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Foreword
Harold Varmus, M.D., Diector the National Institutes of HealtNiH)

Bioengneeringadvances the natiahealth byapplyng engneeringprinciples and
techniques to bioldgal problems.The rewards most obvious to the public are novel
devices and drugy but bioenmeeringalso ofers further insibt into biologcal processes,
new methods for usingata from gnetics, and increased abiliiy visualize the brain and
other ogans. Historytells us that most of the revolutionaryangs that have occurred in
biology and medicine have depended on new methods that are themselves often the result
of fundamental discoveries in madifferent fields. Thus biologcal problems are too
complexto be solved bpiologsts alone; we need partners in malisciplines, including
physics, mathematics, chenmstry, conputer scences, and engeerng.

The synposium described in this publication was a landmark event for theaxt it
provided an opportunitio address thergnd challengs in the fields of bioergeering
While the purpose was to look to the future, it alderefd an opportunitjo showcase
pastand onging work. A vision of e future must build on accomlishment of the
past, and we had both in abundance on this occasion.

The stucture of be synposum allowed te large audence 6 hear fromvisionary
scientists — our plenagpeakers — but also to hear from the breadth of the community
Chartinga vision for the NH in bioengneeringcannot be accomplished in a vacuum or
left to a few keypeople. There is a wealth of talent in bioengeringand our gal is to
harness it, liste to it, and act on it.

| welcomed the opportunitp open this syposium and to see thelmore fully
incorporate bioerigeeringinto our eforts to advance science and human health.



Bioengineering Building the Futur e of Biology and Medicine

Contents
Foreword 1
Executive Sunmary 3
Symposium Report 5
Overview of Presentations 5
Reports of Panel Sessions
e Beyond hformatics: The Bture of Computation 10

e Bioelectric/Bomagetic Phenomenaon Channels to @an Function 12

e Bioengneeringin Clinical Medicine 14
e Bioengneering Education and raining 16
e Biomechantcal Solutions 18
e Biomalical Engneering in Renhabilitation 20
e Combinatorial Approaches tad@ogy 22
* Functional Bomaterials 24
e Fundiond Genomics from theGenometo thePhysiome 26

* Imagng at the Molecular and Cellulaeiels: Microscopic Bundations

for Molecular and Cédlular Engneering 28

* Imagng at the Tssue and @an Levels 30

* Instruments and Devices 32

e Mathematical Modding 34

e Medical hformatics 36

e Nanobiotechnolog 38

* New ApproachesotTherapeuts 40
Participants 42

Bioergineerng Symposum Report, 6/4/98 2



Executive Sunmary

The National mstitutes of Health (NH) convened the NH BioengneeringSymposium
to investigate research opportunities and develop recommendations that will serve as
underpinning for future medical and biolazpl advancesThe Synposiums structure
ensural tha recommendaions would adress priorities aross awide range of
bioengneeringsciences, which would involve multiplestitutes and Centers at thetNI
and Agencies of the &leral Governmentlmplementation of the recommendations will
realize the gal of exploiting bioengneerings capacityto bringinnovative concepts and
approachesotresearchr biomedicine and hedh.

Bioengineering improves qudity of life throudh its ontribution to a@vances in sdence
and technologrelated to human healtht is unique in its abilityo integate principles
from a diversityof fields. It crosses the boundaries of academia, science, medicine, and
industry As such, it is uniquelpositioned to impact the health of the natidie
enthusiasm and ekement gnerated bythe synposium are important indicators of the
vitality of theprofession.

Boundaries are disappearibhgtween biologand bioenmeering The creativityof
interdisciplinaryteams is resultingh new basic understandingovel products and
innovative technolags. This creativityand the promise for improved health of the
nation led to the creation of thed@ngneeringConsortium (EECON) byDr. Harold
Varmus on ebruary28, 1997.The Consortium, which is chaired By. Wendy Baldwin,
Depuy Direcor for EXramural Research,ncludes represeatives fromeveryNIH
Instituteand Ceanter and has liaisons from vaous othe Federal Agencies. BECON's
focus is to identifymajor issues and establish small workgngups to facilitate
bioengneeringadvancesTheyhave established a workimgfinition of bioengneering
and their current challeeg are identifyng research opportunities, facilitating
interinstitute cooperation, promotimigansdisciplinantrainingand improvinghe quality
of peer review BECON maintains a \@b site
(http://www.nih.gov/grants/becon/becon.htm) to communicate these concerns both within
and outside the M.

In keepingwith BECON's broad mission of promotirigterdisciplinary
communication and cooperation in bioeregringresearchthe NH convened a 2-day
BioengneeringSymposium on Ebruary27-28, 1998. The purposes of therfppsium
were b: (1) idenify grand chdlenges n biomedical researchhat can benefifrom
bioengneeringapproaches, (2) define the role of bioeegringin future advancements
in biomedical research, (3) determine how to iraegbioenmeeringwith biologcal
research to meet these challesg(4) showcase accomplishments dfiflinded
bioengineering researchers, (5) incease thevisibility of bioengineering to theNIH
intramurad and extramurd research communities a well as to theNIH leadership and
staf, and (6) make recommendations to thélNbr areas of future investmenthe
response to the 8yposium was outstandindvore than 750 participants, representing
academia, industryegulatory agencies, national research laboratories, ataf the NH
Institutes and Centers attenddelenaryspeakers posed provocative questions for
consideation by 16 pands. Theprimay sdentific priorities and implanentaion
strateges are provided belowA summaryof the presentations and the conclusions of the
panels are included in the full report.

Bioergineerng Symposum Report, 6/4/98 3


(http://www.nih.gov/grants/becon/becon.htm)

Sdentific Priorities

1.

Through a systers approach, elucidate biological principles Exploding
information arising from moleular and genomic studies would benfit from research
usingasystans integrated gpproah, indudingthe quantitative aspects of physical-
biological interactions in space and time, in orderdim @ full understandingf the
rules of how livingsystems operate and resporihis integative and quantitative
approach, a hallmark of emgering will elucidate new fundamental knowlesligf
biological prindplesin terms of multiplemechanisms @ross hiearchical s@les from
molecule to cell to @an to oganism to whole populations.

. Facilitate translation from promiseto performance. Exciting health technolags

can be envisioned arisifigpm advances in basic science andieeering Their

fruition in clinical practce depends onfettive ranshtionalresearch and
dissemination into@neral use.The bioengeeringcapacityfor design and research is
poised to contribute to population studies, basic research, clinical trials, databases,
regulatory science, products and services that will facilitate new prevention and
therapeutic stratégs to meet both todayand tomorrowg' patient needs.

. Catalyze multidisciplinary teams. Thevitality of multidisdplinary teams will be

instrumental in capitaling on the bioenigeeringapproach to sythesiz and integate
information from diverse fields into focused basic and application-oriented solutions.

Implementation Strategies

1.

Establish wllaborative initiative s. Establish new collaborative pn@gns such as
BioengneeringResearch Consortia, supportednmyitiple Institutes and Centers,
combining bioengneering, bioscence, and ahical science approaches treae
innovative and ééctive approaches to medical and biadadjresearch Foster
academic-industrpartnerships.

. Increase emhasis onjoining ergineering and biology. Explicitly increase emphasis

on joiningengneeringand bioloy in fundamental research and trainiegg, redefine
themission of ad renamethelnstitute of General Medical Sdences (and
Engineering).

. Reimagine the hioengineering acadcemic structure. Reimagne the bioenigeering

acadent structure b creae an ntellecual infrastucture spanmig all of the
educational stap (kindegarten-career) Establish pedamgical paradigns to
encourag innovative teachingethods and material§each enmeeringwithin the
context of biology.

. Communicate principles. Through an on-ging dialogue between academia, industry

government (NH, FDA, as well as local, state, and federai$agures), and the
public, communicate successd=acilitate the communication lxyeatingaccessible,
user-friendlydatabases of moleculgahysico-chemical, and pBiologc knowledg
and integrative prindples.

All participants shared enthusiasm for the chakksngnd opportunities that motivated

the NH to convene this sygposium. Both patient and health care in the United States
will bendfit greatly from implementing the recommendaions of thesymposium.

Bioergineerng Symposum Report, 6/4/98 4



Symposium Report

The National mstitutes of Health sponsored thengyosium, “Boengneering
Building the Future of Bology and Medicine,” to define the contribution of
bioengneeringto biomedical research and determine the bess teagnsure that
bioengneerng talents are usedtmeetthe NIH’s goals. The synposum, which atracied
more than 750 participants from academia, industy @vernment, convened on
February27-28, 1998 in the M Natcher Conference Centeseven distingished
speakers discussed the state of research in their fields and presented their vision of the
future roles of bioerigeering These plenariectures were followed by6 panel sessions
addressinghe most important areas of research opportuhityhe panel sessions, 140
eminent scientists and engers presented individual observations and elicited
suggestions from thesymposium peticipants. Each pand was aked to identify goals and
obstales and to preare recommendaions for nev sdentific initiatives of highest
priority, accompanied bgtrateges for achievinggroposed objectivesThis report
summarizes the presentations and outcomes of the panel deliberakaiah. panel
prepared a report in its own Bty The results reflect the breadth and diversityhe field
of bioengneering

Overview of Presentations

Keynote Address
Senator Bill Frist, M.D. R-Tennesse)

Dr. Frist, a heart and lung transplant g@on who patrticipated in the development of
heart valves and cdrac assist devices, is the only physician eatly serving in the
United States Senatéle is chairman of the Senate Subcommittee on Public Health and
Safety and the Subcommittee on Scieraehriologyand Space.

Examples of bioengeeringapplications that have benefited patients include: (1) the
use of functional maggtic resonance imagg (fMRI) that emplog computer algrithms
to produce detailed cardiac inesgwithout the need for invasive draagstic procedures,
(2) conmputerized ekctrocardbgramns that allow the dagnosk and teament of cardac
arrhythmias without open-heart gry, and (3) the application of materials,
microprocessors, and computer and batteciinologes, which were used to develop
cardac pacerakers and a¢mor contol device. Bioengneerng has diecly benefted
the hedlth and quadity of life of Americans.

Bill S.1030, the National Center folidngneeringResearch Act, would establish a
Center for BoengneeringResearch at the NI This Center would coordinate
bioengneeringresearch at the Nland througout the lederal Government, identify
promisingresearch areas, convene annual megtargl allocate funds for trainirand
research.The proposed leglation is based on a recommendation in a 19%5R#port,
“Support for BoengneeringResearch,” which was requestedthy Senate Committee
on Labor and Human Resourcel addition, the Scienceg€hnolog, and Space
Subcommittee has requested a $10 million stadiefine how Congss can better
prioritize hedlth research needs.

Imaging and Measuements from the Molecule to Function

Scott E. FraserPh.D., Anna L. Rosen &fessor and Dector Biology Imaging Center
Beckman Institute, California Institute aééhnology
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New biologcal imaging techniques pemit visudization of thedeveloping bran in
intact embrgs. These techniques include veayp label cells, process imegjat a
molecular sale, visudize how @&lls interact, and studyintercellular signals and gene
regulatory mechanisms that have been proposed based on cell culture and molecular
biology studies.In some cases, the new techniques hasielgd information that has
proved manyld ideas about neural development to be incorrect. The techniques permit
microscopic visualiation to increasingepths but dér different compromises in terms of
ease of use, performance, and priteincreasingorder of cost, the techniques include
thefollowing:

e Videomicroscopyinvolving a conventional ligt microscope equipped with a video
camera and acompute-based image, pemits strutures as smdl as sinde
microtubules to be visuakd in livingcells. Fluorescence engy transfer labeling
techniques are used to introduce indicata@sdyto singe precursor cells that can
then befollowed ove time as thebran develops. Videomicrosmpy is rdatively
inexpensve, butcan mage only surface cés.

e Laser scanningonfocal microscopyejects imag-degadingscattered ligt and can
optically section thick specimenst offers higher resolution than does a conventional
microscope, but is phototmx Images from manylanes must be collected to
construd three-dimensiona images.

e Two-photon laser scanningicroscopycan provide god three-dimensional imesg) of
labeled cells, can see deeper (p@t) into a specimen, and is less photatox

e Three-dimensional MRmicroscopyprovides factors of fdmprovement in
resolution over standard MRhd eliminates phototity, but it is eyensive and
slow.

