lead to disease in the first place? Fewer bioengineers focus on this question, yet

there exists an immense opportunity to contribute to one of the most important issues in life.

Our aspiration is that it may be possible in the 21st century to examine a detailed

analysis of the failure of human tissues, perhaps with mathematical precision. This analysis

should predict in a quantitative fashion the actual progression of the events that start with

early organ dysfunction and eventually lead to catastrophic failure, such as stroke or heart

attack. At the moment we do not have such an analysis on hand. Yet the formulation of

such an analysis will change the way we think about disease. It will give us a multitude of

new suggestions how to reduce the risks and how to anticipate complications and perhaps

give us new ideas how to treat disease.

At the moment this possibility still looks far in the future. But this book is about the

future, your future. We should keep in mind that one does not understand a problem, to

the degree that one can control it in detail, until one has carried out an engineering analysis.

In spite of the fact that the sinking of the oceanliner Titanic was observed by thousands

of witnesses, only a recent stress analysis revealed the actual cause of the sinking of the

ship after it rammed an iceberg. The medical literature is rich in detailed descriptions of

the events that surround organ failure in patients, from modern imaging of blood flow and

cell metabolism to detection of individual genes, yet we have only a limited possibility to

identify the origin of the problem or to predict the outcome in any tissue, and then only in

general terms.

Today’s computers are powerful, and we are in a position to solve complex sets of

equations. Since the turn of the millennium virtually all genes and proteins in man and

other species have become known in their exact sequence. Thus, you may argue, we should

be in a position to develop a quantitative theory that will predict how living tissues fail.

Bioengineering is the natural home for such an effort, but it will require many generations

of students to develop models, to test them and improve them, so that they become truly

useful. No model will ever be perfect.

What are the issues we need to focus our attention on and what are the elements that

need to enter into such an analysis of organ failure and disease? There are many entry

185



186 G. W. Schmid-Schönbein

points. In fact we need many experimental observations and measurements on living tissues

in order to start the analysis. The greatest challenge lies in the question how to formulate

the problem.

In this chapter, we will look at cardiovascular diseases, which include such conditions

as stroke, myocardial infarction (MI), and physiological shock. These are truly important

problems since more than 50% of all people die of them. On the surface, stroke, MI or shock

look different, but they may have some common features. One such feature is a deficiency,

if not complete failure, of the microcirculation. The microcirculation represents the region

of the circulation that is made up of billions of capillaries designed to supply nutrients

to the tissue cells and remove their metabolites (Zweifach and Lipowsky, 1984). Thus in

this chapter we will discuss the flow in microscopic vessels and examine mechanisms for its

failure. If a blood vessel does not have flow, we wish to identify the cause. This discussion

serves only as an introduction, in later classes of the bioengineering curriculum you will

learn more details. Today you may just start to think about an engineering analysis of

stroke, MI or shock; any new insight you will gain in the process will be rewarding.

2. The Microcirculation

All organs have a microcirculation. Interruption of the blood flow in the microcirculation

leads to rapid cell death. Thus we will focus on the microcirculation. All the cells that

make up a microcirculation have now been identified. They are the circulating red cells

(erythrocytes) (Fig. 1), platelets (thrombocytes) (Fig. 2), and the white cells (leukocytes)

(Fig. 1), as well as the cells in the wall of the blood vessels which include the endothelial

cells (Fig. 3), smooth muscle cells, pericytes and a few others, which for simplicity we will

not mention further. But they may have to enter the analysis in the future.

The red cells are carriers of hemoglobin, which serves to transport oxygen, nitric oxide

and other gases, and the platelets serve to control bleeding out of blood vessels in case the

wall of the blood vessels has been damaged. There are five classes of white cells, which in an

Fig. 1. Scanning electron micrograph of a typical human red cell (right) and leukocyte (left). Note that such
cells have to be fixed and dehydrated to be examined by scanning electron microscopy. Thus the cells are
shrunk (about 30–40%) but their shapes are preserved. Note that the white cell has many membrane folds,
there are none on the red cell. The length of the crossbar is 1 µm.
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Fig. 2. Scanning electron micrograph of typical human platelets. Note they are much smaller than red cells
or white cells.

Fig. 3. Transmission electron micrograph of a capillary in rat skeletal muscle. The capillary endothelium is
surrounded by three skeletal muscle cells. In transmission electron microscopy you are looking at the surface
of a thin (about 0.1 µm) slice through the tissue. The length of the crossbar is 1 µm.

adult are produced in the bone marrow: the B and T lymphocytes (which make antibodies

or also can kill tumor cells), the neutrophils and monocytes (which can clean up tissue

debris by phagocytosis), the eosinophils and basophils which have more specific activities,

like the release of physiological mediators (Fig. 4). These circulating cells are suspended in

plasma which is an aqueous medium made up of water salts, proteins, lipids, sugars, i.e. it

is a complex mixture of biological molecules, all at relatively low concentrations.

The walls of the blood vessels are lined by the endothelium. Some investigators refer

to the endothelium as the container for the blood, because all blood vessels are lined by

endothelium. The endothelium is made up of individual cells which serve many purposes:

they prevent the blood from clotting, they retain the plasma and its molecules inside the

blood vessels. The endothelial cells permit some fluid to leak in small amounts out of

the blood vessels into the tissue (the leakage is organ dependent), they permit circulating

cells to adhere to their membrane, and facilitate leukocytes to crawl across into the tissue

(Ohashi et al., 1996). Endothelial cells metabolize hormones, synthesize and release cellular
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Fig. 4. Transmission electron micrograph of typical passive human white cells. Four types are shown:
(A) Neutrophil, (B) eosinophil, (C) lymphocyte, (D) monocyte. The length of the crossbar is 1 µm.

mediators into the blood stream or into adjacent smooth muscle cells, and they divide to

form new blood vessels. Remarkably, the endothelial cells sense the magnitude of the fluid

stresses on their membrane due to the blood flow (Levesque and Nerem, 1985) and they

seem to adjust according to the blood stream. Keep in mind, for none of these cells do we

know all functions, the list is still quite incomplete.

The endothelial cells in the arterioles of the microcirculation are surrounded by a spe-

cialized muscle cell, the vascular smooth muscle (Rhodin, 1967). Vascular smooth muscle

cells form coils around the arterioles, and upon contraction are able to reduce the diam-

eter of the lumen of the arterioles. Capillaries, our smallest blood vessels (their diameter

is about 5 to 10 µm depending on the tissue) are also covered by a specialized cell, the

pericyte, which is also present in venules (Shepro and Morel, 1993).

The blood flow in the microcirculation depends on the pressure generated by the con-

traction of the heart muscle. The remarkable feature of the capillaries in many organs is

that they are narrower than the dimensions of the red cells and the leukocytes. The only

way by which circulating cells can pass from the arteries and arterioles to the venules and

back into the large veins is by passing through the capillaries. In capillaries, most red and

white cells have to deform in order to fit into the lumen. Thus the resistance to flow in

the capillaries depends on the deformability of the blood cells and the endothelium (Skalak

and Öskaya, 1987). This problem has been studied by a number of investigators and you

can find excellent summaries (Chien, 1987; Skalak and Öskaya, 1987). The red cell is a

remarkably deformable particle, with a low viscous cytoplasm (the hemoglobin solution is

only about 7 times more viscous than water, although it is saturated with hemoglobin) and

a flexible membrane that can be sheared, bent, twisted, but resists an increase of its area.
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In contrast to the red cells, the white cells and the endothelial cells have a nucleus, and their

cytoplasm consists of a fiber network composed predominantly of actin filame’s (Satcher

et al., 1997) that are held together into a meshwork by “actin binding proteins” and “actin

associated proteins” (Stossel and Hartwig, 1976; Mullins et al., 1998). This actin is similar

to the actin fibers found in muscle cells, but is used by the cell to form a meshwork that

serves to build the actual cytoplasmic volume, just like the poles in a circus tent. Our cells

and organs are made up to a large extent by actin.

The cell cytoplasm is viscoelastic, i.e. it exhibits an elastic response and also creeping

deformation (Sato et al., 1985; Sato et al., 1987). Compared to the red cells, the white cells

are much stiffer and have a larger volume than red cells. This leads to a situation that the

resistance imposed by a single white cell in capillaries is larger than that of a single red

cells (Schmid-Schönbein et al., 1980). Fortunately, we have much fewer white cells than red

cells in the circulation. Platelets are smaller particles which usually have less influence on

capillary blood flow. But platelets may aggregate into large clusters, in which case they

may obstruct even larger blood vessels, especially if the endothelium has been damaged

significantly (Palabrica et al., 1992; Garcia et al., 1994).

3. Cardiovascular Cell Activation

All cells can be activated, but in the following we will focus only on the cells in the microcir-

culation. While the majority of endothelial cells or leukocytes in a healthy microcirculation

are in a relatively low state of activation, there is a minority of cells on which several signs

of activation can be detected. The activation can be identified in the form of pseudopod

formation (Fig. 5), which is a slow deformation of the cell cytoplasm due to actin polymer-

ization (Zhelev et al., 1996). Pseudopods are cytoplasmic regions which are mobile due to

a dynamic actin polymerization (Fig. 6), but are actually stiffer than the remaining regions

of the cytoplasm away from the pseudopods (Schmid-Schönbein, 1990). Endothelial cells

can also project pseudopods, which in capillaries will block the blood flow to a significant

degree (Fig. 7).

Fig. 5. Two examples of a spontaneously activated human white cell with characteristic pseudopods as
seen by scanning electron microscopy. Compare this shape with passive leukocytes (Fig. 1) without such
pseudopods. The length of the crossbar is 1 µm.
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(A)

(B)

Fig. 6. Transmission electron micrograph of human (A) monocyte and (B) neutrophil with pseudopod for-
mation. The pseudopods contain actin and fewer cell organelles.

Fig. 7. Transmission electron micrograph of a capillary in rat skeletal muscle after stimulation [for details
see (Lee and Schmid-Schönbein, 1995)].
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The activation may also be detected in the form of cellular activities, such as the forma-

tion of oxygen free radicals, which are oxygen molecules with one or more free electrons on

their outer shell. Oxygen free radicals are comparatively reactive and interact with many

different biological molecules. Radicals can peroxidize lipid membranes or break DNA (Mc-

Cord, 1987). In fact, neutrophils or monocytes utilize this process during phagocytosis to

peroxidize the membrane of bacteria as the first step of their destruction.

Another form of activation is manifest in the form of the ability of the cell membrane

to establish adhesive contact. Adhesion in biological cells is a regulated process mediated

by a specific set of glycoproteins located in the plasma membrane (Albelda et al., 1994).

In leukocytes L-selectin and several isoforms of integrins have been identified. Blockade of

the selectins or integrins with monoclonal antibodies eliminates the ability of leukocytes to

adhere to biological surfaces. There is also a form of selectin on endothelium, P-selectin,

as well as several members of the immunoglobulin superfamily, such as the intercellular

adhesion molecules (ICAM-1, ICAM-1) and the vascular adhesion molecules (VCAM-1,

VCAM-2). P-selectin is stored in the cytoplasm of the endothelial cell in membrane bound

vesicles, which upon stimulation of the endothelium leads to rapid discharge of the vesicles

and incorporation of P-selectin into the endothelial membrane. In this way, the endothelial

cell becomes in a short time period an adhesive surface for white cells, but less for red cells.

Platelets may also adhere to endothelium, using their own adhesion molecules, and so may

red cells, but only in selected diseases such as sickle cell anemia.

There are other forms of cell activation. White cells may release cytoplasmic granules

which contain a spectrum of proteolytic enzymes and may lead to tissue destruction (Weiss,

1989). Endothelial cells, which under normal conditions express specific genes that serve

to scavenge oxygen free radicals (superoxide dismutase, catalase, nitric oxide synthase, cy-

clooxygenase) (Topper et al., 1996), may start to express new genes, such as cellular growth

factor (e.g. platelet derived growth factor, vascular endothelial derived growth factor), cy-

tokines (e.g. tumor necrosis factor, interleukin 1), which in turn can activate white cells, as

well as genes which promote coagulation of the blood (Gimbrone et al., 1997).

The activation of cells in the microcirculation has many consequences, most of which

cause a disturbance of the normal microcirculation, and thus may constitute the beginning

of a disease process. Instead of normal passage of passive white cells through the capil-

lary network, activation of white cells leads to an elevation of the hemodynamic resistance

(Sutton and Schmid-Schönbein, 1992; Helmke et al., 1997) and entrapment of white cells in

the capillaries (Warnke and Skalak, 1992; Harris and Skalak, 1993; Ritter et al., 1995) with

attachment to the endothelial surface (Fig. 8). In capillaries, the slower moving white cells

disturb the otherwise well aligned motion of the red cells and raise the hemodynamic resis-

tance even without attachment to the endothelium (Helmke et al., 1997). Activated white

cells become trapped in capillaries and may occlude them (Bagge et al., 1980; Engler et al.,

1983; Del Zoppo et al., 1991). The activated leukocytes may also release humoral media-

tors which signal the arterioles to contract (Mehta et al., 1991). Activation of leukocytes by

means of mediators that are released during oxygen free radical formation leads to produc-

tion of oxygen free radicals by both leukocytes and the endothelium (Suematsu et al., 1992).

Interestingly, activation of the microcirculation with inflammatory substances, like platelet

activating factor (which in spite of its name is also an effective activator for endothelial
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Fig. 8. Transmission electron micrograph of white cells crawling across the endothelium (E) in a small venule.
Only part of the venular wall is shown with collagen (C) fiber in the tissue and red cells (R) in the lumen
(L) of the venule. Note that one of the neutrophils has projected a major part of its cytoplasm underneath
the endothelium.