Processinglata with computers is providirmgtter sigal-to-noise ratios, and current
research is developirgfunctional MRlagent to enhance sigls. The gral is to develop
imaging techniques tha pe'mit singe-cell resolution studie a the cdlular/suba&lular
level and in the millisecond raeg

Materials for Under standing and Controlling Biological Processes
Buddy RatnerPh.D., PofessorCenter for Bioengineering, University oastington

Biomaerials have saved lives and improvel thequdity of life throudh theuseof
products such as hip prostheses, vascuédtsy heart valves, percutaneous devices,
stimulaing eectrodes, atheters, dantd implants, and breast implants. However,
drawbacks to each of these result from biocompatibggyes.Synthetic materials used
in these devices elicit a nonspecific response, and heabodjs in the implant becoming
encapsudted. Healng is affected byboth adsorgbn of proeins atthe surface and
macrophag “interrogates.” Almost all implants heal indistingshablyin vivo; one midnt
hypothesie that biomaterials all absorb proteins nonspecificllly such nonspecific
protein adsorption does not occur in normal biglog

The poenia existsto engneer surfaces, ug] paterned arrag of oriented recepir
molecules, to control biolagal reactions to sythetic materials A goal is to develop
“stealth” materials tha produ@ no biolodcal reaction and will not lead to encapsuldion.
Such materials include paihylene oxde, which resists protein pickup;dnpxyapatite,
which heals with no @psule certain porous meerials; and atificial crystalline maerials
that “knock out” the inflammatorgrocess.

High points in the evolution of precision biomaterials include the concept of
molecular recogtion (which led to the 1987 Nobel Pegand the concept of cell control
via receptr biology and nechangs/geometry. But the scence has gne as far ag can @
with conventional biomaterialsThe biomaterials of the future will be engered to be
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recoqiized bythe bodyas a normal part of its psiplogy and to preciselyrigger healing
What are needed are desigiles, precision controls, and education in how to use new
tools to studybiomaterials.Future research will focus on receptor/ragbgn

interacions, cdkrto-cel signaling, molecuks in defined orentations atthe cel surface,
bland noninteractive régns, and molecular self-assembly

Functional Genomics — Fom the Molecule to Function
Leroy E. Hood, M.D., Ph.D., The GatesoRessor and ChaiDepartment of Molecular
BiotechnologyUniversity of \shington School of Medicine

Global tools for the anadis of biologcal systems and networks are needdthe
following six paradigm shifts will change biology and madicine within thenext 6 to 10
years:

e Biology as an inbrmation science. Three types of biologcal information will need
to be deciphered(1l) chromosomes (determinifNA sequences and &acting
meaning studyng genes and control régns); (2) proteins (determinirgjructure and
correlatingwith function); and (3) complekiologcal systems and networks
(identifying elements and connections; determinfungction and emeent
properties).

e The analysis ofsystens and networks. This will involve studyng elements,
linkages, and sgtems propertiesSystems are complicated, consistmfgsubsgtems,
paallel information pahways, and bottlenecks.

e High-throughput (global) tools for analysis of gees and proteins requir e two
keys to systera analysis: databases ahformation and assay systes1 Tools to
studygenes include laje-scale DNA sequencingenotyping, DNA arrays, DNA
chips, eypression mappingnd identification of polyporphisms. ©ols to study
proteins include mass spectrometst electrophoresis, and wajo predict protein
folding. Tools to studycells incdludehigh-speed multiparameter cell sorting,
computational biolog microfluidics, and microfabrication.

e Common origins of all biological information means that model organisns are
critical to decipher information pathways and biological corplexity. Model
organisms, both simple and compleate the “Rosetta Stones” for translating
information pahways.

e Computer sdence and applications mathematics will play a critical role in
helping to decipher biological complexity. Computational biologallows
bioengneers b extract sbre, and angke information.

e A systens approach to diseasés revolutionizing medicine. The dobal tools of
genomics and proteomicsfef new approaches to the stratification of dise&<e.
example, in the case of prostate canBA arrays are beingused to distingsh
normal from cancer cells, which can then be used as potentiabdiagtools and as
markers b evaliak therapeutc approachesAfter genotype anaysis, statificaion
can denify geneic deerminant and cinical feaures. Once @nes hat predspose ©
prostate cancer are identified, biogregprs can decide which part of the information
pathway to manipulate © preventthe disease.

Inf ormatics — Nowand Beyond
Patricia E Brennan, R.N., Ph.D., Lillian S. Moehlman BascowféssorSchool of
Nursing and College of Engineering, University of&dnsin-Madison
The foundations of health informatics include clinical and basic biomedical sciences,
computer and information science, oitiye science, public health science,
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organizational science, and decision scien€arameters of health informatics include
computer-based patient records, knowkedgthe point of care, imaxgy, and
telemedicine

Thefollowing activities ae on thehorizon:

e Integration of different daa types, with enphasis on timevariant dda,

e Integation of agnts and meta-data that support use of knoweledg

e Merging of public health and personal health data, and

e Reengneerng of clinical practce b captalize on nformation advances.
Yet, the followingactivities will still need to be accomplished:

e Scalable, portable applications,

e Integation of health information technoli@g into the cliniciars work life,

e Policies and reglations supportingrivacywhile enhancingiccess, and

e Tools that support “smart” patients.

A big chalenge is Transhtional Research, orhe marriage betveen basi scence
discoveries and clinical practicélealth hformatics must help patients—such as those
with precancerous conditions—make decisions; it can help accelerate the movement from
bench to bedside, fosterimgpid syithesis of research evidence and clinical data at the
point of care.Health hformatics can provide support in followirigree areas:

e Basic research - The vocabularypictures; knowledg resources; access to
distributed resources; and research workstations and networks.

e Clinical - Common tems and dda modds; paticipant recruitment; research
registries and dda repositories; and virtud reality environments.

e Healh Services - Oganized, accessile cinical dat; conmon terms and
standad ddinitions; intevention infrastrudures; and guidelines ddivered to
the point of care.

Investments that need to be made include infrastructure development, informatics
applications, and integted trainingprogams.

Delivery of Molecuar and Cellular T herapies
Rakesh K. Jain, Ph.D., Arelw Vrk Cook Pofessor of imor Biology Massachusetts
General Hospital and HarvarMedical School

Malignant diseases cause about one-fourth of all deaths in the United $teges.
causeof death usudly is meastaic disesse tha is distant from theprimay tumor,
althoudh uncontrolled primaryor regonal) tumors also are fatal to argfgcant number
of paients. Metastases areréaed swtemicaly with chemcal and bological agenss, but
these attempts often fall.

New strateges, collectivelyreferred to as “molecular medicine,” are thoutp have
the potential to be dramaticaltgore efective. Newer agnts include monoclonal
antibodies, ctpkines, antisense oligucleotides, gne-tageting vectors, and enetically
engneered cés. Because offteir potenteffects on cancer clin vitro and in some
tumor @ls in vivo, these agnts have been heralded as breakthrairgg and “mag
bullets” and have been acceptenhusaistically by policymakers, nvesbrs, and e
general public. However clinical results have not met the higqpectations drawn from
carefullyplanned and performed preclinical studies.

No sinde factor eplains these disappointimgsults. Nevertheless, one problem
requiringcareful scrutinys the quantitative understandiafjthe barriers to the delivery
of molecular and cellular therapeutio&.blood-borne therapeutic agt (a molecule,
particle, or cell) must make its watyto blood vessels of the tumarcross the vessel wall
into theinterstitium, and to thecancer cells. Tumors deelop in anatomical and
physiological ways that hinder an agntateach stp. In sone cases, even &tan agnt
has reachede farget in the tumor, the microenvronmentmay reduce lte agnts
effectiveness.
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Bioengneerng approaches can aga¢ experimentally and heoretcaly each of he
steps for deliverand the relationships betweereagand local microenvironmenthey
can then integrate resultinginformation in aunified framework—amultidisdaplinary
strateg for analyis and sythesis unique to bioeirgeering This approach is @ected to
lead to better understandinfithe phgiologcal characteristics that determine resistance
to deliveryin solid tumors.It also will facilitate development of novel straiegto
exploit and overcome this resistance for improved cancer detection and treatfimisnt.
knowledg would allow scale-up of biodistribution of novel therapeutics from mice to
humans.

Next Generation Devices and Methodologies
O. Howad Frazier M.D., Chief, Cadiopulmonary Tansplantation, and Dector
Cardiovascular Reseah Lab, Exas Heart Institute

Since the 1960s, investtprs have been workirig develop mechanical devices that
can asstor rephce he natral heart The progamto devebp a bngtermimplantable
left ventricular assist deviceAD) has become a paradigfor the treatment of disease.
It has focused on solvirgmajor health problem, severe heart failurehtryygng
together researchers from various disciplines, inclugingneering biology,
biomaterials, and mediciné he LVADs of the 1970s were too bulland cumbersome to
offer a hidn quality of life. Therefore, in the 1980s and 1990s, development focused on
device miniaturiztion and improved engy sources.

The ideal circulatorglevice continues to be elusivBuch a device would be
physiologcally responsive, anatomicalbpmpatible, reliable, easy implant, and
economical.In the continuingquest for such a device, researchers have produced a
number of innovative VADs: impeller axial-flow, and centrifugl-force pumps for
producingcontinuous flowand internal muscle-powered pumps for produpnigatile
cardiac assistace. Out of thecurrent generation of devices will eventudly comeapump
that meets the pBiologc needs of patients with vang degees of heart failure.

As new knowledg has become available, relatefbe$ have joined the paradiy
enhancinghe LVAD progam. For example, earlyobservations sugsted that it migt be
possible to reverse induced apoptosis (@ogned cell death) bgllowing the heart to
rest with the support of an assist devigdthough rudimentarythe current understanding
of apoptosis will increase as investigrs continue to studire molecular basis of heart
disease.When transplant immunolggs better understood, fetal cell transfer and
subsequentapetic remodelingf the failed heart maglso be possibleSomeday
molecular nanotechnolgdqusingparticles less than 1 micron in diameter) will allow
“intelligent” implantable micromachines to directhodify the human bodyplurringthe
boundarybetween biologal and mechanical stems.

Nobel Peace Rize Avardee

The Synposium recogized the participation of fellow bioeirger Professor Maciej
Nalecz who, with the other internationalfiwlers, accepted the 1995 Nobeldee Fze
on behalf of the Pugash Conferences on Science amatl@/Affairs. Professor Nalecis
the Director of the Bmedical Engneeringinstitute of Warsaw, Poland For 25 years he
chaired the prestigus hternational Puggash Council. The conferences derived their
name from Pugash, Nova Scotia, where in 1957, eminent scientists met to address the
threat of nuclear warThe stimulus for theagheringwas a manifesto issued in 1955 by
Bertrand Russell, Albert Einstein, and other notableséig. The Pugash Council
contributed to layg the goundwork for a number of arms treaties including Partial
Test Ban Treatyof 1963, the Nuclear Non-Proliferatiomebtyof 1968, the Anti-Bllistic
Missile Treatyof 1972, the Bological Weapons Convention of 1972, and the 1992 Global
Chemical V¢apons Convention.
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Beyond Informatics: The Future of Conputation
Chairs: @nan T Eppig Ph.D., and Brnard O. Palsson, Ph.D.

The complexity and amount of biological informatioa arcreasing dramatically
New appoaches will be needed to analyze and integrate this information.

Vision Statenent

Bioinformatic databases must be transformed into functional models of cell and tissue
processesAccomplishingthis requires harnessitige knowledg of all relevant
disciplines, includingomputer science, mathematics, biaeagring and biologcal
sdences. Themodds will range from empirical correlations of déabases to mehanistic
and sytemic descriptions of compldxologcal processesComprehensive informatic
based descriptions of modebanisms and @ans need to be developed and tested in
concert with basic biolagal research to uncover the rules of nonlinear cellular and
systemic reglation. Algorithms and other computational tools for predictamg
exploring intrinsic and anergent propeties of these modded proesses will be needed.