Fig. 9. The number of superoxide forming neutrophils (as determined by nitroblue-tetrazolium reduction) in
the rat circulation before hemorrhagic shock by reduction of the blood pressure (to a mean arterial pressure
of 40 mmHg for 90 minutes). The survival was determined by observation over a period of 24 hours after the
hemorrhagic shock. Note the separate levels of cell activation between the two groups. There are animals
which initially have low levels of cell activation (left), but in the course of hemorrhagic shock develop higher
levels and die.

cells or white cells), leads to migration of leukocytes across the wall of postcapillary venules

into the tissue. But in a healthy tissue leukocyte migration leads to parenchymal cell injury

mostly in the presence of two stimulators and less in the presence of a single stimulator

(Tung et al., 1997). Thus, a single stimulus is less effective in mediating cell activation and

tissue cell injury compared with a stimulation by a combination of stimulators. The ex-

posure to multiple stimulations (e.g. from smoking, infections, dietary risk factors, arterial

hypertension) may be an important issue also in human cardiovascular disease.
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Perhaps one of the most direct ways to illustrate the importance of cell activation can

be demonstrated in hemorrhagic shock. To induce hemorrhagic shock, the central blood

pressure is reduced for a selected period of time by withdrawal of blood from a central

artery or vein. Trauma victims with major blood loss may be subject to hemorrhagic

shock. Such a reduction of the blood pressure may lead to significant organ dysfunction

and lack of perfusion of the microcirculation in many organs (Bagge et al., 1980; Barroso-

Aranda et al., 1988). Depletion of white cells in the circulation serves to enhance the

probability of survival following hemorrhagic shock. But in any group of animals, some

survive and some will succumb to this type of challenge of the circulation by temporary

pressure reduction. What could be the reason? While there are a number of differences

between survivors and nonsurvivors, like heart rate, white cell counts and others, these

parameters are only different as an average between the two groups, individual animals

show large deviations from the average. But the level of cell activation prior to the pressure

reduction exhibits a difference between the two groups: initially and during the course

of the pressure reduction survivors have a low level of white cell activation, nonsurvivors

have elevated levels (Barroso-Aranda and Schmid-Schönbein, 1989; Barroso-Aranda et al.,

1991) (Fig. 9).

4. Cell Activation in Patients

There is evidence that patients with myocardial ischemia and stroke have elevated levels

of cell activation in the circulation. The activation can be detected in the form of pseu-

dopod formation on white cells (Chang et al., 1992), oxygen free radical production (Ott

et al., 1996), adhesion (Grau et al., 1992), reduced cell deformability (Bauersachs et al.,

1997), or gene expression (Marx et al., 1997). Patients which have a known risk factor for

these conditions also exhibit signs of activation in their white blood cells, such as diabetics

(Pécsvarády et al., 1994), patients with arterial hypertension (Lacy et al., 1998), as well

as smokers (Pitzer et al., 1996). As we have seen above, activated cells may be trapped

in capillaries. Thus the population of cells that we collect from the venous or in selected

cases also arterial blood of patients may contain fewer of the activated cells. The activated

cells may be trapped in the microcirculation of those organs that are subject to complica-

tions. Unfortunately there are currently no noninvasive techniques to study endothelial cell

activation in patients. Thus, there is this need that alternative techniques be developed to

study the activation in patients. One such approach was developed by Pitzer et al., who

collected fresh plasma and incubated it with naive donor cells from an individual without

symptoms (typically a young college student who does not smoke or show other signs of

activation). Incubation of the plasma of smokers with such naive leukocytes leads to signifi-

cantly elevated levels of activation (Pitzer et al., 1996). This experiment illustrates that the

plasma of smokers may contain a factor that serves to activate the white cells. Similar tests

in hemorrhagic shock reveal that activated cells may not be detectable in blood samples

from central blood vessels (Shen et al., 1995). If the plasma contains an activator which

can reach every organ and every capillary of the microcirculation, even innocent bystander

organs, then we may be dealing with a form of activation which is less desirable and may

lead to complications in microvascular perfusion and organ function.
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5. Mechanisms of Cell Activation

The fundamental question which we are confronted with in several cardiovascular diseases

is: What are the mechanisms for cell activation? There are four general categories (Table 1)

that could lead to cell activation.

(1) The most frequently proposed mechanism is via a positive feedback involving a cell acti-

vator, i.e. a molecule or set of molecules which directly stimulate leukocytes, endothelial

cells or platelets. The list of molecules in this category is large and may span from bac-

terial (like endotoxin) or virus derived products to direct activators such as complement

fragments, lipid membrane derived products (e.g. platelet activating factor, lipoxyge-

nase derived products), small peptides (cytokines, lymphokines) and fragments derived

from extracellular proteins, thrombotic products (e.g. thrombin, fibrin fragments), to

peroxidized products (e.g. oxidized cholesterol) (Mazzoni and Schmid-Schönbein, 1996).

(2) There are natural mediators that serve to downregulate cells in vivo, such as gluco-

corticoid derived from the adrenal gland, adenosine (a metabolite), nitric oxide, and

albumin (one of the main plasma proteins). Depletion of these mediators may serve to

upregulate the cells. This constitutes a negative feedback mechanism for cell activation.

(3) There is evidence that adhesion molecules, like integrins, may serve not only as

molecules for membrane attachment, but also as signalling molecules across the mem-

brane to the cell cytoplasm. Thus it is possible that passive white cells may become

activated upon attachment to activated endothelium, and vice versa activated white

cells may stimulate passive endothelial cells upon membrane contact. This has been

referred to as junxtacrine activation (Zimmerman et al., 1996).

(4) Fluid shear stress serves to control the state of activation of cardiovascular cells. Perhaps

this is the most surprising mechanism that controls cell activation.

In spite of the fact that fluid shear stress (the force tangential to the cell surface per

unit area, typically about 10 dyn/cm2) in the microcirculation is much lower than the

fluid normal stress (the negative of the fluid pressure and about 103 to 105 dyn/cm2), it

has a powerful effect on endothelial cells (Dewey et al., 1981; Davies, 1995; Resnick and

Gimbrone, 1995), red cells (Johnson, 1994), and platelets (Konstantopoulos et al., 1995).

The mechanics in the microcirculation controls biology. Endothelial cells respond to shear

stress by ion exchange, induction of membrane signalling pathways, by phosphorylation of

G-proteins, rearrangement of the cytoplasmic actin, expression of genes with shear stress

specific promotors (Resnick et al., 1993; Kuchan et al., 1994; Shyy et al., 1995). Fur-

thermore, endothelial cells are quite sensitive with respect to the details of the shear field;

unsteady stresses give a different response than steady fluid shear stress (Davies et al., 1986;

DePaola et al., 1992).

The application of steady laminar shear stress serves to induce a specific set of genes

in endothelial cells which protect against the detrimental action of the oxygen free radicals

(cyclooxygenase, endothelial nitric oxide synthase, superoxide dismutase, and catalase)

(Topper et al., 1996) and may constitute the best of all situations in an adult circula-

tion. Unsteady flow or the application of cytokines serves to disturb this unique pattern of
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gene expression (Frangos et al., 1996; Topper et al., 1997) and leads to disturbance of the

microcirculation. White cells also respond instantaneously to shear stress (Moazzam et al.,

1997). Physiological levels of fluid shear stress serve to downregulate white cells. Cessation

of flow in the microcirculation at reduced fluid shear stress upregulates the cells. Thus, just

the reduction of fluid shear stress may serve to activate cells in the circulation.

As we saw above, in physiological shock high levels of cell activation are detected. Re-

cently, we traced their origin to a surprising source, the pancreas. Besides the production of

insulin, this organ synthesizes and releases a set of enzymes that serve the digestion in the

intestine. The enzymes can break down proteins, lipids, carbohydrates and nucleotides. In

the ischemic intestine these enzymes are not restricted to the inner lumen of the intestine,

but penetrate through the intestinal mucosal barrier (the brush border cell layer) into the

wall of the intestine where new activators are produced. The article following this Chapter

by Mitsuoka et al. (2000) provides details and a method to prevent the formation of the

activators. Note, in the absence of activator formation, many of the detrimental and lethal

events in shock are prevented.

6. Synopsis

Which of the mechanisms is responsible for the disturbance of the microcirculation in my-

ocardial ischemia, stroke or hemorrhagic shock? As we have seen, there is evidence for both

a change of fluid shear stress and for an activator in the plasma. Which of these mechanisms

constitutes the trigger mechanism? We do not know for certain. Are there other pathways

to disrupt the microcirculation? Possibly. Whatever mechanisms you favor, they are likely

to differ from case to case. But at the moment we do not know any case with certainty.

The study of cell activation may serve as a key to examine the problem and to develop a

systematic model of vascular disease. This is the message of this chapter.
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50. Skalak, R. and Öskaya, N., Models of erythrocyte and leukocyte flow in capillaries, Physiological

Fluid Dynamics II (eds. L. S. Srinath and M. Singh), Tata McGraw Hill, New Delhi (1987),

pp. 1–10.

51. Stossel, T. P. and Hartwig, J. H., Interactions of actin, myosin, and a new actin-binding protein

of rabbit pulmonary macrophages, J. Cell. Biol. 68, 602–619 (1976).

52. Suematsu, M., Schmid-Schönbein, G. W., Chavez-Chavez, R. H., Yee, T. T., Tamatami, T.,

Miyasaka, M., DeLano, F. A. and Zweifach, B. W., In vivo visualization of oxidative changes in

microvessels during neutrophil activation, Am. J. Physiol. 264, H881–H891 (1992).

53. Sutton, D. W. and Schmid-Schönbein, G. W., Elevation of organ resistance due to leukocyte

perfusion, Am. J. Physiol. 262, H1646–H1650 (1992).

54. Topper, J. N., Cai, J., Falb, D. and Gimbrone, M. A. J., Identification of vascular endothelial

genes differentially responsive to fluid mechanical stimuli: Cyclooxygenase-2, manganese super-

oxide dismutase, and endothelial cell nitric oxide synthase are selectively up-regulated by steady

laminar shear stress, Proc. Natl. Acad. Sci. USA 93, 10417–10422 (1996).

55. Topper, J. N., Wasserman, S. M., Anderson, K. R., Cai, J., Falb, D. and Gimbrone, M. A., Jr,

Expression of the bumetanide-sensitive Na-K-Cl cotransporter BSC2 is differentially regulated

by fluid mechanical and inflammatory cytokine stimuli in vascular endothelium, J. Clin. Invest.

99, 2941–2949 (1997).

56. Tung, D. K.-L., Bjursten, L. M., Zweifach, B. W. and Schmid-Schönbein, G. W., Leukocyte

contribution to parenchymal cell death in an experimental model of inflammation, J. Leukocyte.

Biol. 62, 163–175 (1997).

57. Warnke, K. C. and Skalak, T. C., Leukocyte plugging in vivo in skeletal muscle arteriolar trees,

Am. J. Physiol. 262, H1149–H1155 (1992).



Cell Activation in the Circulation 199

58. Weiss, S. J., Tissue destruction by neutrophils, N. Engl. J. Med. 320, 365–376 (1989).

59. Zhelev, D. V., Alteraifi, A. M. and Hochmuth, R. M., F-actin network formation in tethers and

in pseudopods stimulated by chemoattractant, Cell Motility and the Cytoskeleton 35, 331–344

(1996).

60. Zimmerman, G. A., McIntyre, T. M. and Prescott, S. M., Adhesion and signaling in vascular

cell–cell interactions, J. Clin. Invest. 98, 1699–1702 (1996).

61. Zweifach, B. W. and Lipowsky, H. H., Pressure-flow relations in blood and lymph microcircu-

lation, Handbook of Physiology, Section 2: The Cardiovascular System, eds. E. M. Renkin and

C. C. Michel, American Physiological Society, Bethesda, M.D. (1984), pp. 251–307.



200



201



202



203



204



205



206



207



208



209



210



211



212



213



214



215



216



CHAPTER 9

MOLECULAR BASIS OF CELL MEMBRANE MECHANICS

LANPING AMY SUNG

Department of Bioengineering, University of California, San Diego

1. Introduction

Molecular biology is an important part of bioengineering. This chapter will show how

molecular biology is being integrated into research in biomechanics. One of the systems

my laboratory is working on is the cell membrane. In this research, we address how indi-

vidual components of the cell membrane — especially the protein molecules — affect the

mechanical properties of cell membranes.

The plasma membrane is a 50-nm thick film that serves as a barrier between the contents

of the cell and its surrounding medium. This film is composed mainly of a lipid bilayer, which

is penetrated by channel and pump proteins that transport specific substances into and out

of the cell. The lipid bilayer is also associated with other proteins, including those acting

as sensors to detect the changes in its environment, and those function as infrastructures to

provide mechanical stability for the membrane when the cell is being stressed or deformed.

Some of the mechanical properties of the membrane (e.g. membrane fluidity) are de-

pendent on the composition and the structure of phospholipids, sterols and glycolipids that

form the lipid bilayer of the membrane. Yet, other mechanical properties of the membrane

(e.g. the resistance to elastic deformation or fragmentation) are primarily attributable to

the membrane proteins. Cell membrane proteins can be classified into three categories on

the basis of their relationships with the lipid bilayer: (A) transmembrane proteins that

span the lipid bilayer once or more; (B) acetylated proteins (i.e. proteins having a fatty

acid component) embedded, or partially embedded in the lipid bilayer; and (C) peripheral

proteins that are noncovalently associated with the lipid bilayer or other proteins on either

side of the membrane. Many of these membrane proteins interact with each other nonco-

valently. They form network structures that are integral with the lipid bilayer and provide

the mechanical properties of the cell membrane.

We investigate the functional role of specific proteins in the organization of the protein

network that is associated with the cell membrane, and how specific proteins affect me-

chanical properties and stability of the cell membrane. We especially want to know the

stress-strain relationship of the cell membrane when a specific protein is absent, overex-

pressed, underexpressed, or mutated. In other words, we want to know the molecular basis

of cell membrane mechanics.

Our research helps us to understand how the cell membrane deforms in response to stress,

how much the cell membrane deforms before it breaks, how does a membrane skeletal protein

affect the mechanics of the membrane, and what molecular and mechanical defects may be

present in certain hereditary diseases. Our research also involves creating cell membrane
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models in which one specific membrane network protein is mutated or depleted by genetic

engineering. Generating and analyzing these disease models helps us to understand and

appreciate the importance of biomechanics in living tissues. Furthermore, restoring normal

mechanical stability and properties to these model membranes, and rescuing other disease

phenotypes in hereditary diseases by gene therapy will be among the challenges facing the

new generation of bioengineers in the next century.

1.1. The membrane skeletal network

The human erythrocyte membrane is the best characterized cell membrane system in liv-

ing cells. It is the simplest in that an erythrocyte has no complicated three-dimensional

cytoskeletons connecting the plasma membrane to other parts of the cell. It has only a two-

dimensional protein network underneath the lipid bilayer. Furthermore, an erythrocyte has

no nucleus and other major organelles in the cytoplasm.

The mechanical properties of the erythrocyte membrane have been well characterized.

The molecular structures of the major proteins and lipids and their organization in the

membrane have also been well studied. Basically all major erythrocyte membrane skeletal

proteins (Fig. 1A), and some minor ones, have been cloned and characterized in the past

fifteen years. Electron microscopy and biochemical analyses of hypotonically expanded

human erythrocyte membranes have shown that these major membrane proteins form a

relatively regular, two-dimensional protein network (Fig. 1B) on the cytosolic side of the

membrane (Fig. 1C). This hexagonal membrane skeletal network supports the mechanical

stability of the lipid bilayer and contributes to the mechanical properties of the erythrocyte

membrane. While the 200-nm long, spring-like spectrin tetramers between two junctional

complexes are the thread of the hexagons (Fig. 1C), the short 37-nm stubs of actin protofil-

aments are the key components of the knobs. The knobs, or the junctional complexes, are

where the tail ends of spectrin tetramers (usually six) meet. The head-to-head association

of spectrin dimers occurs in the middle of the 200-nm long tetramers. The junctional com-

plexes also contain several actin-associated proteins, such as tropomyosin and erythrocyte

(E)-tropomodulin (3–10), that are involved in defining the uniform length (37 nm) of the

actin protofilaments (Fig. 5).

This two-dimensional protein network is anchored to the endoface of the lipid bilayer in

the erythrocyte membrane mainly through pairs of band 3/ankyrin/protein 4.2 complexes

(Fig. 1C). The pairs of such complexes are located in mid regions of the spectrin tetramers.

Each of the proteins in the complex plays an important role in attaching the membrane

skeletal network to the lipid bilayer: band 3 is the major transmembrane protein that serves

as the anion exchanger (a channel protein); Ankyrin is a peripheral membrane protein that

binds strongly and noncovalently to the β subunit of spectrin; and protein 4.2, which binds

to both band 3 and ankyrin, has a fatty acid component, making protein 4.2 and the entire

complex tightly associated with the lipid bilayer.

Each triangle formed by three spectrin tetramers is hung perpendicularly to the lipid

bilayer from underneath, by three pairs of the band 3/ankyrin/band 4.2 complexes, one pair

on each tetramer, in the mid region, with each complex in a pair being 80 nm apart from

each other (Fig. 1B and 1C). Sometimes, based on the electron microscopy, one or both sites
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Fig. 1. The molecular organization of erythrocyte membrane skeletal network. (A) The protein profile of
human erythrocyte membranes after being separated on the SDS-polyacrylamide gel. The specific names
of the major proteins are on the right. The names of these proteins, based on their positions on the gel,
are on the left. (B) The sketch showing the top view of the hypotonically expanded membrane skeletal
network. J/C stands for junctional complex. The pair of smaller complexes between the two junctional
complexes in mid regions of the spectrin tetramers, are protein 4.2/band 3/ankyrin complexes. (C) The
sketch showing the side view of the erythrocyte membrane in between two junctional complexes. A spectrin
tetramer is 200-nm long, consisting of two αβ spectrin dimers, which are associated with a head-to-head
fashion. The two tail ends of the spectrin tetramer joint the junctional complexes and the two head ends
meet in the middle. A spectrin tetramer is associated with a pair of protein 4.2/band 3/ankyrin complexes,
each is 20 nm away from the midpoint of the spectrin tetramer. The complex consisting of transmembrane
proteins band 3 (in black), protein 4.2 (in gray), and ankyrin (in white), links the erythrocyte membrane
skeletal network to the endoface of the lipid bilayer. Theses complexes are the major bridges that hang the
spectrin-actin based membrane skeletal network to the lipid bilayer.

for the complexes on β spectrin are not occupied. In the native state, all the membrane

skeletal proteins, while linked to the flexible skeletal network, may be pached closely with

each other, forming a single layer of protein sheet under the lipid bilayer. What is the

advantage of such network organization in providing the stability of the lipid bilayer? How

does the network organization allow the elastic deformation of the erythrocytes? These

are the important engineering questions because erythrocytes need to be strong in order to

survive the flow dynamics of the cardiovascular system and yet highly deformable in order

to negotiate through narrow capillaries, many of which have smaller diameters than that of

the erythrocytes.

We have contributed to the better understanding of the molecular structures of the

erythrocyte membrane components by cloning and characterizing two cDNA sequences of

human reticulocytes (precursors of erythrocytes). One cDNA encodes for the major ery-

throcyte membrane skeletal protein 4.2 (1), and the other for a minor erythocyte membrane

skeletal protein Eropomodulin (3). The paper describing the cloning of protein 4.2 is en-

closed on p. 228.
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Fig. 2. Deformation of a human erythrocyte in response to four different shear stresses in a flow channel.
The wall shear stresses are 0, 0.5, 1.7, and 2.5 dynes/cm2, from left to right.

1.2. The mechanical properties of erythrocyte membranes

The mechanical properties of erythrocyte membranes have been characterized by several

techniques using engineering principles and technologies. These include flow channel, mi-

cropipette aspiration, ektatocytometry, and microceiving techniques (11, 12, for review see

Refs. 13 and 14). While the first three techniques analyze the stress-strain relationship

of the erythrocyte membrane by observing the degree of erythrocyte deformation, the mi-

croceiving technique measures the resistance of the flow in relation to the deformability

of erythrocytes. In addition, the osmotic fragility is also a measurement of the mechani-

cal stability of the erythrocyte membrane when erythrocytes are subjected to low osmotic

solutions, and the degrees of hemolysis of erythrocytes are quantified.

An example of analyzing the stress-strain relationship of an erythrocyte is demonstrated

in Fig. 2. It shows the various degrees of cell deformation of a normal erythrocyte in response

to increasing levels of shear stresses controlled by the fluid flow rate when the cell is attached

to the floor of the channel with a point attachment (11).

To understand why the mechanical stability of the membrane or the deformability of

diseased erythrocytes is altered in patients with hemolytic anemia or other disorders, and

how to restore the mechanical stability and properties, we must elucidate the molecular

basis of membrane mechanics of both normal and diseased erythrocytes.

2. What Are the Studies Reported in the Enclosed Paper?

In order to understand how membrane skeletal proteins interact with each other in forming

the protein network, and how the network organization effects the mechanical properties

of the erythrocyte membrane, the amino acid sequences or the primary structures of these

membrane skeletal proteins are needed. The amino acid sequences are also essential to

identify the molecular defects in patients and to study the effects of mutations on the

mechanical properties of erythrocyte membranes.

Recombinant DNA technologies are the technologies that have been used in recent years

to reveal the primary structures of major membrane skeletal proteins. The recombinant

DNA technologies include the use of restriction endonucleases, direct nucleotide sequenc-

ing, cDNA and genomic DNA cloning, site-specific mutagenesis, polymerase chain reaction

(PCR), and generation of transgenic or knockout cells and animals.

Although our laboratory has used the above recombinant DNA technologies to clone

and characterize both protein 4.2 and E-tropomodulin cDNAs and their corresponding

genes, to generate a series of mutant recombinant proteins, and to knock out a specific

gene in mouse models the paper reporting the cDNA cloning of human protein 4.2 (1) is

enclosed in this chapter. It is chosen because it reports several important findings and basic
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analyses in one single scientific paper: (1) the technologies involved in the cDNA cloning,

(2) the finding of two alternatively spliced cDNA isoforms of the same protein, (3) the

analysis used for predicting a protein’s secondary structure, (4) the hydropathy plot for

predicting the possible association between a protein and the membrane lipid bilayer, (5)

the homology search in protein and nucleotide databases, and the sequence alignment, and

(6) the experience of a pleasant surprise in the world of scientific discovery.

2.1. The cloning of human erythrocyte protein 4.2

The cDNA cloning of human erythrocyte protein 4.2 was done by immunoscreening of a

human reticulocyte cDNA library with a protein 4.2 specific antibody. The additional 5’

sequences of the cDNA were obtained by PCR, a technique used to amplify a piece of DNA

in vitro with pairs of sequence-specific primers. Nucleotide sequencing of these clones,

and translating the open reading frame of the cDNAs, predicted a protein of 691 amino

acids and a longer isoform with a 30-amino acid insertion. The authenticities of the cDNA

sequences were verified by several lines of evidence. The translated amino acid sequence

also allowed the prediction of protein properties, such as molecular mass, isoelectric pH,

secondary structure, and hydropathy plot.

2.2. Sequence homologies between protein 4.2 and transglutaminases

The complete amino acid sequence of protein 4.2 allowed the search for its sequence homol-

ogy among all published protein sequences collected in the databases. National Center for

Biotechnology Information (NCBI, http://www.ncbi.nlm.gov), for example, provides such a

service. By doing so we discovered, to our surprise, that human protein 4.2, a major skeletal

protein in erythrocyte membranes, actually belongs to an enzyme family. Protein 4.2, in

fact, has a significant homology with a group of transglutaminases, e.g. the coagulation

factor XIIIa and liver transgulataminase. The sequence homology indicates that protein

4.2 and other transglutaminases evolved from a common ancestor gene from long ago!

Homologous proteins often have related (not necessarily similar) functions. Transglu-

taminases are a group of enzymes that generally function to catalyze covalent cross-linking

of proteins and stiffen tissues and cells. Protein 4.2, however, is a pseudo-transglutaminase

in that it cannot enzymatically cross-link proteins covalently. While all the functional trans-

glutaminases have a Cys-Trp in their active sites to catalize the cross-linking, protein 4.2

has an Ala-Trp instead.

2.3. Why two transglutaminases (one pseudo- and one real) in

erythrocytes?

Normal mature erythrocytes are highly deformable. The deformability is needed for ery-

throcytes to negotiate through some narrow capillaries whose diameters are smaller than

that of erythrocytes. It is not clear why two transglutaminases (one pseudo-, one real) exist

in erythrocytes. We hypothesized that protein 4.2 and erythrocyte transglutaminase, by co-

ordinating their bindings to the major transmembrane protein band 3, regulate the degree

of covalent cross-linking of the membrane protein network. The degree of cross-linking,
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Fig. 3. A schematic drawing of hypothesis involving the function of protein 4.2 and erythrocyte transglu-
taminase. By coordinating their bindings to the major transmembrane protein band 3, these two proteins
regulate the degree of covalent cross-linking of the membrane protein network. Ab: antibody; TcγR: Fcγ
receptors on macrophages that undergo erythrophagocytosis; CW: Cys-Trp; AW: Ala-Trp

in turn, may regulate the elastic deformation, the surface topology, and the life span of

erythrocytes (Fig. 3). We are designing experiments to validate (or to disapprove) the hy-

pothesis, centering on the mechanical functions of these two interesting and homologous

proteins in erythrocytes, especially near the end of their life spans.

3. What Are the Related Researches Beyond the Enclosed Paper?

3.1. Protein binding site

Recombinant DNA technologies have been used to clone more than a dozen of human ery-

throcyte membrane proteins and to characterize their interactions. Included is the cDNA for

human E-tropomodulin, a tropomyosin- and actin-binding protein located in the junctional

complexes of the erythrocyte membrane network (see Fig. 1B) (3).

E-tropomodulin is a capping protein that caps the actin filaments at the pointed

end and regulates the length of the actin filaments (4). It is likely that the E-

tropomodulin/tropomyosin complex plays an important role in there organization and

the biomechanics of the membrane skeletal network during the terminal differentiation

of erythrocytes. In nonmuscle cells, E-tropomodulin binds to the N -terminus of human

tropomyosin isoform 5 (TM5), thus positions itself on the very pointed end of the actin

filaments to function as a capping protein (Fig. 4) (5). We have also identified tropomyosin

isoform 5 (5) and isoform 5b (6) to be the two major tropomyosin isoform incorporated

in human erythrocyte membrane skeletons (5). Site-specific mutagenesis of human tropo-

moysin isoform 5 demonstrated that 3 hydrophobic residues isoleucine, valine, and iso-

lencine located at the “a” and “d” positions of the N -terminal heptad repeats (between

residue’s 7–14) and a positively charged residue, arginine, at position 12, are critical for

the E-tropomodulin-binding (Fig. 5 bottom panel) (7). Site-specific mutagenesis allows us

to change one or more specific residues in a molecule in order to identify critical residues
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Fig. 4. A molecular model of nonmuscle actin filament showing the binding of E-tropomodulin to the N-
terminus of tropomyosin isoform 5 (TM5) at the pointed end and the head-to-tail association of tropomyosin
molecules along the actin filament. In human erythrocytes, the actin protofilament filaments are only 6 or
7 actin monomers in length (∼ 33–37 nm), possibly associated with only two tropomyosin molecules, one
in each groove of the actin filaments, and one E-tropomodulin at the pointed end. The actin protofilament,
E-tropomodulin, tropomyosin, and other associated proteins form the junctional complex in the membrane
skeletal network (J/C in Fig. 1, panels B and C).

involved in the protein interactions. The interactions among proteins are important for the

network organization and the mechanical properties.