Goals for the Next 5-10 ars

e Support cross-disciplinampollaborations that hold promise for (1) developiegter
understandingf complexbiologcal regilation, (2) modelingomplexsystems
coupled with eperimental validation, and (3) developinthematics and software
tools for discoveringmegent properties of biolagal systems.

Develop database and software infrastructure standards.
Seek improved definition, interpretation, and asalgf sequence data, including
development of automated annotation methods and betteitlahgs.

e Develop methods for visualimy and interpretindgarge and possibljeterogneous
data sds and theresults of multivaiate, time-dependent simuldions of biologcal and
biomolecular sgtems.

e Move beynd sequence data to incorporate metabolic path)wayetic circuits, and
cell, tissue, and gan function into models.

e Translate empirical data into concepts that can be applied to the development of
therapeutic, metabolic, tissuegam, and prosthetic device angeringand desig.

e Develop new tools that are predictive of comgiédogcal properties, i.e.,
redundancyharacteristics, emgant properties, and evolutionadynamics.

e Desigh experiments to build mesoscopic databases, incluitioge describinthe
physico-chemical properties obge products and databases onspblpgcal
function.

« Develop gnome-based ganism-scale models for the ansiy; interpretation, and
prediction of the gnotype-phenotpe relationship.

e Estalish bioengineering as the homefor interdisaplinary eductiond programs and
courses (bioinformatics, biomedical modeliagd computing

e Develop a fundingnfrastructure that allows science and technplogoe developed
simultaneoushand allows for methods- and development-driven research.

Barri ers and Solutions

Barrier: Multidisciplinary trainingis rae and it is had to integrate compute sdence,
biology, and engneerig in one phace. Solution: Estblish bioengneerng as he hone for
interdisdplinary (bioinformaics, biomelical modding, and computing educationd
progams and courses — becausésinew rapidly evolving, and paced athe interface of
biology and engneerng, and because &ting curricula alreadycontin many of the
fundamental courses.
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Barrier: Multidisciplinary interactions ae difficult. Solution Establish fundingprogams
and priorities & the NIH tha recognize theneed for interdisdplinary research. In
particular the need for methods- and development-driven research has to beézextog
Establish a Science aneédhnolog Center progam for bioinformatics, gnome sciences,
and bioengineering. Also, pemit linked smdler-scale grants.

Barrier: Functional models based on current bioinformatic databases facaltltb build.
Solution Develop infrastructure for the description of the: (1)gity-chemical
properties of gne products and (2) simultaneous function of multigleegproducts.

Barrier: Databases for pBico-chemical properties obge products and for integted
physiologcal function are lackingn contrast to thergwing genomic and proteomic
databasesSolution Desigh experiments and database structures to build databases for
relevant phgico-chemical and plsjologc data and to integte these databases with the
rest of the bioinformatics infrastructure.

Barrier: In the past, model-building biology has been abstracgolution Develop
knowledge-based modelinfpr validation and testingFor cell modeling use a regatory
data/code stem-subsstem approachCouple tools for computational model-building
with experimental validation studies.

Sdentific Priorities

1. Emphasize kasic research for discovering the rules of biology, particularlythrough
comparative gnomics and understandirige nonlinear aspects of cellular processes
and biologcal regilation.

2. Develop databaseand softvare infr astructure standards that support the access,
creation, and anadis of biologcal and biomolecular data and its translation into
functional models.Develop an infrastructure that allows for the formulation,
analysis, and testingf functional models and prrimental testingnd validation of
predictive fundiond modss.

3. Develop computer-basedl models of well characterizedbiological organisns.
These models should describe the complete moletiterhemical, cellularand
developmental functions of theganisms and integte basic knowledgwith a
systems approach.

Implementation Strategies

e Recoqize formally within the NIH structure he need for sstems and corputational
research and development resulting from bioinformadics and genomics. This dfort
should span software development, elucidation of theipbychemical properties of
gene products, formulation of functional models of livigpcesses, and discoverfy
emepgent properties and biolacal rules.

e Immediatelyestablish a fundingfrastructure that allows for the simultaneous
development of science and technglagbioinformatics, gnome sciences, and
bioengneering A Science andéchnolog Center fundingnodel should be
considered, with more than oneegfandinglevel.

e |nitiate new educational and trainiogportunities and build the associated
infrastructure.

e Form initiatives to build oganism-s@le fundiond modds for séected modé
organisms for which the needed bioinformatics ardagnic data are available.
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Bioelectric/Biomagnetic Phenonena:
lon Channels to Organ Function

Chairs: David BGeselowitz Ph.D., anddse 3ife, M.D.

Many patients benefit annuallyofin the use of devices or othezdtments aimed at
the diagnosis anddatment of diseases, such as suddediaadeath and stke, for
which electrical abnormality in the tissue is an important componédatvevey such
approaches ag primarily empirical and, other than being able to,séyey sometimes
work,” a rational basis for their use is still lackingAs a esult, these diseaseamain
among the major killers in the United States and elsesvhfeiprecise quantitative
understanding of such diseases is a major challenge faced by clinicians, as well as basic
biologists and bioengineer#\chieving that understanding would have significant health
benefits and should be a major priority in science and technology

Vision Statenent

Diseases involvinglectrical dgfunction in the heart, brain, and skeletal muscles are
major health problems-uture advances majepend on improved methods for detection
of electric and maggtic sigrals, innovative combiningf bioelectric phenomena with
chemical, acoustic, optic, and motion information, and development of mathematics to
analye more accuratelyonlinear processed.he technolog-development and
integrative systems skills of biomelical engineers will play amgor rolein futurestudies
of bioelectric and biomamgtic phenomena, includirapplications to diagpsis and
therapy

Goals for the Next 5-10 ars

e Develop advanced perimental and computational tools, techniques afadig
analysis and processingnd models to enable intagjon of understandingf
molecular mechanisms of ion channel behavior and structure/function of cells with
knowledge about tpbal mechanisms of tissuegan function, includinghe complex
dynamics of egitation and electrical wave progtign in excitable media.

e Combine imags of bioelectric phenomena with functional and anatomic e&gm
othe moddities to ad in diagnosis ad theapy.

Sdentific Priorities

1. Improve under standing of mechanisms and dynamics of nonlinear biodectrical
phenomena from the molecule to the gan level throup development of advanced
experimental and anaftical tools.

2. Develop advanced copputational tools and nodelsto enable integration of
understandingf molecular mechanisms of ion channel behavior and
structure/function of cells with knowledgbout gpbal mechanisms of tissuegan
function, includingthe complexdynamics of ekitation and electrical wave
propagtion in excitable media.

3. Develop noninvasivetechniques to identfy individuak atrisk for ekctical diseases

and to identifyand treat individuals who havepetienced an event outside the
hospita.
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Implementation Strategy

The pand recommends thedevelopment of inter-Institutemultidisdplinary research
and trainingorogams focusingn technolog-directed and hyothesis-driven issues of
bioelectrical phenomena, from the molecule to the pati@ne possible model is the
progam for Specialized Centers of Research supportedime NH Institutes. Centers
for Specialied Research in bioelectric/bionmegic phenomena could include biomedical
engneers as well as prrimental and theoretical biolists, phgicists, and clinicians
working together oward a cormon theme rebted to bioelectical diseasesThe goals of
such centers should include, but not be limited to, those stated above.
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Bioengineering in Clinical Medicine
Chars: William R. Hendeg, Ph.D., &ad Willa A. Hsué, M.D.

A large portion of scientificeseach supported by the NIH can be described as
hypothesis-driven, basieseach. This reseach povides the ideas and knowledge for
advances in gatment and medical aar At the other exame, clinical trials ae an
essential step in movingin a peliminary demonstration of adatment to a
documented safe and effectiveattment. Translational eseach focuses on theseach
that goes on between those ends.

Vision Statenent

Improvements in preventive, diagstic, and therapeutic medicine require theoomy
infusion of new technolags (drug, devices, equipment, and procedures) evolfriom
discoveryand knowledg gained throudp basic biomedical researc turn, challengs
in clinical medicine hep focus basi research &rts on he search formproved way to
meet clinical needsThe dual-pathwaynigration of knowledg between basic research
and clinical evaluation and use is defined as translational reseéducturing this
migration to stimulate productive research and improve clinical medicine is an ever-
presenthalenge for he NIH. Todaythis chalenge is accentiated byexternal forces
such as mana&g care and a retatory environment.

Sdentific Priorities

1. Develop and docurent models oftranslational research. Models of successful
translational research can increase raitm of it as an essential component in
enhancingproductivityin basic biomedical research and clinical mediciMedels
should emphasezthe followingdual pathwag. the development of new technoies
for clinical medicine and the role of clinical medicine inding fundamental
research.An example of the pah from bast researcha clinical medicine s the
evolution of imagng technologes such as transmission-computed torapgyand
magnetic resonance imagg. An example of the reverse path is how the clinical need
for artificial organs influences basic research in immunglagd biocompatibility
Modds sud as these need to bedoawmented in ddail to illustrate theimportance of
translational research in the two-wagth between the laboratdsgnch and the
patient bedsideNIH resources are needed to conduct retrospective and prospective
models of successful and unsuccessful translational research.

2. Provide incentives br translational r esearch. Translational research requires the
cooperation of basic and clinical scientists to facilitate the twotveagfer of
knowledg between bench and bedsidéis requirement demands teams gherxs,
rather than solitarinvestigators, to perform researckach eypert must have enohg
interdisciplinaryknowledg to be able to communicatdeadtively with other team
members and enohgskill to contribute productivelio the researchDeveloping
such eyerts ges bepnd traditional traininggrogams, even trainingn disciplines
sud as bioengineering, which is multidisgplinary in sope Resoures for
developingnew educational approaches include directed suppontgmnsgrom the
NIH. Incentives in academic institutions are needed to attract persons committed to
translationd research, & are changes in theinstitutiond reward systam to recognize
the value of translational research and thosegesdgn it. In the development of
educational pragms for translational researchers, the opinions angestigns of
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industryleaders should be solicite@hese leaders should contribute to the desig
and support of the progms.

Direct resources tovard translational r eseaich. Transhtionaland cinical research
endeavors historicallgave been funded ltiree sources: clinical revenues, indystry
and the NH. Managed care is decreasirtge availabilityof funds from the first two
sources, and over the past fesays support from the Nlhas been directed
increasngly toward noleculr and gneic research and awdgom transhtionaland
clinical research.These trends place translational research, and its ultimate
contributions to improved patient care, at substantial figkaddress thisrgwing
problem, the NH should consider fundingrogams that specificallgupport
translational researciThese progams midnt be modeled after pragms currentlyn
existence, such as thosegeting small businesses, althdugccess to the progms
should not be restricted to specifipigs of oganizations.

Implementation Strategies

Recognition. The NH should recogize that an increased focus on translational
research as an integrative, multidisdplinary process is asantial to theongoing
productivity of basic biomedical research and advanced clinical medicine.

New Models. The NH should assist in the development of successful models of
translational research as paradggfor the collaboration of academia, indusamyd
Federal agncies in the migtion of knowledg in support of basic research and
clinica malicine

Intellectual Infrastructure. The NH should help support new approaches to
educate pasons ommitted to translaiond research, induding bioengineers,
mathematicians, information technoistg, statisticians, biolagts, chemists, and
research-odanid physicians, o creae the intellecual infrastucture necessarfpr
productive translational research.

New Programs. The NH should recogize the value of translational research by
creatingnew progams supportingranslational research.

Role of Bioengineering. The NH should identifybioengneeringas a logcal focal
point for convegence of needs and resources for translational research.
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Bioengineering: Education and Training
Chairs: Martha LGray, Ph.D., and &rry V. Mclintire, Ph.D.

To effectively expl@the potential for bioengineering apgaches to advance
biomedical eseach, scientific leaders must anticipate the necessary skills investigators
will need in oder to addess futue reseach challenges.

Vision Statenent

In recent pars, understandingf the fundamental mechanisms of disease has
improved enormous)yith commensurate chaegjin the practice of medicind hese
changes have driven an @onential gowth in the potential for emgeeringto contribute
to medicine throug increased biomedical understandimgpovative diagostics and
therapeutics, and improvel hedth care ddivery. For this potetial to berealized,
however there is a need to focus on the educational infrastructpexeed to produce
the biomedical engneerng leaders oftlie nex centiry.

In consideing theeducationd infrastrudure, interdisciplinary andintegrated are key
words hat emerge from anyperspedve. Fromthe perspedte of career pas,
biomedical enmeeringeducation must provide a foundation for industicademic
science, and medicindzach path provides enormous opportunities to improve the social,
economic, and health status of the United Stafesadre of bioenigeers is necessaty
translate the countiylead in biomedical science into industrial opportunities and
economic development, to increase the scope and speed of scientific advances in
biomedical science, andd bring an ncreased angilical perspedte  the pracice of
medicine.

From the disciplinaryperspective, mangroblems in medical science respond doly
the combined contributions of @ngering science, and medicin&.hus, the educational
infrastrudure must providea mechanism for studats to intgrate across multiple
disdplines.

From a more gneral perspective, biomedical éngers must be able to adapt to a
changng science base anathe internaionalzation of he work phce and mast be abé
to gopreciate theethical and political implications of research.

As the number of educational pragns bems to gow in response to these
opportunities, bioerigeers have focused intensely — and led the wawp — establishing
innovative oganizational structures and teachipgradigns for integated,
interdisdplinary education.

Goals for the Next 5-10 ars

e ldenify a core curgulum for bioengneerng.

e Develop trainingstrateges appropriate to the tifring career paths of bioemgering
graduates in industnacademic science, and medicine.

e Find the bestacadernt stuctures anddaching paradgms to generae bioengneers
who can adapt to chaimg science bases and internatioratii@n of the workplace
and an appreciate the ethical and political implications of research.

Sdentific Priorities
1. Develop strategies to lowr the barriers that naturally arise at institutional and
disdplinary interfaces. At most institutions, theurrent educationd infrastrudurein

engneering(and in other areas) is department-dependéfith the increased
recoquition of bioengneeringas an emerng discipline, bioenmeeringdepartments
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are bang established & many univeasities. This deelopment enhances educationd
opportunities, but it also raises concern about barriers that often isolate departiments.
is necessarfor bioengneeringstudents to maintain strotigks with engneeringand

the life sciencesStudents in traditional departments must have the opportonity

learn the langage of complementargisciplines. Understandinghe diferences

between academic and industrial cultures is also essential.

2. Establish newpedagogical paradigns and innovative teaching rethods, including
effective use ofte latest computer-based approacheBioendneering requres he
ability to useengineering approahes to examine complex biologca systans spaning
thelength s@e from moleules to ogans. With few exceptions, thepedagogical
approach involves the student or teacher natidgg material from traditional”
engneerng (mechancal, elecrical, chemcal, etc.) subgcs and applingit to
biological problems.The panel aged that the lack of pedagjcal tools is a major
barrier 1 effective biomedical engneerng educaiton.

3. Increase the level ofjuantitative skills at all levels (K-career). Biomedical
engineering requires arigorous mahematics traning and aility to think in a analytic
manner The panel felt strorg that this recommendation is a life-lolggrningissue
that must be addressed as eadyelementargchool.

4. Raise public avarenesqgin the gneral, medical and industrial communities) of the
importance of biomedical engeeringin medical breakthrolgs. Communicatinghe
skills and powe of an integrative systems gproah to research and deelopment is a
principal challeng. The persistent perception that biomedicalieegrs build
instruments as directed and usedhysicians poses a barrier to théeefive
involvement of biomedical emgeers in advancingiedicine and the medical industry

Implementation Strategies

To address these recommendations, the $Hould develop new trainirend
educational initiatives to foster innovative biogragringteachingorogams. Individual
NIH Institutes ae encouraged to join foraes so tha multi-Institute bioengineering training
grants an beestablishead, theeby diminishingthe obligatory constrants of asinde
Institute and allowindor support of a critical mass of students.addition, the NH is
encouragd b estblish a reasonablnunber of focused loimedical engneerng cengrs,
each of which integtes education, trainingcademic research, and industrial
applications in an area crucial for development of 21st cemadical treatmentsThese
ceners mght be nodekd after the Engneerng Research @nters andhe Sience and
Technolog Centers of the National Scienceundation.

The pand identified two aitical e ements for aldressingal of the recommendaions.
Thefirst is to excourage flexibility and experimentaion with respect to omganizaiond
and educational structures, so as toimie the potential for continued innovation in
teaching cultivation of industrial ties, and pansion in public awarenes$he second
critical dement is to have abeter coordindion of dforts and initiatives anong agencies
engaged in supportingoiomedical engeering(NIH, NSE DOD, Whitaker Foundation,
etc.). A well coordinated alliance amoragencies provides an unparalleled opportunity
and powerful incentive to deplagsources to build a solid educational infrastructure —
one that requires educational development, as well as student and research support.
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Biomechanical Solutions
Chairs: Ytan-Chend~ung Ph.D., and Carol.lLucas, Ph.D., M.S.

Biomechanics is a branch of engineering science dealing witlolé= of foce,
deformation, and motion in living ganisms.The field has made important contributions
over the years to understanding human physiology and pathology and to the development
of advanced medical diagnostic anddtmentprocedues, pocesses and pducts. The
continued application of biomechanics combined with other bioscience disciplines will
lead to further innovation and advances in stategies forompg health. Future
directions include the biomechanics of biomolecules, DNA, genes, gercefits caells,
extracellular matrix and tissues, and the integration of molecular biomechanics with the
physiology of aggans and the whole individual.

Vision Statenent

Biomechanics is a branch of eéngeringscience dealinwith force, deformation, and
motion in biology, from molecules to whole individual8iomechanics impacts every
area of medical diseasélo disease will ever be fullynderstood unless it undees a
complete stress analy. All cells in the body- stem cells, endothelial cells, emimnyc
cells, et. — are sbngy affected bythe geometry and stess faadrs in their envronment,
factors that influence keynctions such asege exression, gpwth, and development.

Biomechanics has contributed to understangimgiology and patholog
development of medical diagstic and treatment procedures, desigd manufacture of
prosteses, mprovenent of human perfornance n workplace and spastand aubmobile
safety injury prevention, and protection of theealy handicapped, sick and injured.
Biomechanics has addressed problems of blood circulation, musculoskeslealssy
ultrasound imaigng, tissue remodelingnass transport in kidneialysis and in cancer
drugddivery, development of artificial internd organs and joints, atomaed ggit
analysis, human tolerance, and tissueieegring It is relevant to treatment strateg for
manydiseases, fromege therapyo sugery.

In vigorous development for the future are the biomechanics of biomolecules, DNA,
genes, gendic circuits, @lls, extracellular marix and tissus, and theintegration of
molecular biomechanics with the @glogy of the ogans and the whole individualAs
an engneeringdiscipline, biomechanics is uniquejyalified to address these broad
issues.Biomechanics must be an intagpart of a solution to theand challeng of
integrating bioengneering with biological research oftie nex 1-2 decades.

Sdentific Priorities

Provide incentives to foster cooperation ambimmechanicians, biolagts and
physicians n the following high impactareas:

1. Adaptation to stress, including repair, fatigue and failur e. All cells and tissus
experience gtessin vivo, and respond to their mechanical environmeradsgptation,
remodelingand a host of subcellular and molecular events, whose normal course is
essential to function and whose abnormal course can lead to failure or diBeaseit
is important to understand the mechanics of these processes and the mechanical
aspects of the entire stimulus-response cascade that translates mechanical force to
molecular proesses from themolecular level, throudh inareasing sizes of sale, to
observable charmg Typical research areas include: remodean@gries, bones, and
other tissues; tissue responses to artificial implants and bioactive materials; remodeling
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injury and heling; development of constitutiveequaions d multiple sales; and stress
effects in diferentiation and development.

2. In Vivo biomechanics There is a need to emphasthe use of biomechanics to solve
problemsin vivo. Data on forces (stresses) and motion (stramsivo at the
subcellulayorgan, and whole-bodievels are required to provide the basis (i.e.,
boundaryconditions) for analys of function. In vivo biomechanics includes
characerization of nornal states as welas he agng process athe ukrastuctural,
microstructural, and macrostructural levels, daggics of disease states, evaluation of
therapeutic approahes, sugical pre-planning treatment moddities, and outome
Temporal changs as a result of treatment and various interaction and feedback
mechanisms can also be araly bybiomechanical method#Along the same line,
successfutleivery of drugs and gnes b treatdiseases — such asreach sad tumor —
will need in vivo biomechanics Continued improvements in the desand
application of implants, prostheses, and artificighos cannot be achieved without
biomechanics Meanwhile, new technolggand measurement techniques will need to
be developed for all levels of biomechanitéore sophisticated andigal tools,
computdiond modds and proedures will also berequired. It is important to notetha
these new tools must be verified and validated before their applic&iother, the
methods of approach must be int&gye, i.e., bridgng lengh-scales from the
subd@lular level to entire physiologcal systems.

3. Molecuar biomechanics. There s a needd devebp noleculr mechangs ©
understand the mechanical behavior of biomolecules, thenags of the interaction
of molecules in @&ls, thepahway of force transmission from etracellular matrix
throudh the cells, how force and deformation of the cell membrane induce forces in the
nucleus to causesge expression and production of proteins, how cells interact with
each other throdgmechanical contacts, and how tissue formatiocowti, and
remodelingare influenced bynolecular mechanicsStudies of the potential functions
(or strain enggy function) of the molecular backbone and the electron cloud
surroundinghe backbone mayrovide a foundation of the molecular mechanics
approach.For example, if researchers know the function of thelecular structure of
the cells as well as theynderstand the structural mechanics of an airplane, and if they
know the forces actingn cells as well as we know the aenoaiyics of the airplane,
then it will be possibleto design and modifythecells, tissues, and ogans for
biological functions. Molecular mechanics will be one of the bases of understanding
physiology and pathologand will provide fundamental principles for creattiggue
substituts.

Implementation Strategy

The panel proposes that biomechanicians become more proactive, inftraiing
colleagies in biolog and medicine of the importance of biomechanics in fully
understandinglisease processeBn this re@rd, it would be useful to include awareness
of the value of biomechanical input on solicitations fiang applicationsln addition,
small, rapidlyfunded gants mayoster innovative interaction and permit otherwise
impossible collaboration in potentiaNytal areas notst fully explored.
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Biomedical Engineering in Rehabilitation
Chairs: PHunter Peckham, Ph.D., Naomyrin GerberM.D., William Z. Rymer Ph.D.

Nearly 50 million people in the United States have a disabling conditibair needs
range fom impoving their physical or mental capacities t@piding access to the
workplace so they can achieve aguctive and satisfying life.

Vision Statenent

Biomedical engineering plays apivotd rolein therehabilitation proess byassisting
with restordion and substitution of furttond loss. By virtue of thar dud trainingin
biology and engneering biomedical enigeers draw from the knowleddpase of mangf
the life and phgical sciences and applyis knowledg to develop meanifigl
applications that improve a perssiyody mind, and contribution to society

The recentrstitute of Medicine reporgnabling Americadassifies disailities
broadlyinto the followingareas: pathoplsjology, impairment, functional limitation,
disability, and socetal/environmental limitations. Disability emerges from theinteraction
between impairment and societal or environmental barriditsle manyareas of science
and engneeringcontribute to the resolution ofgan system pathologand impairment,
biomedlical engineering is uniquéy qudified to develop and implament substitutions for
organ function and to reduce the adverde&t of societal and environmental barriers on
the lives of disabled peopl&iomedical enmneers can help compensate for functional
limitations and reduce theimpeact of sogetal and eawvironmental barriers. They emphasize
the ovariding need to mantain and restorefundiond capacity to optimizequdity of life.