3.2. Molecular ruler, protofilament, hexagon, and elastic deformation

Although TM5 and TM5b are products of two different genes γ-TM and α-TM genes,

respectively, they share several common features, including: (1) both are low molecular

weight (LMW) isoforms, have 248 residues, and are ∼33–35 nm long, (2) both have a

high actin-binding affinity, and (3) both have a high E-tropomodulin-binding affinity (6).

The following discusses the actin affinity of TM and why it is important for the stability

of protofilaments; the length of TM and how it defines the hexagonal geometry of the

membrane skeleton; and the E-tropomodulin affinity of TM and how that modulates the

function of TM isoforms and the length of the actin filaments (Fig. 5).

High actin affinity allows TM5 and TM5b to form more stable protofilaments. Ery-

throcytes are constantly subjected to the flow dynamics of the cardiovascular system and

frequently deformed in negotiating their ways through narrow capillaries. Protofilaments

located in the center of the junctional complexes must be strong enough to resist the pulling

of spectrin in response to stresses, in order to maintain the integrity of the membrane skele-

tal network. The main function of TM is to coat and stiffen to actin filaments, making

them more resistant to depolymerization and fragmentation. TM5 and TM5b, the two TM

isoforms that have a high affinity toward actin, should function better than other LMW

TM isoforms in stabilizing protofilaments.

The length of TM molecules defines the geometry of the membrane skeletal network.

In general, high molecular weight (HMW) TM isoforms (284 residues, ∼40–43 nm long)

may protect 7 G-actins in one strand and LMW TM isoforms (248 residues, ∼33–35 nm

long) 6. As LMW isoforms, TM5 and TM5b stabilize six G-actins, and allow six αβ

spectrin dimers to bind to one protofilament (presumably one αβ spectrin dimer binds to

one pair of G-actin in the double helix). As a result, LMW isoforms, rather than HMW

isoforms, favor the organization of hexagonal lattices in the membrane skeletal network. The

mostly hexagonal arrangement of the lattices allows a seamless continuation of the spectrin-

actin based skeletal network throughout the entire cell membrane. Such a 2-D membrane

skeletal network is essential for the mechanical stability of a circulating erythroctye, as the



224 L. A. Sung

Fig. 5. A view on how E-tropomodulin and specific TM isoforms contribute to the erythrocyte membrane
mechanics. E-tropomodulin binding site is described in Section 3.1. Molecular ruler, protofilament, and
hexagon are described in Section 3.2. Elastic deformation of erythrocytes is described in Section 1.2. The
top panel shows “blue” E-Tmod +/− erythrocytes circulating in a 9.5 day old mouse embryo. The yolk
sac is outside and the embryo proper with a “blue” heart is inside. Blood cells and candiomyocytes turned
blue after the X-gal staining because the “knocked in” lacZ reporter gene, which replaced the E-Tmod gene,
was highly expressed as described in Section 3.6. From Ref. 15, reproduced by permission of the American
Society of Hematology.

enucleated, biconcave mature erythrocyte has no longer a supporting 3-D actin cytoskeleton

in the cytoplasm.

The high E-tropomodulin affinity of TM5 and TM5b makes the TM/E-tropomodulin

complex an effective measuring device, or a molecular ruler, capable of metering off long

actin filaments to short protofilaments. This is because TM complexed with E-tropomodulin
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is able to bind and block an actin filament at its pointed end, but not able to overlap with

other TMs in a head-to-tail fashion along the actin filaments or at the barbed end (Fig. 4).

As the result, only the first six G-actins (in one strand, or twelve in the double helix) located

at the pointed end of the actin filaments are protected by TM. Given the stress and strain

undergone in the erythrocyte membrane during circulation, segments of actin filaments not

coated by TM are likely to be fragmented or depolymerized. Thus, only short segments

of the actin filaments that are protected by 1 TM can survive. The complex, therefore,

contributes to the formation and maintenance of protofilaments in erythrocytes. The fact

that TM5 has a high initial binding affinity and a low cooperativity to actin filaments should

also favor the formation of protofilaments with only 1 TM in length.

3.3. Genomic organization

Recombinant DNA technologies have also been used to clone and characterize genomic

DNA of humans and other species. We have cloned the genomic DNA encoding protein

4.2 to understand how erythrocyte protein 4.2 isoforms are derived through the alternative

splicing (2). We have also cloned human and mouse E-tropomodulin genes in order to

understand their exon-intron organization (8). Studies on the genomic organization allow

us to understand how the expression of a specific gene is regulated and how the splicing of

the mRNA is achieved. For example, we have identified 9 exons encoding the 359 residues

of E-tropomodulin in human and mouse erythrocytes (8). There is also a possibility that

alternative promoters and/or alternative splicing may be involved in regulating the expres-

sion of Tmod or Tmod-like gene in different tissues. Genomic fragments are also needed to

construct targeting vectors to knockout specific genes in creating disease models. We have

also mapped the protein 4.2 and E-tropomodulin genes to human chromosome 15q15-20

and 9q22, respectively. Chromosomal mapping helps the localization and identification of

disease genes in human patients. In addition to the E-Tmod gene, there are 3 more Tmod

genes (Sk-Tmod, N-Tmod, and Tmod 3) recently found in human and mouse genomes.

They are separate genes, encoding homologous but not identical tropomodulin proteins in

overlapping or different tissues, such as in the skeletal muscle or the brain.

3.4. Nonerythroid cells

The gene encoding erythrocyte membrane skeletal proteins exist in all nucleated cells. They,

however, are not always expressed. Meaning, the genomic DNA may not always be tran-

scribed into mRNA, and used as a template to synthesize proteins. Some of the erythrocyte

membrane skeletal proteins are tissue restricted (e.g. protein 4.2), some are more widely

expressed among tissues. For example, the heart and skeletal muscle, which have the actin

(thin) filament as an essential element in their sarcomeres, also express high levels of E-

tropomodulin. It has been shown by other investigators that E-tropomodulin binds to the

pointed end of the sarcomeric actin filaments and regulates the length of the actin filaments

in muscular tissues (9). Furthermore, overexpression of E-tropomodulin is associated with

the myofibril disarray and the dilated cardiomyopathy in mice. Therefore, studies of E-

tropomodulin in erythrocytes have led to the findings of important mechanical functions

of E-tropomodulin in nonerythroid cells and tissues. Figure 6 shows the distribution and
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Fig. 6. The regular striated organization of E-tropomodulin in cultured neonatal rat cardiomyocytes. The
cardiomyocytes were fixed, permealized, and incubated with a mouse monoclonal antibody made against
human E-tropomodulin. After further incubation with a FITC-conjugated secondary antibody against mouse
immunoglobulins, the cells were examined under a fluorescent microscope. The bar is 25 µm.

organization of E-tropomodulin in cultured neonatal rat cradiomyocytes. Note that E-

tropomodulin exhibits a regular pattern of striation in cardiomyocytes as E-tropomodulin

molecules are positioned at the pointed end (free end) of the well organized actin filament

(thin filament) in sarcomeres.

3.5. Mutants and diseases

Mutations or deficiencies best reveal the function of a protein. Many hemolytic anemic

patients have deficiencies or mutations in one of the major membrane skeletal network pro-

teins in their erythrocytes, such as spectrins, ankyrin, band 3, protein 4.1, and protein 4.2

(see Fig. 1A). In many cases the protein deficiencies are associated with point mutations or

frame shift mutations of these proteins. The erythrocytes of these patients exhibit sphere-

ocytosis, elliptocytosis, or ovalocytosis, and the membranes demonstrate osmotic frigidity.

The existence of these patients demonstrates the importance of membrane skeletal proteins

in maintaining the mechanical stability and properties of the erythrocyte membrane.

3.6. Knockout cells and mice: models to study the molecular basis of

biomechanics

When there is no disease model or the cause-effect relationship remains to be confirmed

between a mutation and a disease, creating a knockout cell line or animal model deficient

of a specific protein is a clean approach to demonstrate the role of this protein. This is

accomplished by first constructing a targeting vector, which is a modified genomic fragment,

and then introducing, by electroporation, the targeting vector into a cell line. The cell lines

will be embryonic stem (ES) cells if the intention is to generate knockout mouse models.

Through the rare probability of homologous recombination between the targeting vector

and the endogenous gene, the endogenous normal gene is replaced by the targeting vector

that carries a disrupted gene (Fig. 7). As a result, the expression of this gene, or the

synthesis of this protein is specifically blocked. Investigating such cells or cells derived
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Fig. 7. A simplified schematic drawing showing the procedure used to enrich the mouse embryonic stem cells
containing a targeted disruption of the E-tropomodulin gene. Top: targeting vector; Middle: endogenous
gene; Bottom: disrupted gene after homolgous recombination between te targeting vector and the endogenous
gene. Drawing modified from Mansour et al., Ref. 16.

from such genetically engineered cell lines allows us to establish the functional role for this

protein.

The embryonic stem cells, in which a targeted disruption of a specific gene has occurred,

allow us to create knockout animal models. This is achieved by microinjecting the geneti-

cally altered mouse embryonic stem cells into early embryos at the stage of tropoblasts and

then transplanting these early embryos into pseudopregnant mice. The resulting chimeric

mice may give rise to heterozygous knockout mice if some of their germ cells are derived from

the genetically altered embryonic stem cells. Breeding between the heterozygous knockout

mice may give rise to homozygous knockout mice if the homozygous null mutation is not

a lethal mutation. The homozygous knockout mice are completely deficient of the protein

encoded by that specifically disrupted gene. Several knockout mouse models or cell lines

deficient of erythrocyte membrane skeletal proteins have thus been created. We have con-

tributed to these studies by creating embryonic stem cells and mice that are deficient of

E-tropomodulin (10).

We first characterized the exon-intron organization of the mouse E-tropomodulin gene

E-Tmod (8). We then constructed a targeting vector in which the exon containing the ATG

initiation codon was replaced by a neomycine resistant (Neor) gene and a bacterial lacZ gene.

Such targeting vector has been used to create embryonic stem cell lines heterozygous and

homozygous for E-tropomodulin null mutation (10). The expression of the lacZ reporter

gene, which encodes a β-galactosidase, can be detected by its substrates, e.g., X-gal or

FDG (a fluorescent substrate), allowing us to identify cells or tissues that normally express

E-tropomodulin. These embryonic cells can be driven into erythroid and other lineage in

culture to demonstrate the effect of E-tropomodulin deficiency on the mechanical properties

of erythroid and nonerythroid cells.

The embryonic stem cells, whose one copy of the E-tropomodulin gene is disrupted, can

also be used to generate chimeric, heterozygous, and homozygous knockout mice. While
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the heterozygous knockout mice (E-Tmod +/−) survive to the adulthood, homozygous

knockout mice (E-Tmod −/−) die during the early embryonic development. The results

indicate that E-tropomodulin is essential for the embryogenesis, and that there are no other

genes in the mouse genome to compensate for the function of E-tropomodulin when both

copies of the E-tropomodulin gene are disrupted. The disease phenotypes in E-Tmod −/−
embryos include arrests of heart development, vasculogenesis, and hematopoiesis (10). Our

initial analysis using micropipette aspiration technique (12), in collaboration with K.-L.

Paul Sung, shows that erythrocytes and erythroid cells isolated from E-Tmod −/− yolk

sacs have less mechanical strength in their membranes in response to a negative pressure,

exhibit partial hemolysis, and are easier to be fragmented as compared to the normal (E-

Tmod +/+) cells. We will soon begin to analyze the organization of the membrane skeletal

network and to complete the characterization of the mechanical properties of E-Tmod −/−
erythroid cells, so that the structural and mechanical functions of E-tropomodulin in the

erythrocyte membrane can be established.

Since E-tropomodulin is normally highly expressed in cardiac, skeletal, and smooth

muscles as reported by the lacZ reporter gene, the mechanical functions of E-tropomodulin

in these tissues will also be studied in vivo. These will be done by analyzing the structures,

mechanical properties, and functions of the heart, the blood vessel, and the skeletal muscle of

the wild type, the heterozygous and homozygous knockout mice or embryos. Furthermore,

the phenotypes observed in knockout mice will be used as a guideline to screen human

patients with similar disease phenotypes blood, cardiovascular system, and muscular tissues.

The studies of knockout mice will, therefore, help us in identifying human diseases whose

molecular defects are associated with mutations or abnormal expression of E-tropomodulin.

3.7. Cell membranes: A target and a barrier for gene transfer

After the molecular basis of cell membrane mechanics is established with the use of mutant

or knockout models, we will want to see whether the disease phenotypes such as the arrests of

heart development, vasculogenesis, and hematopoiesis in E-Tmod −/− mice can be rescued

by the strategies of gene therapy. Delivery of a normal cDNA into the knockout cells e.g.,

ES cells, in culture by electroporation can be performed. Introducing a normal gene to

knockout mice by viral vectors, lipofusion, or other methods can be carried out in vivo.

Although these techniques have been utilized to transfer genes into living cells and tissues,

their efficiencies are far from satisfactory and some safety concerns have not been ruled out.

We hope, in the future, after introducing a normal copy of the E-tropomodulin cDNA or

gene to the mutated cells or individual, the cell membrane will regain the normal mechanical

strength, exhibit no premature hemolysis, and resist to fragmentation in response to a

normal physiological shear stress.

While the cell membrane is the target of the treatment in several mouse models and

some hemolytic anemic patients, the cell membrane itself is an important physical barrier

for all techniques involved in gene transfer. Bioengineers working on the molecular basis

of the biomechanics of cell membranes may help in improving strategies of gene therapy.

One of the greatest challenges for biomedical researchers, including bioengineers, at the

turn of this century is developing technologies to deliver transgenes with high efficiencies.
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A transgene needs to be delivered with a high efficiency to the right tissues, at the right

time, not only to cross the physical barriers of the plasma membrane, but also that of the

nuclear membrane, not only to replace the disease genes but also to express (transcribe into

mRNA) under the normal control, and on a long-term basis.

It is interesting that the cell membrane is a target and, at the same time, a barrier

for gene transfer. For successful gene transfer, understanding both the biochemistry and

biomechanics of the cell membrane is important. Thus, knowledge and skills in both molec-

ular biology and engineering are in order to bring about innovative solutions to meet this

important challenge.

4. Conclusion

This chapter demonstrates that the two seemingly unrelated fields, biomechanics and molec-

ular biology, can be integrated. Together they can address questions neither fields alone can

do. The example given here is our research work designed to address the molecular basis of

cell membrane mechanics. While we have made much progress, more need to be done.

By integrating biomedical sciences and engineering, bioengineers have improved our ba-

sic understanding of biological systems. Having analyzed biomedical problems in this light,

they have designed practical treatments for disease. Molecular biology and engineering are

a powerful combination. The new generation of bioengineers capable of executing recombi-

nant DNA technologies, will clearly be at the frontier, making more original and exciting

contributions at the interface of medicine and engineering.
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1. Introduction

Injuries may occur in many different ways. While many injuries result from sporting events

or falls, the more severe impacts occur at higher speed impact associated with transportation

related accidents. There are over 3 million people injured per year in traffic crashes in the

United States alone, in which more than 40,000 people were killed. The economic cost alone

of motor vehicle crashes in 1994 was estimated to be more than 150 billion (1). Among

the injuries, brain injury is the leading killer and cause of disability in children and young

adults. A conservative estimate puts the total number of traumatic brain injuries at over

500,000 per year in the United States severe enough to require hospitalization, and about

75,000 to 100,000 will die as a result of a traumatic brain injury. Of those who survive

their initial injury, approximately 70,000 to 90,000 will endure lifelong debilitating loss of

function. A survivor of a severe brain injury typically faces 5 to 10 years of intensive services

and estimate cost in excess of $4 million (2). Motor vehicle crashes cause about half of all

brain injuries. There are approximately 1,000 bike-related deaths per year, of which about

75% are the results of head injuries. Brain injury is the leading cause of death in bicycle

incidents.

Injuries are abundant in life. We are interested in healing and reduction of injury through

engineering. Each of us knows somebody injured in some unfortunate accidents. Each of

us could think of ways to improve our chance of survival. Thinking concretely of ways to

implement our wishes is our engineering opportunity.

2. Historical Perspective

Society makes laws to assure safety of people. Engineers design their vehicles and struc-

tures with safety as a primary consideration. A typical approach taken by engineers with

regard to head injury in automobile transportation can be quoted. In this approach, an

injury criterion is defined as a measure to indicate injury potential of a particular body

region in response to mechanical inputs such as applied forces, pressure and/or kinematics.

Injury criterion is intended for a broad range of applications. With the great variability in
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Fig. 1. The “Wayne State University” tolerance curve for the human brain in forehead impact against plane,
unyielding surface.

biological systems, a criterion must be statistical in nature. The current US Federal Motor

Vehicle Safety Standard 208 specifies the ‘Head Injury Criterion’ as a safety criterion that

new vehicles introduced to US highways must comply with. The criterion is used as an in-

dicator for head injury potential in motor vehicle crash testing. This requirement has led to

better vehicle and restraint system designs, which provide improved occupant protection for

selected impact situations. The criterion evolved from the Wayne State Tolerance Curve,

which is shown in Fig. 1. This curve was based on the clinical observation of frequent con-

comitant concussions in skull fracture (80% of all concussion cases involved skull fractures,

(3). With the observed data, Gurdjian et al. (4) suggested that the tolerance of the skull

to fracture is an effective indicator for tolerance to brain injury. In this curve shown in

Fig. 1, the ordinate is the “effective” acceleration (which is an average front-to-back accel-

eration of the skull measured at the occipital bone over a “duration” T) for impacts of the

forehead against a plane, unyielding surface; the abscissa is the duration of the effective

part of the pulse. Lissner et al. (5) later developed a correlation between the magnitude of

the translational anterior-posterior acceleration and the load duration that can potentially

lead to skull fracture and head injury. Lissner’s result was based on a variety of empirical

data from cadaveric, animal, and human tests. Gadd (6) later used the tolerance curve to

develop the Gadd Severity Index. These eventually lead to the concept of specifying a spe-

cific maximum number of an integral called the Head Injury Criterion (HIC). The HIC that

relates the severity of head injury potential to the amplitude and duration characteristics of

the resultant translational acceleration at the center of gravity of a dummy head is defined

as follows:

HIC = max

{
1

(t2 − t1)

∫ t2

t1

[a(t)]dt

}2.5

(t2 − t1)

where a(t) = resultant translational acceleration at the center of gravity (CG) of the head in

multiples of g, the gravitational acceleration on earth at sea level; (t2 − t1) = time interval

maximizing the Head Injury Criterion in milliseconds.
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The U.S. Federal Standard 208 (effective 9/1/91) specifies that with t2 − t1 equal ap-

proximately to 36 ms (milisecond), HIC should be less than 1000. While this Head Injury

Criterion has been used as an indicator for both skull fracture and brain injury potential,

its efficacy in detecting and evaluating rotationally induced injuries appears to be limited.

However, its long and popular use by the automobile industry shows nevertheless the im-

portance of acceleration and the period of impact in causing head injury.

3. Basic Biomechanics of Injury and Healing

In the following, we shall discuss the basic features of the dynamics of our bodies in resisting

an impact load and the healing afterwards. The material in Sections 3–9 are reproduced

from articles written by the present authors, (7,8,9), by permission.

First, we must realize that when a load hits a person, the stress in the person depends

on how fast the body material moves. This is because our body reacts to the load by setting

up internal elastic waves. An understanding of this point is very important.

The impact load that may cause injury to a person frequently comes as a moving mass

(e.g. a bullet, a flying object, a car), or as an obstruction to a moving person (e.g., falling

to the ground, running into a tree). The impact causes the material of the human body in

contact with the load to move relative to the rest of the body. The initial velocity induced

in the body material particles that come into contact with the load has a decisive influence

on the stress distribution in the body following the impact. The velocity can be supersonic

transonic, subsonic, or so slow as to be almost static. The body reacts differently to these

speeds. This is of central importance to the understanding of trauma, and is explained

below.

If a load comes like a bullet from a gun, it sets up a shock wave. The shock wave

will move in a person’s body with a speed faster than the speed of sound in the body. At

supersonic speed, the shock wave carries energy that is concentrated at the shock-wave front.

Thus in a thin layer in the body, a great concentration of strain energy exists, which has

a high potential for injury. This is analogous to the sonic boom coming from a supersonic

airplane. People are familiar with the window-shaking and roof-shattering thunder to sonic

booms. In these booms the shock energy of the airplane is transmitted down to the house.

Similarly, the shock wave created by a load that hits at a supersonic load can cause damage

to a human body. A fast-moving blunt load that does not penetrate can nevertheless cause

shock-wave damage.

If the body material moves at a transonic or subsonic velocity, stress waves will move

in the body at sonic speed. These stress waves can focus themselves into a small area and

cause concentrated damage in that area. They can also be reflected at the border of organs

and cause greater damage in the reflection process.

The complex phenomena of shock- and elastic-wave reflection, refraction, interference,

and focusing are made more complex in the human body by the fact that different organs

have different damping characteristics and different sound speed. There are little data

available on the damping characteristics of organs. The sound speeds in different organs

are listed in Table 1 (from Fung, (8), p. 473, in which original references are listed) and

Fig. 2. It is seen that the cortical bone has a sound speed of 3,500 m/sec. This may be
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Table 1. Velocity of sound in various tissues, air, and water.

Sound speed
Density TPP* mean ± S.D.

Tissue (g/cm3) (kPa) (m/sec) Reference

Muscle 1 1580 Ludwig (1950), Frucht (1953),
von Gierke (1964)

Fat 1 1450 Ludwig (1950), Frucht (1953)
Bone 2.0 3500 Clemedson and Jönsson (1962)
Collapsed lung 0.4 650 Dunn and Fry (1961)

(ultrasound)
Collapsed lung 0.8 320 Dunn and Fry (1961)
pneumonitis (ultrasound)
Lung, horse 0.6 25 Rice (1983)
Lung, horse 0.125 70 Rice (1983)
Lung, calf 24–30 Clemedson and Jönsson (1962)
Lung, goat 0 31.4± 0.4 Yen et al. (1986)

0.5 33.9± 2.3
1.0 36.1± 1.9
1.5 46.8± 1.8
2.0 64.7± 3.9

Lung, rabbit 0 16.5± 2.4 Yen et al. (1986)
0.4 28.9± 3.3
0.8 31.3± 0.9
1.2 35.3± 0.8
1.6 36.9± 1.7

Air 340 Dunn and Fry (1961)
Water, distilled, 0◦C 1407 Kaye and Labby (1960)
Air bubbles (45% by 20 Campbell and Pitcher (1958)
vol.) in glycerol
and H2O

∗TPP =Transpulmonary pressure = airway pressure − pleural pressure.
1 kPa = 103 N/m2 ∼ 10.2 cm H2O.

Fig. 2. The speed of propagation of sound waves (elastic waves of small amplitude) in human organs.

compared with the sound speed of 4,800 m/sec in steel, aluminum, copper, etc. The speed

of elastic waves in the lung is of the order of 30–45 m/sec. This is much lower than the sound

speed in the sir, almost ten times slower. The lung has such a low sound speed because

it has a gas-filled, foamy structure. Roughly speaking, the lung tissue has the elasticity

of the gas and the mass of the tissue. Sound speed being proportional to the square root

of elastic modulus divided by the mass density, the lowering of sound speed by the tissue
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mass is understandable. The lung structure is so complex that several types of stress waves

can exist. Table 1 lists several sound speeds in the lung. The speeds given by Yen et al.

(10) were measured from the lungs of man, cat, and rabbit under impact pressures and

wall velocities comparable with those induced by shock waves of an air blast (e.g. due to a

bomb explosion, or a gun fired not too far away, or a gasoline tank explosion). The wave

speeds found by Yen et al. depend on the transpulmonary pressure of the lung (i.e. on

how large the lung is inflated) and the animal species. The sound speed given by Rice (11)

was measured by a microphone picking up a sound made by an electric spark. The speed

given by Dunn and Fry (12) was measured by ultrasound waves, which appear to be quite

different from the waves measured by Yen et al. (10) and Rice (11).

At an impact speed like that of a fast moving automobile, the impact on the lung can

be supersonic. The impact coming to the lung from a high speed deployment of an air bag

is usually supersonic. Thus the risk of air bag injury to child passenger can be anticipated.

One can easily understand also a military fact: In a pressure wave impact of an explosive,

the lung is the first organ at risk for injury.

In general, for the same force, the stress induced in the body is the smallest if it is

applied very slowly. The stress will generally be larger when the rate at which the load is

applied is increased. As the rate increases, first the induced vibration may cause additional

stress. Then the elastic waves may cause stress concentration. The spatial distribution

of stress is different in static, vibratory, and elastic wave regimes. Damping can have a

significant influence on the dynamic stress.

In the following section we shall discuss the strength of the materials, i.e. the maximum

stress a material can bear without failure. It will be seen that the strength depends on the

rate of change of strain. Therefore, the effects of the speed of loading are twofold: the strain

rate influences the maximum stress induced by the impact, and it influences the strength of

the material. Thus the limit of safety, defined by having the maximum stress staying below

the critical limit of strength, depends on the rate of loading.

4. The Strength of a Tissue or Organ Is Expressed by a Tolerable

Stress, Which May Vary with the Condition with Which the Load

Is Applied

We spoke in the preceding section about the stresses induced in the tissues and organs due

to an external load. Now let us consider the strength of the tissues and organs in greater

detail. We have to define strength and tolerance very carefully, because they depend on

what we mean by failure (8).

To discuss strength, failure and tolerance, let us consider first the simple experiments

shown in Fig. 3 (from Ref. 8, p. 456):

1. A piece of twine is to be cut by a pair of dull scissors. The cutting is more difficulte

when the twine is relaxed. But if one pulls the string tight and then cut it, it breaks

easily, Why?