Goals for the Next 5-10 ars

e Seek and incorporate consumer feedback into reseBishbled people often
develop novel adaptive strateg, and individual reactions to disabliigesses vary
broally. Furthemore consumes often have priorities different from thoseof
researchers or have concerns becawseare enploying a new dewie n a realworld
sdting tha may not resanble thetestingenvironment. Oneway to obtan consume
feedback is to use a listserve on thieinet. It is also recommended that
investigators receivindNIH support be asked to briefsgmmarie their project in lay
terms so consumers can understand afedl cbmment.

e Improve education and training the field of biomedical emgeeringand increase
general awareness of the field and its contribution to rehabilitatitemy medical
care providers are not aware of the new techmedognd how to use the products
correctly because their information comes from a venddher than from
independent sourcedlany consumers are unaware of technasghat can help
them and thewlso relyon advice of vendors and medical provideBsomedical
engneers are not routinetyained to understand the central biadadjor medical
problem. As a consequence, researchers are often out of touch with what is needed
and with the concerns of the consumedse solution is to ensure that research is
clinicaly driven by encouraging and revarding dinicians to inteact intensivedy with
engneerig researchers.

e Improve technologtransfer Rehabilitation frequenthinvolves hidp-cost, low-

volume devices that are not commerciafigble without substantial initial
investment.One possible solution is for the Mlto emulate the Advanced
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Technoloy Progam of the U.S. Commerce Department, where small businesses join
with large companies to pool resources.

e Improve consumer access to produdtkany consumers have marecare plans
that do not payor potentiallyvaluable productsBioengneers must build scientific
evidence of dicacyto encourag managd care to payor the products.

e Improve the scientific knowledgbase for rehabilitation, drawimmgp biomedical
engneeringmethodologes and techniques to assist with evaluatimeghanisms and
outaomes. Onepossiblesolution is to mphasizetheimportance of rehabilitation
research within the M and to uge that support be provided to achieve a critical
mass of réabilitation research.

Sdentific Priorities

1. Characterize and assessihctional loss in chionic disabling conditions
Bioengneers need to develop a straswentific basis for measurement of functional
loss, whilerecognizing tha human disaility emerges a an outamme of the
interactions between human impairment and environmental barriers or constraints.
As engneers develop substitution technotxj requirements for quantihg the
effects of these substitutions merge, indudingthe pe'sons alaptation to the
substitution technolggand the ensuingpteraction between the person and the
environment after the substitutioro Guantifythese dects, it is necessatg
rigorouslydescribe the performance base of the person as well as to assess the person
guantitatively in real-life situgions. We must deelop nev measurement paradigms
that allow for issues important to the consymsach as pain, codion, and
incontinence. New measurement tools will have to bepractical, simpleto use and of
reasonéable cost, to dow their widespread usein routineclinical sdtings.

2. Promote strategies to estore or substitute for functional loss Given that
rehabilitation dedls primaily with chronicillness and disaility (whee complee
restoration of agan function is usuallyot feasible), new emgeeringtechnologes
should be developed that substitute fajanrfunctional loss as well as restore the
capacity of apeson to peform optimdly within his or he environment.

3. Develop strategiesdr the transfer of relevant knowledgefrom other engineering
and physial sdences pertaining to substitution for or igordion of fundiond loss in
chronic disablingonditions. Bioengneeringdraws from manylisciplines, and
bioengneers needotcaptre findings fromthese dsciplines and adaghemto
rehabilitation. Bioengneers need to use various aregringtechnologes to
strenghen their base of scientific knowleslgA mechanism for obtainingnd
incorporatingfeedback to create new and refinedstm®g products is also needed.

Implementation Strategy

In all research and trainirigitiatives, the NH should consider functional restoration
and substitution sia venuein which biomalical engineering can contributeactively to
human welfare. This ontribution @n occur in dl phases of illness — raging from
limited objectives, such as reciifig impairment of particular gan function, to the
broader issues of optimizinghuman interaction with theenvironment. Biomedical
engineering must bemade morecentral to therehabilitation research effort. The
knowledg base of ééctive tools, techniques and evaluation mechanisms should be
expanded. These tools and techniques need to be better disseminated to consumers.
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Combinatorial A pproaches to Biology

Chairs: @ne \, Aldrich, Ph.D., and David H. Sherman, Ph.D.

Combinatorial chemistry and combinatorial biology-based apphes for the
development of novel pharmacological agents and biomaterials havgesivees
powerful long-term solutions for discovery of novel pharmaceuticasnbinatorial
chemistry strategies hawe been devisel to dficiently generate large numbes of
“combinatorial libraries” of soluble molecules, libraries of compounds tegddp esin
beads, silica chips or solid supportecombinant peptide libraries on bacteriophage and
other biological display vecbrs. Combinatorial biology nvolves genét manpulation of
bacteria and fungi that pduce complex natural-pduct chemical entitiesThis
technology includes construction ofdarlibraries of ecombinant miabes capable of
generating novel granic molecules, as well as engineering secondary-metabolite
biosynthetic pathways to modifg a highly diected fashion, valuable biologically active
microbial meabolites.

Vision Statenent

The panel envisions the development @ferallyvalid paradigns and techniques
based on combinatorial approaches for the desigthesis, characte@tion, assgyand
end-use evaluation of complexovel molecular entities and interactionsis expected
that within 5-to-10 gars, combinatorial paradig will become an emge of innovation
in a varety of fields wih paricular enphass on pharraceutcal sciences and drug
delivery medical device development, and materials cesigl engeering

Goals for the Next 5-10 ars

Significant opportunities and challeag for combinatorial technol@s lie ahead.
Significant synergies exist baween combinaorial biology and demistry and dlied fields
of bioengneering genomics, and bioinformaticsThe pharmaceutical industhas
alreadyadopted combinatorial methodoleg as a keyechnolog for its drugdiscovery
effort. Indeed, several compounds discovered from combinatorial chefbsanes
have advanceadfclinical trials. Success has sdadybeen ewvdentin the conbinatoria
biology arena, with directed manipulation of a natural product btbsyic pathway
leadingto the commercial development of an antiparasitenagAlthough these
successes are evident, advandingdamental aspects of combinatorial approaches will
undoubtedlyiead to more rapid discoveand eficient development of new
pharnmaceuical agents and advanced dmaterials for improved heah of the naton.

Barri ers

e Currentlythere is no mechanism forfedtively handlinggrant proposals that employ
multidisaplinary research.

e There is a gneral lack of dkctive networkingand interaction amonite
combinatorial-based fields.

e There is a lack of understandingfundamental biolagal properties for library
desigr and of linkag between gnomics and combinatorial approaches.

e The current complaety of assayformats limits dicient screeninghroudhput of
combingoria libraries.
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e Thereis need for availability of end-useassgs for dismvery of nev molecules and
biopolymers, includinghanoscale miniaturization methods and biocompatibility
assay.

Sdentific Priorities

1. Develop enhanced synthetic rthodologies br combinatorial chemistry. This
will includeboth diemical and biothemical approahes and inaeased emphasis on
polymer chemistryfor supports for sythesis and desigof novel templates and
scafolds. A component of this will be development of new automation and robotics
tools and approaches for obtainicgmbinatorial libraries.

2. Develop analysis tools that coplement combinatorial appr oaches includinghigh
throughput screeningchemical analys, and biologcal assay Development of
combinatorial approaches to charactetizgets would be a novel application of this
approach.

3. Develop tools ér inf ormation managenent and dissenination to cope with the
large amount of dataegerated bycombinatorial approache#reas to focus on
include:

Computingresources to handle the information and data,

“GeneBank”’ChemAbstacts-like datbases speficaly for conbinatorial
libraries,

Search tools for librargtructural properties,

Approaches forricreasng interacions anongtool-devebpment conputer
sdentists,

Techniques for advanced data reduction, multidimensionalssayd pattern
recoquition,

Networking schemes to ecourage formaion of multidiséplinary research teams
of researchersiieresed in conmbinatorial approaches.

Implementation Strategies

To address these priorities, theHN$hould foster development of cross-disciplinary
research and education initiatives and of funaimeghanisms for centers focused on
high-impact conbinatoria research.
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Functional Biomaterials
Chairs: Rena Eios, Ph.D., and Peteoldnson, M.D.

A large number of Americans suffegan and tissue loss every yeanrfr accidents,
birth defects, conditions, and diseases such as catiedetes, and osteopsis.
Improved understanding of biologicalgmesses holds pmise for the development of
new classes of biomaterials, polymers, and diagnostic and analygagemts. New
avenues of scientific inquiry can enable the development of novel tissueggand or
replacement technologies thatadesigned to perform ideally in theespective
biological envionments.

Vision Statenent

The panel envisions harnessihg knowledg of all relevant disciplines to derig
functional biomaterials (includindevice components) that willgle specific
tissue/ogan structure and functionThis process will incorporate knowleglgf tissue
structure, material properties, cell function and protein/cell-material interacidedgoy
clinical relevance, dtics, and accegble costand nanufacturing requrements.

Goals for the Next 5-10 ars

Investigate the basic biolggof wound healing

Corrdate in vitro with in vivo responses.

Develop standardized and quantitative cellidanetic, and metabolic response
assay/protocols, includinghose for accelerated biocompatibility

Develop noninvasive/nondestructive assafybiomaterial performance.

Develop optimal resorbable and nonresorbable biomaterial carriers for cell and tissue
induction factors.

Explore biomaterial self-assemblythree and four dimensions.

Incorporate clinical application requirements into the desfgunctional
biomaterials.

Develop parallel ggerimental sgtems wherever appropriate.

Include assessment of manufactunmegeds and costfekctiveness in the functional
biomaterials desigstage.

e Clarify the educationalaals for the neixgeneration of biomaterial
scientists/enigeers (including:linical engneeringand basic science pasure) and
foste thdar implementation within institutions.

e Improve communication and interactions ambagic scientists, clinicians, engers,
government, and industry

e Incorporae al relevant forces and stimuli (éectrical, mechanical, €c.) in the
development of functional biomaterials.

Barri ers and Solutions

Barrier: Limitations of airrent in vitro andin vivo models for the evaluation and
prediction of human response to biomaterimlsitu. Solution Make this asdentific
priority.

Barrier: Lack of adequate and appropriate quantitative methoesldégr the analys of
tissue, cellularmetabolic, and gnetic responses to biomateriaBolution Make this a
scientific priority Consider the development of centers to provide such complex
analses.

Barrier: Linear and time-consumingature of current ggerimentation.Parallel
experimental sgtems are neede&olution Emphasie the development of parallel
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experimental methods, such as combinatorial biomaterial development and, testing
optimdly leverage resoures (including time).

Barrier: Poor communication of concepts amatigciplines and stakeholderSolution
Develop a standard lecon for functional biomaterials and their applications (for
example, ASTM Standards proces§)enerate a mechanism to support anoony
dialogue between academia, industggvernment (NH, FDA, etc.) and the public.

Barrier: Difficulty in stimulding needed multidisdplinary interactions within and

between academic institutions and indusBglution Explore successful models of
multi-disciplinaryinteraction, such as virtual corporations anigting centers, and apply
them where appropriate.

Barrier: Poor intedisdplinary traning mechanisms. Solution Develop a new breed of
speciallytrained scientist-emgeers (for eample, bioenmeers) qualified to address the
development of clinicallyelevant functional biomaterialg.his educational @al will
require significant reshging of existing institutiond training mechanisms.

Barrier. Absence of a coprehensie resource for amial research.Solution: Develop
such a cemt.

Barrier. Inhibited devebpmentof funcional biomaterials because of perogad high legal
and reglatory barriers that helggen corporate riskSolution Bring the FDA to the
table. Promote the development of standards fareeklegl testimony

Barrier: Poor public understandirgf issues regrding biomaterials.Solution
Incorporagé publc educaiton outeach nechansms into the overal NIH bioengneering
progam.

Barrier: Absence of relevant standards for functional biomateri&tsution Develop
and establish consensus standards for functional biomaterials and their components using
the exsting standards development mechanisms (A§TM, ISO).

Sdentific Priorities

1. Developin vitro and in vivo models that are more predictive of human responses to
biomaterials.

2. Develop and apply quantitative nethodologiesto monitor gnetic and meabolic
responses of cells/tissues to biomaterials to provide mechanistic understanding

3. Improveunderstanding of wound healing around implants. This should
incorporate an understandinfjprotein interaction with biomaterials so as to foster
timely cell attachment, desired subsequent function, and prevention of rgamsan
atachment.