2. A stalk of fresh celery breaks very easily in bending. An old, dehydrated one does not.

Practice on carrots, also!
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Fig. 3. Several experiments demonstrating that the meaning of the term “strength” depends on the type
of stress, whether it is uniaxial, biaxial, or triaxial. Strength also depends on the fluid content of a tissue,
whether a body contains fluid or not, whether elastic and shock waves cause concentration of stress, and
whether the propagating kinetic energy is carried away by elastic waves upon impact. The rate of change of
strain affects the critical stress at which rupture occurs. From Fung (8). Reproduced by permission.

3. A balloon is inflated. Another is not inflated but is stretched to a great length. Prick

them with a needle. One explodes. The other does not. Why?

4. A thin-walled metal tube is filled with a liquid, as an Atlas missile. Strike it on one side.

Sometimes the shell fails on the other side. This is known as contre coup. How can this

happen?

5. Take a small nylon ball, or a pearl, or a ball bearing, and throw it onto a hard surface.

It bounces. Throw it onto a thin metal plate such as that used in the kitchen for baking,

and it won’t bounce. Why?

We can explain the first example by computing the maximum principal stress in the

string due to the action of shear and the pulling. Pulling the string taut increases the

maximum principal stresses. When a limit is exceeded the string breaks.
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In the second example, the specimen fails by bending. The bending stress in the fibers

of the celery is higher in the fresh and plump celery, lower in the dehydrated specimen.

To explain the phenomenon shown in the third example, we have to think of the long-

chain molecules of the rubber membrane. These molecules or fibers are bent and twisted

randomly in every direction. When the balloon is inflated, fibers in every direction are

stretched taut. A prick of the pin breaks fibers in every direction passing through the

hole, and the membrane breaks with an explosion. On the other hand, when the rubber

membrane is stretched uniaxially, only the fibers in the direction of the stretching are pulled

taut. Those in other directions are still relaxed. The pin prick breaks only the fibers in one

direction; those in other directions remain intact. Hence no explosion.

The fourth example shows what focusing of stress waves can do. The compression wave

in the fluid initiated by the impact moves to the right. The flexural wave of the metal shell

also moves to the right along the curved surface of the tube wall. If the flexural wave and

the compression wave arrive at the other side simultaneously, a concentration of stress may

occur that may exceed the ultimate stress of the materials and cause fracture on the far

side. This situation may occur also in head injury.

The fifth example shows the effect of energy transfer between two bodies in impact.

When a ball impacts a hard surface, it bounces. When it impacts a thin plate, it does not

bounce. In the first case the kinetic energy of the ball is not transfered to the hard surface.

In the second case the kinetic energy of the ball is transfered to the plate.

There are many biological analogs of these examples. Altogether they tell us that in

answering questions of strength and tolerance, we must consider the magnitude of the

maximum principal stress and the rate at which the stress varies with time in a biological

material. We also have to consider the molecular configuration of biological material, which

depends on the nature of the stress, whether it is uniaxial, biaxial, or triaxial, and the stress

waves around the point of concern in the biological material. The fourth example shows

that the stress concentration due to the elastic waves may result in a weakness. In all cases,

however, for human safety, the focus of attention is on dynamic stress.

In summary, we have explained that the stress in the body in response to external force

depends on the speed at which the force is applied onto the human body. In making a

stress analysis, we first obtain the static stress distribution in the body under the external

load (including the inertia force due to deceleration of a car). Then determine the dynamic

amplification due to vibrations, then assess the stress concentration due to elastic waves

and shock waves.

We see that the strength of an organ or a tissue in our body depends not only on the

magnitude of the stress, static or dynamic, but also on the type of the stress: whether it is

uniaxial, biaxial, or triaxial.

In the following sections, we consider in greater detail the meaning of the strength of

material relative to injury, repair, growth, and resorption.

5. Injury of Organs and Tissues

In human society, the concept of injury is largely subjective. To bring some order into this

subjective world, objective clinical observations and tests are desirable, but not necessarily
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easy. For example, consider head injury. The brain can be injured by fracture, impingement,

excessively high localized pressure or tensile stress, high localized shear stress and strain,

and cavitation in high-tension regions. The regions where the maximum normal stress

occurs are usually different from where the maximum shear stress occurs; and they are

affected significantly by the flow through foramen magnum (opening at the base of the

skull) during impact. The brain tissue can be contused, leading to axonal damage; and the

blood vessels may be ruptured, causing brain hematomas.

A well-known trauma is brain concussion, which is defined as a clinical syndrome charac-

terized by immediate transient impairment of neural function, such as loss of consciousness,

and disturbances of vision and equilibrium due to mechanical forces. Normally, concussion

does not cause permanent damage. It is the first functional impairment damage of the

brain to occur as the severity of head impact increases. It is reproducible in experimental

animals. It has been studied with respect to rotational acceleration and flexion-extension

of the upper cervical cord during motion of the head-neck junction. A detailed discussion

of the influence of angular kinematics and its effects on induced strains in the brain is

contained in Ommaya (13), Tong et al. (14) and Bandak and Eppinger (15).

Logically, one could correlate lesions, immunochemical changes and neurological obser-

vations with the stress in the brain. But today, a thorough correlation still does not exist.

There are a number of difficulties. First of all, the evaluation of stress distribution in the

brain is difficult. Not only is the computation of stress distribution in a specific boundary-

value problem difficult, but the identification of the boundary conditions in known auto-

mobile collisions or aircraft accidents is nearly impossible today. And the neurological data

must be correlated with the stress distribution.

Injury to other organs also needs attention. Each organ has its own characteristics,

and its injury potential varies with the rate of application of the load (static, subsonic, or

supersonic), and the type of critical stress (uniaxial, biaxial, or triaxial).

A publication edited by Woo and Buckwalter (16) presents a detailed discussion of injury

and repair of the musculoskeletal soft tissues, including tendon, ligament, bone-tendon and

myotendinous junctions, skeletal muscle, peripheral nerve, peripheral blood vessel, articular

cartilage, and meniscus. A detailed mechanical analysis of vibration and amplification of

elastic waves is presented by Fung (8, Chapter 12). The trauma of the lung due to impact

load and the cause of subsequent edema are also examined in detail in Fung (8, pp 475–482).

Existing data on the tolerance of organs to impact loads are quite extensive. See References

listed in (8, pp. 493–498).

Obviously, the world needs basic research to obtain data on organ and tissue morphology,

histology, biochemistry, material density, mechanical properties, stress distribution, and

signal pathways. We need accurate mathematical models and efficient computing programs

to evaluate injury and repair potentials, and devices to help healing and rehabilitation.

6. Biomechanical Analysis

In assessing human tolerance to impact loads and in designing vehicles for crashworthiness,

it is necessary to calculate the stress and strain at specific points in various organs, and this

is best done by mathematical modeling. A complete dynamic simulation of a crash event
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requires detailed mechanical descriptions of both the vehicle and occupant structures, as

well as descriptions of forces and kinematics resulting from vehicle/occupant interaction.

Numerical methods are generally necessary for analyzing such complex nonlinear problems.

The finite element method (17) is most suitable. This may be done by employing finite

element representations for both vehicle and occupants (18), and using lumped parame-

ter models to represent occupants and contact surfaces with a deceleration pulse applied

to the surrounding structure. In the case of head-impact simulation, one can replicate

the measured-momentum field that describes the inertial loads applied to a finite element

representation of the soft tissue (19).

The finite element model is capable of predicting brain responses under dynamic loading.

The distribution of strain fields and their time history are useful for visualizing the evolution

of injury potential during impact, identifying the regions of the brain that may be more

vulnerable than others under particular loading conditions, and assessing effectiveness of

countermeasures for injury mitigation. It also provides a means of comparing analytical

predictions with studies that map the distribution of damaged tissue.

Through mathematical modeling, one can connect pieces of information on anatomy,

physiology, and clinical observations with people, vehicle, and accident. A validated model

can then become a foundation of engineering. Biomechanical modeling is being developed

vigorously. A selected bibliography is given in Fung (8).

7. Healing and Rehabilitation are Helped by Proper Stress

Living organisms are endowed with certain ability to heal when damaged. Orthopedic sur-

geons were the first to pay attention to the role played by biomechanics in the healing of

bone fracture. In 1866, G. H. Meyer (20) presented a paper on the structure of cancellous

bone and demonstrated that “the spongiosa showed a well-motivated architecture which is

closely connected with the statics of bone.” A mathematician, C. Culmann, was in the audi-

ence. In 1867, Culmann (21) presented Meyer a drawing of the principal stress trajectories

on a curved beam similar to a human femur. The similarity between the principal stress

trajectories and the trabecular lines of the cancellous bone is remarkable. In 1869, Wolff

(22) claimed that there is a perfect mathematical correspondence between the structure of

cancellous bone in the proximal end of the femur and the trajectories in Culmann’s crane.

In 1880, W. Roux (23) introduced the idea of “functional adaptation.” A strong line of

research followed Roux. Pauwels, beginning in his paper in 1935 and culminating in his

book of 1965 (24), turned these thoughts to precise and practical arts of surgery. Vigorous

development continues. The biology of bone cells is advancing rapidly.

Thus both the motivation and the knowledge and art of providing suitable stress to the

bone and cartilage to promote healing and rehabilitation are clear and advancing rapidly.

8. Remodeling of Soft Tissues in Response to Stress Changes

The best-known example of soft-tissue remodeling due to change of stress is the hypertrophy

of the heart caused by a rise in blood pressure. Another famous example was given by Cowan

and Crystal (25), who showed that when one lung of a rabbit was excised, the remaining
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lung expanded to fill the thoracic cavity, and it grew until it weighted approximately the

initial weight of both lungs. On the other hand, animals exposed to the weightless condition

of space flight have demonstrated skeletal muscle atrophy. Leg volumes of astronauts are

diminished in flight. In-flight vigorous daily exercise is necessary to keep astronauts in good

physical fitness over a longer period of time.

Immobilization of muscle causes atrophy. But there is a marked difference between

stretched immobilized muscle vs. muscle immobilized in the resting or shortened position.

Fundamentally, growth is a cell-biological phenomenon at molecular level. Stress and strain

keep the cells in a certain specific configuration. Since growth depends on cell configuration,

it depends on stress and strain.

How fast do soft tissues remodel when stress is changed? That question is discussed in

Chapter 2 of this book. It is shown that in the case of the lung the active remodeling of

blood-vessel wall proceeds quite fast. Histological changes can be identified within hours.

The maximum rate of change occurs within a day or two. See discussions on p. 28 et seq.

Morphometric changes are not the only changes occurring in blood vessel wall when

the blood pressure changes as a step function. The zero-stress state of the vessel and the

mechanical properties of the vessel wall also change with time as the remodeling proceeds.

This is expected because the mechanical properties follow material composition and struc-

ture. So the properties will change when the composition and structure changes. Data on

zero-stress state changes during tissue remodeling in pulmonary and system arteries and in

veins are given in papers by Fung and Liu (26) and Liu and Fung (27). Data on changes

in mechanical properties due to tissue remodeling in arteries are presented in Liu and Fung

(28, 29).

A corresponding program of research on the hypertrophy of the heart leads also to many

new findings. Increased stress in the heart also leads to hypertrophy, and morphometric

structural and mechanical properties change.

What these experiments reveal is that other things being equal, tissue growth is related

to stress. The growth-stress relationship plays a role in the healing of the tissues and in

rehabilitation to normal life.

9. Tissue Engineering

Looming large in the future is tissue engineering, which can be defined as engineering the

improvement of natural tissues of man, or creating living artificial tissue substitutes with

human cells. One example is the skin substitute made with a patient’s own cells cultured in

a scaffold of biodegradable or nondegradable material. Another example is the blood-vessel

substitute seeded with the patient’s own endothelial cells. Work on cartilage, bone, and

other organs is in progress. These new techniques became possible because major advances

were made in the art of tissue culture in recent years as a consequence of the discovery

of growth factors and various culture media. These discoveries make tissue engineering

thinkable. With the feasibility established, we can now think of practical applications of

the stress-growth laws to engineering living tissues. Success in this area will have great

impact on healing and rehabilitation of injuries.
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10. Conclusion

Biomechanics is a key factor in understanding accidental injury and healing. This chapter

presents an overview and an introduction to some terminology and basic concepts. A

large factor in accident prevention is not biomechanics, not medicine, not surgery, not

rehabilitation, not law. It is culture. It is good for the professional people to think of the

big picture. However, the professional side must not be minimized. The injured persons

need care. The society needs injury prevention. At the level of emergency care, medical

and surgical treatment, physical rehabilitation, designing of a safer vehicle, providing better

protection of man, and establishing as better public policy, we need the best of scientific

knowledge. A thorough understanding of the fundamental topics discussed in this article

will help.

This discussion points out the directions to look for opportunities to make a contribu-

tion to reduce injury and promote healing. Specific opportunities are not always obvious.

Significant findings are reserved only for the alert and careful observer. The editorial article

by Savio Woo on pp. 249–251 makes a good point for biomechanical research in the new

millenium.
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CHAPTER 11
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1. Introduction

Every part of a living organism, from molecules to the whole organ, is a marvelous en-

gineering system, and an engineering analysis can add clarity to our understanding. The

pulmonary circulation system carries blood from the right ventricle to the left atrium of

the heart. Blood flows from the right ventricle to the pulmonary arterial trunk which is

divided into the main right and left pulmonary arteries, entering the lungs, then they divide

again and again into smaller and smaller branches like a tree, the lung finally terminating

in the capillary sheet. In the capillary sheets the blood acquires oxygen and releases carbon

dioxide into the air sacs called pulmonary alveoli. Then the blood flows from the capillary

sheets into a venous tree, terminating into the left atrium of the heart. The blood flow

is pulsatile, the system is complex, and measurement is difficult. However, the pressure-

flow relations of pulmonary circulation is extremely important to the understanding of the

diseases of the lung and heart, such as the pulmonary hypertension, cardiac hypertension,

tissue hypertrophy, edema, various respiratory disorder, and diabetes. In this regard a

thorough theoretical understanding with full experimental verification will be useful.