Implementation Strategies

The NH should require universities to focus on ieregringand emphasize the need
for enhanced intra- and inter-universityllaboration (includingirtual collaboration) in
orde to engage the multiple disdplines needed to achieve progess in this fiéd. An
advisorymechanism should be constructed to include the intramuirgld¢idemia, and
industryto refine the gals and mechanisms of bio@mgeringresearch especialgs
applied to functional biomaterials.
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Functional Genomics from the Genone to the Fhysiome
Chairs: Shu Chien, M.D., Ph.D., and RonaldD@vis, Ph.D.

Recentadvancesn biology, particularly by the Human Genome 8ject have
generated a vast amount of data on DNA sequences of the genomes of humans and other
organisms. Rogress has been accompanied and facilitated by the development of high-
throughput analytical tools, thuseziting many additional challenges and opportunities
for biology and medicineBioengineering is in a unique position to contribute to the
further development of these technologies, and to use them to integrate knowledge of
genomics and hierahical levels of living azanisms.Understanding molecules, cells,
tissues, agans, oganisms, and communities as integrated entities is the next major
frontier in biomedical sciences, and bioengineering should take the leadership in
advancing this understanding.

The high-throudhput analtical tools used in the anals of the gnome, proteins, and
cells will be complemented kilie development of other new technadsg e.g
nanotechnolog computational biolog and smart materials, formirige foundation for
decipheringhe network information of complexologcal systems. A scientific goal is
to establish, in various biolagal systems, the ptsfco-chemical properties of thessgm
components (fromeames to molecules, cells, tissuegyams, and aganisms) and their
regulation and interactionThe technoloigal tools should be integted with biolog,
chenistry, computer scence, engneerng, mathematics and phgics b acheve a sgtenms
science approach for the arsdyof biologcal information. Bioengneeringis central to
this activity.

Genomics has demonstrated the unitpiologcal information in livingorganisms at
different evolutionarjevels. Many human gnes have their counterparts ieagt,
Drosophilg and mice.The function of gnes can be studied in such environments, and
the insidits can be applied to researchers’ understanafilgiman biolog and disease.
Fundiond genomics will aid in theidentification of genes pralisposingto vaious dis@se
types and thestrdification of disese for theoptimizaion of presentive, diagnostic and
therapeut strategies.

Paradign changs in the life sciences will require remoldiagademic structures,
including training scientists differenty and forming acadernt consoria to tackle systens
problems which demand broadhterdisciplinaryapproaches.

Vision Statenent

Bioengneeringshould playa keyintegative role in functional gnomics, including
the integration of research and eduieat across diciplines and amngacaderig,
industry and society Bioengneeringprinciples should be applied to the charactgitmn
of genetic and phgico-chemical properties of components of biaafsystems at
various levels and to the understandifigunction in terms of the redation and
interaction of these components.

Goals for the Next 5-10 ars
e Create reliable databases with standa&dlimput/output formats.

e Develop a useful functional model of @ast cell incorporatingenetic and phsico
chemical data that can predict its piojogcal behavior in diferent environments.

e Develop tools for sstematicallyjcomparinggene and protein functions across species.
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e Foster development of model assagtems, includingurrogite ogans and living
tissues, to evaluatege function.

e Fornulate predctive conputer andin vitro models of components of representative
mammdian systems.

e Enlage the cadre of scientists havitige interdisciplinarknowledg and skills
needed to contributeoptimadly to fundiond genomics.

Barri ers ard Solutions

Barrier: Lack of communiation baween disdplines. Solution Educate students and
sdentists @ross disgplines and minimizejargon.

Barrier: Lack of qudity-controlled daabases on phgico-chemical propeties of systan
components.Solution Develop methods and technalkegywhose outputs incorporate
validated qudity merics; requiretha daabases indudethese qudity metrics.

Barrier: Restrictions on technolgdgransfer caused kigsues about intellectual property
Solution: Seek avenues of cooperation involvimglustry academia, andoyernment,
including standardied protocols for transfer of technolofipr academic purposes (while
encoura@g industrial participation).

Barrier: TheNIH review pands lack expertiseto assess alequaely the sdentific merit
and promise of new technoleg. Solution Form Special Emphasis Panels or invite
outside reviewers as necessatfyen evaluatingechnolog-based proposals.

Sdentific Priorities

1. Create and suppott an environment in which bioengneeringcan playa leadingole
in interdisciplinary research and educar.

2. Establish databases of physico-chemical and physiologial properties of cellular
and sub-cellular processes in human and modehmms with diferent gnetic
backgounds and in dierent environmentsUse these databases to formulate and
analye models that predict phiplogcal function across hierarchical levels of the
organism.

3. Develop new technologies to mllect quantitative daa ranging from thegenometo
the organism and to éuddate fundiond dynamics in living cells and tissue with
sensitivity down to thdevel of singe molecules.

Implementation Strategies
The NH should identifythe studyof functional correlates ofegomics as a major

new initiative. One approach would be to establish Science astinbloy Centers in
academic institutions.
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Imaging at the Molecular and Cdllular Levels: Microscopic
Foundations for Molecular and Cellular Engineering

Chairs: Mark H. Ellisman, Ph.D., andhh G. White, Ph.D.

The biologist intessted in understanding structiand function is constantly
seeking new toolsAdvanced capabilities for visualizing the struet@nd dynamics
of individual molecules arbeing enhanced, and new methods for viewing and
understanding how maamolecular and aganelle-sized complexes operate can be
expected as a consequence of enttechnologicaleseach.

Vision Statenent

New developments in microscopies are providingcial information and
essential approaches for understandimggstructure and function of cells and
molecules.Molecular and cellular bioeimgeeringis a rapidlyevolving
multidisciplinaryarea capitalizingn these technolags to create advances in
researchn many vital areas.The energent microscopes are partularly critical in
research on mechanical modelimigcells and tissues, interactions of implanted
devices with host tissues, biosensors that monitasiplogical processes, and
prostheics to aigment ddicient sensorysystams.

Barri ers ard Solutions

Barrier: Major gaps exst in researchers’ understandiogbiologcal structures and
their funcions atthe subnncron level (1pum to 1nm). Solution: Recentdevebpments

in modern computer-aided hgand electron microscopies and molecular prolfes of
great promise for delivergf vital new information.A partnership with the
biomedical enmeeringcommunityoffers exellent opportunities for

multidisdplinary development and gplication of carefully designed research tools

tha will better meet the requirements of thebiomedica research community

Barrier: Although X-rayand crgtallographic techniques have providedtrig
resolution imags of individual protein structures, understandid¢now proteins
form omanized complexes and how these function within the liviogyanism is
lacking Solution New light microscopytechniques have enabled thedmics of
the internal machnery of living cels to be vsualzed atboth stuctural and chencal
levels. These techniques are currertlyingextended to cells within tissues or
embryos. Similarly, the new dectron micosmpies can now yield @aomic-resolution
data from macromolecular structures or three-dimensional data at nanometer
resolution from aganelle-sizd structures bglectron tomogaphy

Barrier: The dramatic advances in identification ehg products from theegome
projects require complementaschnologes to realie the potential clinical benefits.
Solution Advanced microscopiechniques dér new diagostic clues, such as
specfic chronosomel rearrangment that are ndicatve of ceréin types of cancer

Remarkable devebpment have been atle n the following techngues, bueach
is in a state of fluwand has geat potential for further development by
multidisaplinary efforts:

*  Multiphoton microscopy is benign toliving tissue angpermits deeper sgecimen penetration than
other typesof light microopy.

e Scanning probe microscopy, sich as atorit force mcroscopy(AFM), offers a potetial bridge
between light andiltrastructural ricroscopies, wth posside application toliving tissue.
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» Electron energy-loss spectiscopic inmaging provides elerertal idertificationard clear inrages
of relativelythick specimens anddentification.

« Transmission electon microscopes \ith field-emission gunscanprovide rearatomic resoltion
for hydrated, fozenbiologcal specinens whencormnbined with three-dimensional recorstruction
techiques.

* Threedimensional recmstruction from electon micrographs ¢omographic and singde
parti cle averaging) reveak sructural degils of large (>500 IDA) macronolecues, virus paricles
andorganelle sgtens within cells as &l as cellcell attachrents.

» Fluorescentlabelsare beig used to neasue intranolecuar distarces ad to indicate dorains of
gene expressia.

» Physiological indicators have beendeweloped that indicate tke ptysiological state ot cell, sgh
as i cancentratioo or membrane tential.

* Magretic resonance imaging is now being appled to the gudy of enbryogenesis ard is
providing resdutions cown to 10 nm

» Single-copy studies d proteins and oligonucleaides under physiological conditions attain the
ultimate lirmit of observation of an indvidual macramolecule.

Sdentific Priorities

1. Improvemicrosmpes to fill the resolution gap. There is a geat opportunityor
biologists and bioenigeers to pioneer approaches for direct three-dimensional
imaging in thesizerange beween X-ray crystalography and traditional light
microscopy The lage number of hig-resolution structures alreagyoduced by
X-ray crystalography far outstrips invetigators’ aoility to essenble these
strudures into fundiond “machines.” This mismé&h will be made worseas
high-resolution structural techniques are applied to tlge laumber of unsolved
protein structuresin addition, some aspects of structural bigiogrrentlylie
beyond the reach of X-ragrystallography(e.g, membrane proteins and protein
dynamics). The technologal gap needs to be closed byilding better tools,
includingthree- and four-dimensional imag, to advance our understandioiy
structure, function, and damics in this important spatial domain.

2. Develop better pobes. Probes have become a vitaltyportant component of all
forms of micosmpy. They provideinformaion on moleular identity,
intracellular environment, and intranolecular measurements. A moreintegrated
approah to thedevelopment of probes is neded. Sud an gpproach will require
multidisciplinaryinitiatives involvingchemists, bioloigts, molecular eneticists,
bioengneers, instrumentation specialists, and lasesipists. There is particular
promise in the development of engered protein-based probes and probes that
can be used for integted microscopy-i.e., combinations of ligt and electron
microscopy

Implementation Strategies

Accomplishingthe objectives arisinfjom the opportunities stated above will
require development of critical human resourcBsis can be achieved liynding
multidisciplinarytraininggrants that cut across the traditional boundaries of the
physical and life sciencesThese gants should be linked to technoica research
and development centersgatingthe above objectives.

All of the challenges cited will be attacked best byaresearch-driven goproah.
The pand sugestad fosteing investigator-initiated goproahes tha address research
challenges. A final suggestion was to develop interdisciplinatygpes of proposals
that bringin scientists and emngeers from outside the normalHNtatchment basin.
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Imaging at the Tissue and Organ Levels
Chairs: Thomas.Budinger, M.D., Ph.D., and Ruth E. Dhagff, M.D.

Diagnostic imaging of tissues andgans, especially in the modalities of ultrasound,
nuclear medicine, nuclear magneta&sonance and specscopy and X-ray computed
tomographyhas been a field of rapid advancdstegration of the information content
from the diverse imaging methodsegquired to reap the benefits of these advances.
Emphasis must be continued on minimizing invasiveness, imagingaesgng time,
costs, and patient discomfort, as well as maximizésglution and ease of use of data
display Bioengineering can play a cruciadle in futue improvements in each of the
components of imagingseach and developmentoim image acquisition to clinical
decision-making.

Vision Statenent

The methods of biomedical noninvasive and minimiaisasive imaghg can be
placed into two major categes. Cate@ry | comprises methods iregeral use for
diagnhostic imagng of tissues and gans. Categry Il methods are those which have been
introduced rore recerlyy and do nohave wide appicaions b clinical studies, butdo
have promise for biomedical science invesiigns and diagpstics in animals and human
subjects.

Caegory |

e X-ray projection imaging, including digital radiography and mammography.

e Ultraound imagng, including Doppler flow ard blood poolimagng.

< Magndic resonance imaging (MRI), including megnetic resonance angiography and spectrosaopy.

« Radionuclide imagng, including postron emission tomograpty (PET) ard sngle ploton enission
tomography (SPECT).

Category Il

« Electric souce imagng (ESI), ircluding magnetoerceptalograply, magnetocardiogaply, ard suface
potertial mapping of bran potertials ard thoraxpotertials.

e Optical imagng, including infrared tonography ard fluorescem emissionimagng (stimulated enssion
ard plotonemissionfrom chemical reactioss).

e Electrical inpedare tonograply.