The pulsatile pressure-flow relations in the lungs are often expressed in the terminology

of electric engineering. For example, in clinical applications it is important to estimate

the pulmonary arterial input impedance, which is the ratio of the amplitude of oscillatory

arterial pressure to the oscillatory inflow rate at a given frequency. The impedance as

a function of frequency is said to be a spectrum (see Fig. 2 of the attached paper). Two

general theoretical approaches are used to study pulsatile hemodynamics. One is the electric

circuit analog, or the “lumped parameter” model, in which the anatomic details are ignored.

The other is biomechanical approach, or the “continuum” model. Both approaches have

been used in the studies of pulmonary pulsatile flow (Milnor, 1989). Whereas the lumped

parameter approach is often convenient and effective, the continuum approach is more

fundamental. To evaluate the values of the lumped parameters theoretically, for example,

one has to use the continuum model.

The continuum approach is based on the principles of continuum mechanics in conjunc-

tion with detailed measurement of vascular geometry, vascular elasticity and blood rheol-

ogy. The method is uniquely suitable to the study of pulmonary blood flow. It provides
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an analytical tool to analyze the physiological problems, and to synthesize the many com-

ponents of a complex problem so that quantitative predictions are made possible. Zhuang

et al, (1983) used this analytical approach and successfully developed a hemodynamic model

for steady blood flow in cat lung. In the calculations, the sheet flow theory of Fung and

Sobin (1969) is used for pulmonary capillary blood flow and an analogous “fifth power” is

used for flow in the arteries and veins. Yen and Sobin (1988) performed experiments, which

validates the theoretical predictions.

Recently, the biomechanical approach was used to compute the impedance for pulsatile

flow in dog lung (Gan and Yen 1994) and in cat lung (Huang et al, 1998), and the agreement

between theory and experiment was satisfactory. We shall describe this biomechanical

approach below.

2. The Biomechanical Approach Defines What Experimental Data

Are Needed

Knowledge of the various factors controlling pulmonary blood flow is important in human

health and disease, and today our knowledge and understanding of these factors is incom-

plete. For an experimenter, one should ask: what precise experimental data are required?

To answer this question, one should seek theoretical guidance. For the biomechanical ap-

proach to pulmonary circulation, the answer is that we require: (1) detailed description

of vascular geometry, (2) measured elasticity of blood vessels and (3) rheology of blood in

blood vessels. With the pieces of information listed above, together with the basic physical

laws and appropriate boundary conditions, differential equations can be written and the

problems solved either analytically or numerically.

2.1. Morphometry of pulmonary vasculature

Quantitative study of pulmonary was begun by Malpighi in 1661. The early history of

the pulmonary vascular morphometry has been summarized by Miller (1947). Two mathe-

matical models have been used to describe the treelike pulmonary branching systems: the

generation model, and the Strahler’s ordering model. The generation model was used by

Weibel and Gomez (1962) for the human pulmonary arterial tree. Cumming, Horsfield and

their coworkers however used Strahler’s method of describing rivers and rivulets in geog-

raphy to study the human pulmonary arterial and venous trees [see review by Horsfield

(1991)]. Yen et al, (1983, 1984) used the Strahler’s ordering model to study the morphom-

etry of cat pulmonary arterial and venous trees. More recently, in order to remedy the

unsatisfactory features of the generation and Strahler models, a Diameter-Defined Strahler

ordering system was developed (Kassab et al, 1993; Jiang et al, 1994). The concept of the

Diameter-Defined Strahler system was used by Fung and Yen for the pulmonary arteries of

the dog in 1987 (unpublished). Kassab and Fung (1993) developed and used the Diameter-

Defined Strahler system in the study of the coronary blood vessels in the pig. Jiang et al,

(1994) used these refinements in their study of the rat pulmonary arterial tree. Gan et al,

(1993) and Tian (1993) used the Diameter-Defined ordering system to describe the dog

pulmonary venous tree and arterial tree, respectively. Huang et al, (1996) used the new

system in their study of the human pulmonary vasculature.



Pulsatile Blood Flow in the Lung Studied as an Engineering System 267

Table 1. Morphometric and elastic data of the pulmonary arteries and veins in the cat’s right lung. Data
are from Yen et al, (1980, 1981, 1983, and 1984), and Yen (1990).

Number of D0 Length Compliance

Order Branches (mm) (mm) 10−4P−1
a cmH2O−1

11 1 5.080 25.000 2.6630 0.0267

10 4 2.486 11.870 2.6630 0.0267

9 12 1.519 15.260 2.6630 0.0267

8 49 0.875 8.190 1.1220 0.0112

Arteries 7 202 0.533 4.600 0.7143 0.0072

6 774 0.352 2.720 0.7959 0.0080

5 2925 0.192 1.510 1.1220 0.0112

4 9736 0.122 0.810 1.9280 0.0193

3 31,662 0.073 0.433 1.9280 0.0193

2 97,519 0.044 0.262 1.9280 0.0193

1 300,358 0.024 0.116 1.9280 0.0193

1 282,733 0.025 0.086 1.9280 0.0193

2 86,241 0.046 0.247 1.9280 0.0193

3 26,306 0.077 0.496 1.9280 0.0193

4 8024 0.127 1.545 2.0800 0.0208

5 2348 0.251 2.380 1.4690 0.0147

Veins 6 656 0.432 3.810 1.0920 0.0109

7 171 0.642 4.950 1.0920 0.0109

8 46 1.040 7.610 0.7240 0.0073

9 13 1.727 15.120 0.7240 0.0073

10 4 3.010 19.240 0.7240 0.0073

11 1 4.491 25.000 0.7240 0.0073

D0, diameters at zero transmural pressure. Compliance data are obtained with PA = 0 and Ppl = −10 cmH2O.

Yen et al, (1983, 1984) gave data on the diameters, lengths, and number of branches

in the silicone elastomer casts of the cat lungs. For the smaller vessels of the cat lungs,

they measured the dimensions in the thick histologic sections with injected vessels. Using

the Strahler system, they found 12 orders of pulmonary arteries between the right ventricle

and the capillaries (Yen et al, 1984), and 11 orders for pulmonary venous tree between the

left atrium and the capillaries in the cat (Yen et al, 1983). Their data are summarized in

Table 1.

Gan et al, (1994) and Tian (1993) gave morphometric data on the dog lung by the

Diameter-Defined Strahler system (see Table 2). There are 13 orders of branches in the

dog pulmonary arterial tree (including the main pulmonary artery) and 11 orders in venous

tree. So the total numbers of orders of the pulmonary arterial and venous trees are not very

different in dog and cat.

2.2. Elasticity of pulmonary blood vessels

Vascular elasticity, or distensibility, is a mechanical property of blood vessels which deter-

mines a change in the diameter of blood vessels as a result of the change in blood pressure.

The mechanical properties of pulmonary blood vessels are essential factors influencing the

distribution of pulmonary blood pressure, regional distribution of pulmonary blood volume,

transit time distribution of blood in the lung, and pulse-wave attenuation through the lung.
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Table 2. Morphometric and elastic data of the pulmonary arteries and veins in right lung of dog. Data are
from Gan et al, (1993), Tian (1993), and Gan and Yen (1994).

Number of D0 Length Compliance

Order Branches (mm) (mm) 10−4P−1
a cmH2O−1

12 1 10.839 49.150 0.2486 0.0025

11 7 6.205 20.990 0.2486 0.0025

10 14 3.760 21.500 0.2486 0.0025

9 40 2.339 24.220 0.4316 0.0043

8 98 1.611 14.200 0.6827 0.0068

Arteries 7 322 1.111 9.643 0.6827 0.0068

6 1440 0.679 6.768 1.1102 0.0111

5 6704 0.374 3.436 1.6878 0.0169

4 24,804 0.184 2.230 2.5694 0.0257

3 70,020 0.106 1.498 3.2337 0.0323

2 477,109 0.051 0.701 3.2337 0.0323

1 3,978,476 0.021 0.341 3.2337 0.0323

1 2,475,933 0.025 0.401 1.8561 0.0186

2 214,642 0.066 0.683 1.8561 0.0186

3 78,410 0.120 1.093 1.8561 0.0186

4 10,574 0.222 1.767 1.2990 0.0130

5 3386 0.406 2.975 0.8714 0.0087

Veins 6 989 0.704 5.190 0.4694 0.0047

7 197 1.119 8.148 0.4286 0.0043

8 76 1.776 12.653 0.2755 0.0028

9 29 2.699 14.765 0.2755 0.0028

10 12 4.384 20.516 0.2194 0.0022

11 2 8.268 34.400 0.2194 0.0022

D0, diameters at zero transmural pressure. Compliance data are obtained with PA = 0 and Ppl = −10 cmH2O.

The mechanical properties also affect the pressure-flow relationship and the change in total

blood volume in response to an alteration of blood pressure.

In most cases, data on elasticity of mammalian blood vessels have been obtained from

postmortem tissues. Several techniques have been used to measure the elasticity of pul-

monary blood vessels. The X-ray image technique of an isolated lung is commonly used to

determine the distensibility of pulmonary arteries and veins in different species. The earlier

work began with Patel’s (1960) direct measurement of the canine main pulmonary artery

with an electronic caliper. The same vessel was measured by Frasher and Sobin (1965) by

making silicone polymer casts under various controlled transmural pressures. Later Caro

and Saffman (1965) used X-ray photography to record elasticity of pulmonary blood vessels

of the rabbit in the range of 1 ∼ 4 mm. Maloney et al, (1970) determined the elasticity of

canine pulmonary blood vessels in the diameter range of 0.8 ∼ 3.6 mm.

The elasticity of the cat pulmonary arteries in the diameter range of 100 ∼ 1600 µm

was measured by Yen et al, (1980) using X-ray photographic method. By the same method,

the elasticity of pulmonary veins in the diameter range of 100 ∼ 1200 µm was determined

by Yen et al, (1981). They found that over a limited range of transmural pressures the

variations of pulmonary artery and vein diameters under pressure could be expressed as a

linear function of transmural pressure according to

D = D0[1 + β(P − PA)] (1)
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for vessels with smaller diameter than the alveolar diameter (about 117 µm), and

D = Do[1 + β(P − Ppl)] (2)

for vessels with much larger diameter than the alveolar diameter. Here D stands for di-

ameter, PA and Ppl denote the alveolar gas pressure and the pleural pressure, respectively,

and P represents local blood pressure, β is the compliance constant with a unit of %/cm

H2O, and D0 is the vessel diameter when P − PA = 0. The elastic values of cat pulmonary

arteries and veins are summarized in Table 1.

The elasticity data listed in Table 2 were obtained from the X-ray radiographs of the

dog’s isolated right lung by Gan and Yen (1994). They measured the elasticity of blood

vessels in the diameter range of 100 ∼ 4500 µm.

2.3. Pulmonary capillaries

The structure of pulmonary capillaries is very different from that of pulmonary arteries and

veins. The pulmonary capillaries form a continuous network in a flat sheet which comprises

the alveolar wall (Sobin et al, 1970; Sobin and Fung, 1992). The alveolus in the lung is the

smallest unit of the air space. The dense network of the pulmonary capillary blood vessels

of the cat’s lung is shown in Figs. 1 and 2 of Sobin et al, (1970).

Fung and Sobin (1969, 1972b) described the capillary flow as a “sheet flow” taking place

between two relatively flat sheets which are connected by a large number of closely spaced

posts. By the sheet-flow model, the blood is not channeled in tubes, but has freedom to move

in any way between the posts. This model greatly simplifies the hydrodynamic analysis of

flow in the alveolar wall and the structural analysis of the elastic deformation of the sheet.

The morphometric basis of the sheet-flow theory was investigated by Sobin et al, (1970).

They measured the sheet dimensions by optical microscopy on the specimens prepared by

solidifying a silicone elastomer perfused into the capillaries (Sobin et al, 1970). Additionally,

Sobin et al, (1972) used a microvascular casting method to measure the elasticity of the

pulmonary capillary sheet in the cat. The variation of alveolar sheet thickness in cat lung

has been shown with respect to change in transmural pressure (Sobin et al, 1972 and 1978).

When the transmural pressure is positive and less than 35 cm H2O, the thickness h increased

linearly with increasing pressure as follows (Sobin et al, 1972)

h = h0 + β∗(P − PA) = h0 + β∗∆P (3)

where β∗ is the compliance of the sheet and h0 is the thickness at zero transmural pressure.

At higher values of ∆P , the compliance becomes very small. For negative values of ∆P ,

the vessel collapses and h tends to zero.

For the pulmonary capillaries of the dog, Fung and Sobin (1972) reported the dimensions

and elasticity of the capillary sheet and the influence of various pressures on the capillary

sheet thickness. Gan and Yen (1994), and Huang et al, (1998) collected the existing data

of pulmonary capillary sheets in dog and cat to study the pressure-flow relationship in the

lung. Table 3 summarizes the morphometrical and elastic data of the pulmonary capillary

sheet in cat and dog.



270 Michael R. T. Yen & Wei Huang

Table 3. Morphometric and elastic data of the pulmonary capillary sheet.

h0 β∗ S L̄

(µm) (µm/cmH2O) (µm)

Cat 4.28(1) 0.219(1) 0.916(1) 556(2)

Dog 2.5(3) 0.122(3) 0.916(3) 447(4)

(1)data from Sobin et al, 1972; (2) data from Sobin et al, 1980; (3) data from Fung and Sobin, 1972a; (4) estimated
by Gan and Yen, 1994. h0, capillary sheet thickness at 0 transmural pressure; β∗, elasticity of capillary sheet; S,
vascular space-to-tissue ratio; L̄, average length of the capillaries.