 Endoscopy using nultiple modalities includng ultrasaind, radation senses, andmultispectral gtical
imaging.

® Electron spn resonance and microwave imaging — but both techiques have depth of penetration
limitations that have reventedheir ajplication.

Reseach Strategies ard Barri ers

A systems enigneeringperspective of imagg technolog research leads to a division
of issues into three aspects, for which sti@eof research and development promise to
yield substantial improvements in our abilitydetect, quantifyand understand
biomedical processes Iopninvasive imaigg.

Strateges for makingechnolog improvements include new approaches, such as
exploring tissue characteristics Isymultaneous use of ultrasound and NiRivhich one
modestimulaes achange tha is deected by anothe mode Sud straegies dso indude
improvement of well known methods, such as improved detectors for PET and new
magnet configurations for MRI The technoloigal improvements possible for all of these
methods include reduction of imag and processintme, reduction of costs and patient
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discomfort, visualiation of tissue and gans in three-dimensions, and improvement in
both sighal-to-backgound contrast and spatial resolution .
But a separaand nore conprehensie stategy of researchsneededd enabé
human information integtion. Under the catemy of systems enigneeringfor human
information integation is included research in visualiion, modelingsimulation, and
informatics (i.e, thetimely ddivery of omganized informaion for dinical decision
making. Research strategs are needed to optimize the acquisition, dissemination and
interpretation of patient diagstic information.This area of research will enable studies
of efficacy and facilitate the necessdryman engeeringto obviate the scenario of a
good new idea beindeveloped into a discarded device thtopgor integation with the
medical or research question.
A third class of strategs is needed to define the barriers which hinder biomedical
imagng research and developmerithe followingareas need scruting discover
bariers thd can besdely removel to facilitate rapid dgployment of nev ideas and to
integate new methodolags in clinical and scientific medicine:
e Standards and refations.
. Industryand gpvernment reglations. The representation bgsearchers on
standards-settinigodies, includinghose of PA, should be increased.
. Peer ReviewA looser interpretation of Ippthesis testings needed to allowapd
fundamental phsics and engeeringprojects to be favorablgvaluated even
without a close tie to a specific biologl problem.

Sdentific Priorities

1. Improve imaging technologiesn the areas of spatial and temporal resolution, speed
of information acquisition, detectors, and contrast resolutimprovements in these
areas byactors of 2—-10 are pbiplogcally possible, with evenrgater factors in the
long term. Modalities bepnd those in current medical practice have tremendous
potential but definite technolagal barriers. The panel recommended arparsion of
NIH support for instrumentation research.

2. Develop improved contrast enhancement agents and probes speciic for
molecular cellular and phsiologcal processes in both normal and disease states to

promote medical science discoveries and development and verification of models and

therapy These probes include radiopharmaceuticals, btRtrast agnts, ultrasound
contrast agnts (g¢neral and receptor-specific), and methods of stimuléissge
response.

3. Devebp new and effective strateges br classfication and estimation, using
synthesis and integration of multimod&imaging and moddéing approahes with a
priori information. An engneeringsystems approach for optimizirge integation
of clinical image information for clinical decision-makings well as research
applications, is the undertyg goal. A systems approach to dephlognt of medical
imagng technologes in research applications is also needed.

Implementation Strategy

Whereas the first two recommendations can, in part, be satisfipcbbgnt NH
processes or those currenbigingdeveloped, a new emphasis would be needed for the
realization of the third recommendatioiio that end, the panel recommendedryy
support to Centers of Erllence for Bomedical magng Researchwhich would include
training These Centers of Erllence would be responsible for the development,
implementation and vdidation of strdegies for assessmat.
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Instrum ents and Devices
Chars: LindaM. Gréham, M.D., and Erik L Ritman, M.D., Ph.D.

Instruments and devices for bo#search and clinical use, &m the exquisitely small
nanoinstruments to wholegan and tissueegplacements, have been developed by
bioengineers.These instruments have significantly ioy®d capabilities foreseach in
animals, clinical diagnosis, andegatment of diseases and disabilitiédsing principles
of physics, chemistrand biology collaborative efforts of bioengineers, medical
scientists, and clinicians will allow development and implementation of new instruments
and devices that have inqued accuracyreliability, and biocompatibility In addition,
these devices may utilize conceptssnidrtness,'automaticity and closed-loop cort.

As a esult of novel instruments, clinicians and biomedical scientists will see new
opportunities to discover basic physiologic and biochemical mechanisms and to intervene
to correct pathophysiological conditions.

Vision Statenent

The devedbpmentof instruments and devdes hat augnentor rephce daraged organs
or diseased tissues, thus rstoringpaients to halth and indgpendence, will occur by
means of technolacal advances that combine principles ofieegring physics,
mathematics, and chemistiyth in-depth knowledg of biolog. The NH can facilitate
achievement of thisaal by supportingthe multidisciplinaryresearch necessaxy
develop the naxcenturyinstruments and devices.

Barri ers

Although a revolution in molecular biolggand gne therapyhas occurred, the
advances resulting from this revolution have yet to mae thetransition to thebedside A
varietyof instruments and devices, ramgfrom deliverysystems to sensors and innag
modadities, will be needed to gply genetherapy to dinical problems. Furthemore the
development of improvel medical devices will require further advances in cellular and
molecular biolog.

A mgor obsta&le to theoptimd useof mealical devices (espesialy implantable
devices) is the continuingck of biocompatible materiald.he development of such
materials and other enablibgchnologes is critical. The followingis a partial list of
required materials and technoiesg;

e Biocompadible maerials,

e Power sources,

e Noninvasive monitorin@gnd actuators,

e Implantable sensors,

e Instruments for the detection and control of disease processes such as infection, and
e Microdevices and miaoinstrumats for usan smal-animal modsds.

Other barriers that are impedipgogess include the following

e Lack of communication between the multiple disciplines involved in instrument and
device development,
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e Disparate needs and motivations of indysegearch scientists, and végory
agencies (for eample, industnrys financial backersegerallyexpect the duration of
development of a device to market to be no more thaasy,

e Liability issues.

Solutions

e Targeted eforts to increase the knowlegldpase and its application to the development

of biocompatible devices and instruments,

e Support for multidisciplinaryvorkshops and conferences (modeled after the now-
defunct NHLBI contractors meeting

e Establishment of new mechanisms to encoeliagustryacademic collaborations
(modeled on the NSEngneeringResearch Centers pragn or other pragms),

e A workshop focused on risk/benefit and liabilisgues.
Saentific Priorities

The NH should embrace the development of technptogsupport healths part of
its mission. The followingare important gals in the area of instruments and devices:

1. Understand the hostimplant interface to enable the development of biocompatible
materials that resist infection, thromboembolism, uncontrolled inflammatory
response, and fibrosis.

2. Develop the capability to monitor device function, identify early signs of falure,
and mplement correctve measures.

3. Support a registry or databasethat provides researchers,amufacurers, and
consumers with access to information about device performance over time.

Implementation Strategy

The recommendations above should be implementesbgncingnechanisms to
foster collaborations amongultiple disciplines as well as amomglustry government,
and academialn addition to the usual research support mechanisms, consideration
should be tyen to the following

e Bioengneeringtechnolog centers modeled after N&Rgneeringcenters,
e Fdlowship/trainingprogams on implantable device research,

e Progam announcements, and

e Workshops.
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Mathematical Modeling
Chairs: \an C. Mow Ph.D., and H. Steven ¥&y, Ph.D.

Mathematical modeling is an analytical tool for understanding complex data sets and
biologic phenomena and is a soarof quantitative hypotheses incorporating multiple
interacting biological pocesses at various hiedrical scales.Mathematical modeling
has a powerful mdictive ple, especially in agas that ae not eadily appoached
experimentally or ethicallyRecent advances in understanding the physicgeties of
biologic materials and fundamental advances in the molecular basis of cell behavior
have geatly expanded thesearch opportunities and usefulness of mathematical
modeling.

Vision Statenent

The success of reductionist and molecular approaches in modern medical science has
led to an eglosion of information, but pragss in integatinginformation has lagged.
There is a need to make connections anfantg, but this is hampered mherent
biological complexities and problens of translating informaion beween different
experimental spaces, e.gsructural, spatal, and emporal Mathematical modek provide
a ratonalapproach forritegrating this ocean of dat as well as proviling deep msight
into biologca proaesses. Theintegrative capacity of modés will be needed in
translation dbrts to bringknowledg gained from molecular studies to the giglogcal
level needed for treatment of diseaséodeling should not be seen as an afterthaug
but as a critical component of multidisciplingrmojects. To foster such recatgion, the
scientific communityneeds improved communication between modelers and twalog
scientists and improved educational opportunities for those involved in multidisciplinary
projects. Scientific leaders should raise the bar for what fgeeted from hgothesis-
driven science Mathematical modelings a due holdingtogether various eperimental
and intepretive modadities.

Goals for the Next 5-10 ars

e Improve the infrastructure for modelingcreasingraininggrants, fellowships, and
sabbaticals.

e Increase the number of @angers/modelers who havepexience with bioloigal
systems.

e Implement disease-based models that can pergwrentallytested.

e Creat atleastsix centrs that focus on cdbboratons betveen bologists, engneers,
and bioengeers, with an emphasis on intative modelingof biologcal and
biomedical problems.

Barri ers ard Solutions

Barrier. Biologists and modelers often do not understand each’stlaaigiage. This

inhibits collaborations and mutual respeSblution Improve educational opportunities

in terms of traning grants, joint metings, and fdlowships.

Barrier: The perception that models must be in an advanced state of development to be

acceptable for fundingSolution: Place more mathematicalisained scientists on
scientific review panels to provide an appropriate perspective.
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Barrier: The perception that models are not relevant to bicébgroblems.Solution
Couple modelingo experiments byightly integating experimental results with the
evolution of models.

Barrier: Difficulty in obtainingappropriate data for modelingolution Educag
scientists on what is needed for modelamgl implement \&b-based database solutions to
provide nmodekers accessotapproprate dat.

Barrier: Redundant modelingfforts. Solution Maintain Web-based linkagbetween
research ups involved in modeling

Sdentific Priorities

1. Establish long-rangemultidisciplinary research centers composed of biolagts,
biomedical scientists and bioegngers with emphasis on mathematical modeling
both mechanistic and phenomenatogpproaches—to studyitically important
clinical problems, such as:

e Drugddivery to had-tissuetumors,

e Biomechanica etiology of ostearthritis,

e Fluid dynamic factors in atherosclerosis, and
e Infectious dis@se transmission modéies.

Of particular interest is the pboration of phenomena that, for ethical or economic
reasons, are not appropriate for diregiesmental studies.

2. Establish training fellowships (includinggraduate research assistantships,
postdoctoral fellows, sabbatical leaves for senior fa@nityindustrial researchers)
for progams with emphasis on mathematical modetsmgnhance collaboration in
multidisdplinary studies.

Implementation Strategies

e Convene a workshop on mathematical modelity broad coveragof various
critically important basic science and clinical problem¢orkshop participants
should include biolagts, biomedical scientists, and bioeregers who have pursued
various aspects of mathematical modelifigne workshop should be required to
produce a syiposium volume on state-of-the-art mathematical modeling
methodologes and problems that havdesttively and exylicitly benefited from the
results of méhematical modds.

e Create multidisdplinary modeing centers thd focus on dinically important diseases
and baic biologcal problems tha will ben€fit from sud focused research progams.

e Provide predoctoral and postdoctoral traingnants and sabbatical pmagns for both
senior academic and industrial researchers interested in mathematical mofleling
critically important biologcal and clinical problems.

e Generate shared parimental resource centers to promote the development of
mathematical and computer models for biomedical problems—emglbiplogsts,
biomedical scientists, and bioengers with emphasis on mathematical modeling
experise.

Bioergineerng Symposum Report, 6/4/98 36



Medical Inform atics
Chairs: Paul D. Clagn, Ph.D., and Casimir Kulikowski, Ph.D.