2.4. Blood viscosity

When the shear strain rate of blood is smaller than 100 sec−1, the coefficient of blood

viscosity is inversely proportional to strain rate. When the strain rate approaches zero, the

blood behaves like a plastic solid that has a small yield stress and an infinite coefficient

of viscosity. However, when the shear strain rate exceeds 100 sec−1, viscosity coefficient of

blood is approximately a constant which is dependent upon the hematocrit. That is, at high

shear rate, whole blood behaves like a Newtonian fluid. In other words, as the shear rate

increases from zero to a high value, the stress-strain relation of blood changes from non-

Newtonian to Newtonian behavior. The transition to the Newtonian region depends on the

hematocrit. The effect of the non-Newtonian rheological behavior of blood in pulmonary

arteries and veins is quite small (Fung, 1991).

Yen and Fung (1973) studied the blood viscosity on a scale model of the pulmonary

alveolar sheet, with the red blood cells simulated by soft gelatin pellets and the plasma

simulated by a silicone fluid. They demonstrated that the relative viscosity of blood µr
with respect to plasma depends on hematocrit H in the following manner

µr = 1 + aH + bH2 (4)

where a and b can be determined from the experiment. Applying this result to blood, they

found that the viscosity of blood in the alveoli is related to the viscosity of the plasma and

the hematocrit in a quadratic relationship:

µblood in alv = µplasma(1 + aH + bH2) . (5)

The variation of the apparent viscosity of blood in the pulmonary capillary sheet with hema-

tocrit has been determined by Yen and Fung (1973) in model experiments. The apparent

viscosity is approximately 1.92 cp when the hematocrit is 30%. The apparent viscosity is

assumed to be 4.0 cp in larger vessels. Then the apparent viscosity of blood in small vessels

of the orders of 1–3 is obtained by linear interpolation as 2.5, 3.0, and 3.5, respectively.

3. How to Use the Experimental Data

After collecting the experimental data of morphometry, elasticity, and blood viscosity, one

may ask how to use these data. With specifying boundary conditions, we can use these

experimental data to compute the pressure-flow relationship, the transit time, the wave

propagation, and the stress-strain relationship in the whole lung, or anywhere in the lung.
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The basic laws are the conservation of mass, momentum, and energy. A great deal of

examples has been shown in Fung (1996, 1997). In the following, we present how to carry

out theoretical analysis of the pulsatile blood flow in the pulmonary circulation based on

the experimental data.

3.1. Impedance of pulmonary arteries and veins

In the model studies, the pulmonary vasculature is separated 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-dimensional sheets. The macro- and microcirculation

is transformed into an electrical circuit analog. The pulmonary vascular input impedance

and the characteristic impedance of each order in the pulmonary arterial tree are calculated

under normal physiological conditions. In the model, a blood vessel is assumed as a thin-

walled circular cylindrical elastic tube of uniform material and mechanical property, and

blood is a homogeneous, incompressible, Newtonian fluid. The formula derivations have

been detailedly presented in Gan and Yen (1994) and Huang et al, (1998). In applying

these formulas to the pulmonary circulation, the variation of the physical properties along

the vascular tree is taken into account . Each order of branches has been assigned different

values for the geometrical and elastic properties of the vessels. The continuity of pressure

and flow at each branch point is imposed as the boundary conditions of each vessel. The

pulmonary microvascular impedance model is used to connect the arterial and venous trees.

3.2. Microcirculation impedance

Fung (1972, 1974) presented a one-dimensional solution of transient flow through the alve-

olar sheet that contains the basic feature of the more complex two-dimensional analysis. In

our two-dimensional case, each alveolar sheet is supposed to stretch between parallel arteri-

oles and venules. The derivations of formulas have been described in Fung (1972, 1974) and

Huang et al, (1998). We do not want to repeat the derivation of formulas. When computing

the impedance along the pulmonary vascular tree, the connection between the arteries and

veins is by a capillary transfer matrix, Aij , as{
P̃a
Q̃a

}
=

{
A11 A12

A21 A22

}{
P̃v
Q̃v

}
(6)

where P̃a, Q̃a, P̃v, Q̃v are the oscillatory pressure and flow at the arteriole and venule edges

of the sheet respectively. A detailed analysis of pulmonary microvascular impedance based

on the dimensions and elastic data of cat’s pulmonary sheets has been demonstrated by

Gao (1997).

4. Experimental Validation of the Theoretical Model Study

Through the biomechanical approach, a theoretical model of pulsatile flow in the pulmonary

circulation can be developed based on the experimental data of vascular morphometry, elas-

ticity, and blood viscosity. The theoretical pulsatile pressure-flow relations can be predicted.

However, the predictions got to be validated in experimental studies.
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To validate the theoretical predictions of dog’s model, the experimental studies of

pulmonary arterial pressure-flow relations in the normal and chronic pulmonary throm-

boembolic dogs were completed by Olman et al, (1994). A fluid-filled pulmonary arte-

rial catheter was placed percutaneously for measurement of pulmonary arterial pressure.

A radionuclide perfusion scan was performed for measurement of mean pulmonary blood

flow. The pressure and flow of pulmonary arteries were measured in Day 0 and Day 30.

The large pulmonary arteries were chronically obstructed with lysis-resistant thrombi since

Day 0. Comparison of experimentally measured and model-derived pulmonary arterial

pressure-flow is shown in Fig. 2 of Olman et al, (1994). The model-derived pulmonary

arterial pressure was within 1 mmHg of the baseline (day 0) measured pulmonary arterial

pressure.

Experiments on isolated perfused cat lungs were carried out to validate the theoretical

model (Huang et al, 1998). The pulsatile blood pressure in the pulmonary arterial trunk

was measured with a fluid-filled Teflon tubing. The flow in the pulmonary arterial trunk

was measured with a flow probe around the vessel. The resulting data of pressure and

flow were subjected to a frequency analysis. The modulus and phase of pressure and flow

waves were calculated from the Fourier coefficients (Huang et al, 1998). Comparison of the

experimental and model-derived pulmonary vascular input impedance is shown in Fig. 2 of

the attached paper. At lower frequencies from 1 to 7 Hz, the input impedance of our model

fits the animal data well. At frequencies higher than 7 Hz, the experimentally measured

phase angle was positive, while the predicted value was negative. The possible reasons for

this discrepancy have been discussed in the attached paper.

5. Challenges for the Future

To better simulate the pulmonary vascular impedance theoretically, we need to include the

information of pulmonary trunk (i.e. curvature, length, diameter), and the angles between

the big branches. So far, these data are not available. Additionally, the influence from heart

beat should be considered in the theoretical model.

Basic researches in biomedical science are aimed to improve the diagnosis and treatment

of human diseases. After the establishment of animal models, we would like to extend

our studies to the pulsatile flow in human lung. The detailed pressure-flow relations of

human pulmonary circulation are unknown. A theoretical model can be done based on

the morphometric and elastic data (Huang et al, 1996; Yen and Sobin, 1988; Yen et al,

1990). Additionally, experimental studies are necessary to evaluate the theoretical model.

Refinement of the theoretical model is possible based on the experimental results.

The pressure-flow relation is extremely important to understand the human pulmonary

circulation, and the mechanism of diseases in the human lung. As we discussed above,

this relation is determined by the vascular morphometry, the vascular mechanical proper-

ties, and the rheology of the blood. Pulmonary vascular diseases may change the vascular

geometry, the viscoelastic properties of the vessel walls, and the blood viscosity, such as

atherosclerosis, hypertension, thromboembolism, and diabetes. Therefore, the pulmonary

vascular impedances are changed in the disease lungs [see review by Nichols and O’Rourke,

(1998)]. The theoretical models of pulmonary vascular impedances in human lung diseases
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will be useful to understand the mechanism of the diseases, and eventually helpful in the

diagnosis and treatment of the human lung diseases.
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APPENDIX B

ABOUT THE DEPARTMENT OF BIOENGINEERING AT THE
UNIVERSITY OF CALIFORNIA, SAN DIEGO

A brief description of a typical department of bioengineering in a university may be of

interest to the reader. Hence the following account.

The Bioengineering Program at the University of California, San Diego (UCSD) was

founded in 1966 by Professor Y. C. Fung, the late Professor Benjamin W. Zweifach, and

Professor Marcos Intaglietta as a joint effort between the Department of Aerospace and

Mechanical Engineering Sciences and the School of Medicine. From its inception, UCSD

Bioengineering has had a graduate program offering PhD and Master of Science degrees

and an undergraduate program offering Bachelor degrees. Over the last 33 years, the

program has graduated more than one hundred PhD’s, a similar number of Masters, and over

500 Bachelors. Until 1999, the undergraduate program consisted of an ABET-accredited

bioengineering track and a premedical track. In Fall 1999, a new undergraduate track of

Biotechnology was added, as well as a new Master of Engineering degree program. Both

of these programs were initiated to meet the industrial needs for bioengineering graduates.

UCSD bioengineering graduates are working in academia, industry, research institutions,

hospitals, and government. Many have attained leadership positions, making important

contributions to the advancement of the field of bioengineering.

The UCSD Bioengineering Program began with excellence in biomechanics and micro-

circulation. In 1975, UCSD Bioengineering received from the National Heart, Lung, and

Blood Institute of the National Institutes of Health a predoctoral and postdoctoral training

grant, which has been continuously funded to 2005 following the most recent renewal.

Dr. David Gough, with a primary interest in biosensors, joined the program in 1976,

and Dr. Andrew McCulloch, with a research focus on cardiac mechanics, became a faculty

member in 1987. In 1988, with the completion of Engineering Building Unit I, Dr. Richard

Skalak (deceased 1997) and Dr. Shu Chien moved from Columbia University to UCSD,

bringing with them molecular and cellular bioengineering as new areas of focus.

In 1990, UCSD Bioengineering received from the National Heart, Lung, and Blood

Institute a Program Project Grant on “Biomechanics of Blood Cells, Vessels, and Microcir-

culation”, which has been continuously funded till 2000, and a renewal application is being

reviewed.

In 1991, the Institute for Biomedical Engineering was established at UCSD as an Orga-

nized Research Unit to foster interdisciplinary research at the interface of biology, medicine

and engineering. Dr. Chien was appointed as the first Director. The Institute now has 90

members from the Schools of Engineering, Medicine, and Natural Sciences of UCSD, as well

as the Salk Institute, the Scripps Research Institute, and the Burnham Institute. In 1993,

the Institute won a Development Award from the Whitaker Foundation to enhance the in-

frastructure for bioengineering at UCSD. The Award, with a theme of “Tissue Engineering
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Science”, allowed the recruitment of new faculty in the Department of Bioengineering, the

establishment of new core facilities, and the implementation of new education initiatives.

An Industrial Liaison Program was initiated in 1993, with active involvement of nearly

twenty industrial corporations in San Diego and elsewhere. An Industrial Advisory Board

was formed which has provided valuable advice and collaboration on Bioengineering edu-

cation and research, including the placement of student interns in industry. The industrial

internship program has been greatly enhanced by the Internship Award from the Whitaker

Foundation initiated in 1996.

In July 1994, the Department of Bioengineering was established at UCSD, with Dr.

Chien as the Founding Chair. It is the first such Department in the University of Califor-

nia system. The Departmental status has enhanced bioengineering research and education,

promoted student activities, fostered industrial and other partnerships, and led to the for-

mulation of the vision and programmatic plan for Bioengineering at UCSD. After serving

for the maximum term of five years, Dr. Chien was succeeded by Dr. Gough as the De-

partmental Chair in July 1999.

With the aid of the Whitaker Foundation Development Award, the Department added

four full-time faculty members: Dr. John Frangos (1994, mechano-chemical transduction),

Dr. Lanping Amy Sung (1994, molecular bioengineering), Dr. Bernhard Palsson (1996,

genetic circuits), and Dr. Sangeeta Bhatia (1998, hepatic tissue engineering). In July 1999,

the Department is further strengthened by the addition of two new faculty members: Dr.

Shankar Subramaniam (bioinformatics) and Dr. Gary Huber (molecular biomechanics).

The Department plans to recruit six additional faculty members during the next five years.

The vision of UCSD Bioengineering is to use quantitative measurements and engineering

analyses to integrate the rapidly advancing biomedical information, thus formulating the

design principles of biological structure and function in health and disease. The goals

are to develop biomedical engineering into a mature and premier discipline in science and

engineering; to train the next generation of biomedical engineers who will continue to lead

and amplify this development; to partner with scientific and industrial communities for the

pursuit of interdisciplinary research and education; and to generate innovative ideas and to

translate them to practical products.

Shu Chien



FAREWELL TO STUDENTS

Now you have gone through an intensive short course on design in bioengineering. Is this

the first design project in your life? I trust this is the beginning of many, many to come.

Many former students told me that the design experience sharpened their interest in basic

science. Some told me that they would choose bioengineering as their future career. Others

said they would turn to other fields. If this course helped you to make an early decision, I

would consider this course a success.

This is the time to revisit the topics raised in the lectures, namely:

The quality of products and research in bioengineering

The importance of reliability of products in bioengineering

Ethical issues in bioengineering

Government and university regulations in bioengineering

A keynote to these topics is high quality. Anything a bioengineer does may impact

somebody’s health. Hence a bioengineer must be aware of his/her social responsibility.

Farewell!

Y. C. Fung
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