Medical informatics is the study and evaluation of information strast@liata and
knowledgepnd the methods by which information can be used to affect headth car
delivery education, andaseach. Information can be used as a specific intervention in
diagnoses and therapies in ways similar to the usesookpues, devices, and
pharmacological agents.

Vision Statenent

Medical informaics and bioengineering have potentially symbiotic capabilitie s thad
require integation and recagtion of complementargtrenghs. Both fields involve
acquiring processingand analging information. Theyshare the need to mamag
massive, distributed, networked data sets that are compiled from leatsyag sources.
These databases serve a hetaregus set of users, with roles in research, patient care,
and education.

Methodologes for addressinglinical issues and educational materials ey
productivelyapplied to biologcal and gnomic information.Medical records are
required to asess thecapabilities of mealical devices and to deign bioengineering
experiments.Information obtained bgensors and imagg and assaynethods can
contribute to the detail and richness of the data set for a patiemesearchers advance
the ability to desaibe apeason’s genomic profile, genomicand metlical records ddabases
convege. This convegence will improve care bycreasingunderstandingf diseases
that micht develop and responses to specific therapies aadsweringjuestions about
patient populations.

Trends

Electonic medical records sytens are erarging as a saltion o the probem of
managng patients across a variaty caregvers and under severe economic pressures.
Hospitds and managed care organizaions ae, for thefirst time, investingin these
systems to influence caregrs at the point of care, t@ther information about
expendtures, andd anal/ze efectiveness of ggendtures.

Collaborators are developirsandards for vocabularies, mesaggand formats to
collect, collate, and share datdowever financial support is needed to allow them to
devotethetime required to deiver the standards in amaure form.

Home- and community-based accesse heath records, ronitoring and ntervenion,
and communication and education are increasapglly. Now that four or five notable
prototype systems have been obseved for anumbe of years, abroal-based commitment
to instdling sud systans across thespectrum of helth-care ddivery sites is energing.
Vendors are bagningto present products that are acceptable for use.

Goals for the Next 5-10 ars

e Develop and applglassification sgtems and standard terminojdg improve health
care and reduce costs. Sud standads will improvethe utility of dinical daabases for
clinical research purpose and fecilitate exchange of dinical daa for both @re and
research.

e Develop techniques to incorporate inragand voice data in electronic patient
records. Sud informaion must beclassified and storel in amanne tha pemits the
extraction of data for anadis.

e Develop nomenclature and methods of discermfaymation from whole body
images of patients, when it becomes possible for sucheésmagbe stored as part of
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the medical recordt maybe desirable to correlate #iyal features of such imesg
with genetic information.

e Develop tools for maaging and filtering large quantities of dda, sud as information
residingon multipleWeb sites and themagp of apasons genetic makeup.

e Create better techniques to facilitate the accurate éingkef collection of
information from phgicians, other health professionals, and patievisthods may
include user-friendlyemote sensindevices for home and communitge.

e Develop methodolags to support the transfer and application of population-based
hedlth information in dinica setings.

Barri ers

The inabilityto collect patient data and knowlexig an immense, unsolved problem
that inhibits appropriate intervention. Other barriers include:
e Lack of standards; and
e Lack of methodologfor selectingaggregating integating summariing, verifying,
validating and manaigng the content of laje databases.

Solutions

e Understandinghe impact on the delivef health care of NéxGenerationriternet
capabilities and fundiondity.

e Voice and gsture recogition, multimodal interfaces, mobile/nomadic computing
metadata, ontolggdevelopment, visual indexg, and processingf information.
Authentication methodolgg
Database miningnd data models.

Standards for vocabulannessag formats, and domain- and task-specific intercleang
formats.

Sdentific Priorities

1. Develop nethods for structuring, m anaging, and analyzingarge, distributed,
networked, adaptive databasesmultimedia medical records, gegnomics, directories,
World Wide Wb literature, clinical trials, ragtries, rules, pathwayknowledg
struduring, daa mining, €tc.

2. Develop methods for acquiring patient data and knowledge naurd language
processingnomadic/mobile computingesture recogition, image/multimedia
compression, interfaces.

3. Develop nethods for delivery of reusable knowedge at the point ofservice
online records, vocabulgmndexng.

4. Develop nethods for sharing knowledgefor multiple purposes and updating
dissenmnated nformation ast is superseded byiore recentat.
Implementation Strategies

e The NH and he heath care cormunity must paricipate acively in the devebpment
of specifications and standards for the N@enerationriternet.

e Standads and techniques to protet confidentiality of paient dada must bemproved.
Such standards and techniques must adhere to the “fets#Authentication, access
privileges, audit trails, and accountability
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Nanobiotechnology
Chairs: Harold G. Cralgad, Ph.D., and Kensall D.i¥¢, Ph.D.

Challenges and opportunities exist for the design, fabrication and use of nanometer
scale structugs as pobes of the structural and functionalbperties of biological
maciomolecules, as biosensors, and as central components of diagnostic and therapeutic
approaches.

Vision Statenent

Nanobiotechnologwill generate new capabilities, facilities, and approaches for
investigatingand understandingellular and molecular processéhese advances would
not be possible usingacroscopic technolags. Nanobiotechnologwill allow for a
dramatic miniaturization and integration of complex fundiondity for anew class of
biomelical devices and miaosystems and will lead to dezelopment of improved device-
tissue interfaces to permit their lotgm usdn vivo.

Goals for the Next 5-10 ars

The nex decade will be a period of increasirggearch in nanobiotechnojognd can
be expected to yield important results. Greet atention will be pad to issus reating to
surface interactions, which become critical as dimensions decrease and surfaces dominate
devices.The diverse and complernteractions between biolmgl systems and inganic
material surfaces will be one focus for investign and development and magd to
important breskthroughs in thebiocompdibility of avariety of implantable monitoring
and herapeut devices.

A new understandingf biologcal systems magmege throudh, for example, the
ability to analyze in deail many individud cells rather than average propeties. Rapid
analsis of the genetic material from a shgle cel or chenicals expressed by snge cel
could enable new modes of disease wliesis and improved understandioigcomplex
physiology. Future devices and biomedical instruments will involve increalewnels of
integation, analogus to the development of intaged electronic circuits but with the
need to deal with sigficantly more diverse material and structurasteyns. The
integation of fluidics, optics, mechanics, and electronics at the micro- and nano-scales
will enable increasingly complex fundions and systems to beminiaturized and mass-
produced.Current development of DNA analy chips is the first exmple of such
integration.

Barri ers and Solutions

Thediversity of maerial systems and ther limited compaibility with biologcal
systems present substantial challesgn nanofabricationThere is a lack of
understandingf biologcal and phgical phenomena at nanometer-scale dimensidhs.
desiq, fabrication, and integtion of ultra-small, complegystems will require
advanced, complefabrication technolags and sigificant technologcal development.
This will require understandingnd eyertise from mangiverse disciplines and
associated gerimental methodsThe disciplinarybarriers that often ést in established
organizations must be bridal.

The challenges are substatial, yet the potential for important intdlectud and

technologcal payffs underscores the need for solutions to the barriers and clealleng
The folowing acions are suggested:
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Encourag the asserling of required exyerts 1 atack he research probins. There
are a number ofapd examples within the Nil of multidisciplinary goal-oriented
progams.

Support research and development of the unishgrtgchnologes.

Recogize the fundamental importance of surface studies, fabrication teckinolog
process integtion, and materials development to the successful development of
nanobiotechnolog and leveragnew initiatives tageting specific biologcal

problems with eisting and emaging efforts supported bgngneeringand phgical
sciences, e.gwithin NSFand the Department of Defense.

Sdentific Priorities

1. Develop nanostuctures and technologies for the sdection, manipulation, and

analysis ofsingle cells.

Develop nanostuctures and technologies for the sdection, manipulation, and
analysis ofindividual molecules.

Devebp engineering nanostructures, ntegration strategies, am suface
technologies to support needed mechanical, optical, chemical, and dectrical
interactions with biological systens.

Implementation Strategies

Encourag novel and hilgrisk research approaches and support appropriate
interdisciplinarygroup approaches to advance nanobiotechiyolog

Take advantage of and leverage ongoing/emerging activities in aeas — sut as
micromechanics, microfluidics, inteaged optics, novel materials, tissue ielegring
and patterningechniques — that can provide pathsathych device and material
developments can be addressed.
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New Approaches to Therapeutics
Chairs: Gail K. Naulgton, Ph.D., and Andrew S.athsler M.D.

Development of new modes of therapy is haadaey the lack of understanding of
the pathogenesis of disease, the lack efljotive animaljn vitro and cellular models for
the study of disease mechanisms, the lack of adequate delivery systems, and the inability
to noninvasively monitor delived drug or cell therapin vivo for assssing €ficacy of
thetherapy.

Vision Statenent

In the future, the field of therapeutics should advance deligery tissue
engineering, and gendic engineering by integrating the expertise of cell biologists,
bioengneers, and medical scientists to develop tools to better assessslwqgoal
barriers b enty of therapeutc agenss, the drecied deivery of those agnts, and he
persistence of the phiplogcal effect.

Goals
 Create and maintain more robust animal models of human disease.

e Create a biolagal transport map to predict where the infused products wiill g

e Develop phgiologcally based mathematical models to better predict delizedin
vivo remodding and integration.

e Devebp beter imaging techngues ¢ trace delvery.

e Develop noninvasive methods fiorvivo sensingof biologc consequences of
therapes.

e Develop better understandinf cell and tissue structure chaduringnormal
embryogenesis and disease states to bettgetatesired action.

e Develop methods to enhance cell and tissue specifitityerapeutic interventions.

e Develop chemical-containingplymers that direct cell and tissuefdifentiation and
integation and that are ultimatelgplaced byissue.

e Develop cell control sstems (presumablyene or reglatory-regon based) that
regulate cell diferentiation. These sgtems should be applicable to stem cells,
allogenic tissue, andenogenic tissue.

e Develop a database of tissue and use properties that influence the transport of
therapeutic agnts (e.g cell pore sizes, interstitialganization, difusion
characteristics, and vasaular pamesbilitie s).

e Develop molecular fingerprinting tha will allow investigators to méch the
therapeutic agent to themolecular makeup of thespeific tumot

e Develop better understandinf stem cells, pragnitor cells, and cell diérentiation
and de-diferentiation.
Barri ers ard Solutions

Barrier: Inadequate understandinfjphysiologcal barriers to deliver{intravascular
transvascular, interstitial, and cellular bariers). Solution Create bioengineering centers
for delvery of therapeuitcs.
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Barrier. Absence of déctive anmal modek for spediic diseasesSolution: Make this a
sdentific priority.

Barrier: Poor understandingf cell differentiation, proliferation, si@ling of cells to
initiate tissuedevelopment, and integration of various @l types into fundiond three-
dimensiona strudures. Solution Make this asdentific priority.

Barrier: Inadequate collaboration amoaoell biologsts, bioengeers, and phsicians.
Solution Create new interdisciplinagourses of instruction and conferences, and
prioritize interdisdplinary grant applications.

Barrier: Lack of adequate imaug systems for monitoringn vivo ddivery, peasistence,
and function of new therapeuticSolution Provide education and trainiiggants, and
make this asdentific priority.

Barrier: Paucityof standards for biolagal constructs to assess important parameters of
cell activity, marix ratios, and biomehanica characteristics. Solution Develop and
establish consensus standards in collaboration with ASTMSfd |

Sdentific Priorities

1.

Create sistitu te tissue ard synthetic organ constru cts by combiningthe sdences
of tissue enigeerng and gneic therapy

Devebp delivery systens for th erapeutic agerts that are trget-specfic, that
address transport barriers, and that access tiedddrareas in optimal quantities and
reman in thearea for predictable and adequae lengths of time

Developin vivo systens that can be interiogatedto provide eficacyof new
therapeut agent.

Implementation Strategies

Stimulate the submission of proposalgéing both businesses and universities for
interdisdplinary progams in thefield of nev therapeutics.

Sponsor and encouraghe development ofiBengneeringCenters (both plsjcal
and virtual) for the most costtyf the gals defined above and provide easgess as
information evolves.

Creat a herapeutc Web site accommodaing the varbus nteress of individual
sdentists.
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