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Biomedical Imaging Research
Opportunities Workshop II:
Report and
Recommendations1

The second annual Biomedical Imaging Research Opportunities Workshop (BIROW), or
BIROW II, was held February 25–26, 2004, in Bethesda, Maryland. The workshop was a
continuation of the first BIROW and was initiated again by medical, scientific, and
engineering researchers and societies to identify and explore opportunities for basic
science research and engineering development in biomedical imaging (1). This broad-
based multiple-disciplinary effort sought new ideas in synthesis from leading scientists
and engineers, as well as from clinicians and those involved in government funding for
medical imaging. BIROW II was sponsored by the Academy of Radiology Research, the
American Association of Physicists in Medicine, the American Institute for Medical and
Biological Engineering, the Biomedical Engineering Society, and the Radiological Society
of North America (RSNA), along with 15 other participating specialty societies.

OVERVIEW OF THE WORKSHOP: C. LEON PARTAIN AND G. SCOTT
GAZELLE

The four selected topics for BIROW II included (a) optical imaging, (b) computerized image
analysis, (c) imaging of gene expression, and (d) image-guided vascular interventions. Note
that information on the workshop and the current planning for the third workshop are
posted on the BIROW Web site (www.birow.org).

BIROW II again used the format established in the first BIROW, which included plenary
sessions related to the four topics followed by two sessions for break-out groups on the
topics. In each of the initial topical plenary sessions, three invited leaders in the field
summarized the state of the art and provided their thoughts on outstanding research
opportunities. See the Appendix for a list of group leaders and participants. Also, a
challenging summary of opportunities in biomedical imaging research was presented by
the keynote speaker, James H. Thrall, MD, Professor and Chairman of the Department of
Radiology at Massachusetts General Hospital, Harvard Medical School (Boston).

During and after the meeting, topical session chairs and break-out group leaders drafted
white papers to summarize the state of the art and the research opportunities in their
topics. It was planned that development, evaluation, and wide dissemination of the white
papers for each topic in the archival literature and on the Internet would provide an
unusual opportunity to stimulate thought and activity in a wide segment of medical
imaging and related communities. A summary report of these four white papers follows
this introduction.

The four BIROW II topics were chosen to bring together researchers in medical imaging,
including basic scientists, engineers, and physicians. It is anticipated that the BIROW
series will continue as an annual workshop; the topics in each workshop may be narrowed
and perhaps chosen to be more closely related to allow for further scientific depth, as well
as for input from the outside medical imaging community.

The organization of BIROW by a wide consortium of medical, scientific, and engineering
societies strongly involved in medical imaging should help ensure continuation as a
dynamic undertaking. The workshop offers insights for a wide range of recognized leaders,
including, but not limited to, the most recognized National Institutes of Health (NIH)
advisors. The organization consists of representatives from each group of societies, who
direct the workshop planning and meeting arrangements. A larger group of societies
provided members to the Program Committee, as well as key workshop participants, and
released announcements of the meeting results. Strong input support was provided by
representatives from NIH and other government agencies with particular contributions to
the support of medical imaging research.
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The workshop was financially sup-
ported in part by grants from the Na-
tional Institute of Biomedical Imaging
and Bioengineering (NIBIB) and from the
Whitaker Foundation. C. Leon Partain,
MD, PhD, served as principal investigator
for each of these grants, which were sub-
mitted from and managed by Vanderbilt
University Medical Center (Nashville,
Tenn). The RSNA in cooperation with the
American Association of Physicists in
Medicine (AAPM) assumed the major fi-
nancial support and responsibility, and
participating societies committed finan-
cial support for their representatives’
travel.

The strong management of BIROW II
by RSNA staff was critical to the success
of BIROW II. Contributions from AAPM
were also important for success. BIROW
III and subsequent workshops will be
managed by RSNA with support from
AAPM and other sponsoring societies.
BIROW III will be organized by the co-
chairs of the executive committee: Wil-
liam H. Hendee, PhD, and G. Scott Ga-
zelle, MD, PhD, and by the co-chairs of
the program committee, Kris Ropella,
PhD, and William F. Walker, PhD.

BIOMEDICAL OPTICAL
IMAGING: JOSEPH A. IZATT

The optical imaging session reported on
recent advances in structural, functional,
and multimodality optical imaging in
the effort to identify emerging opportu-
nities for basic research and clinical ap-
plications in optical imaging and micros-
copy and to identify methods to facilitate
coordinated optical imaging research
among medical and scientific disciplines.
Formal invited presentations included re-
ports on functional diffuse optical imag-
ing, optical coherence tomography, and
high-resolution optical microscopy. An
optical imaging break-out session was
charged with identifying important is-
sues, challenges, and opportunities fac-
ing the growth of this field, including
consideration of recommendations for
future program initiatives. What follows
is a summary of the findings and recom-
mendations.

State of the Art

The rapidly developing field of bio-
medical optical imaging draws from the
techniques and methods of the life sci-
ences and of photonics to record unprec-
edented achievements in the detection,
imaging, identification, kinetics, and ma-
nipulation of biologic structures and pro-

cesses. Optical imaging is used in biology
to probe for mechanisms, function, and
morphology across a range of scales from
the subnanometer level to the organism
level. In medicine, optical imaging is
used to study tissue from the organelle
level to the organ level to help detect,
diagnose, and treat pathologic processes
in ways that are noninvasive or mini-
mally invasive to the body.

Widespread current applications of
biomedical optical imaging range from
the use of fluorescence techniques to
help identify biomolecular distributions
within cells, to micrometer-scale cross-
sectional imaging of the retina, to imag-
ing and selective treatment of tumors.
Current research into next-generation
biomedical optical imaging techniques is
being conducted in a wide variety of ar-
eas and encompasses an equally wide va-
riety of methods.

Nonlinear microscopy uses nonlinear
optical techniques such as multiphoton
molecular excitation, optical harmonic
generation, and depletion of stimulated
emission to image subcellular morphol-
ogy and trace molecular dynamics down
to subnanometer resolution and up to
hundreds of micrometers deep into liv-
ing tissues. Optical coherence imaging
techniques such as optical coherence to-
mography and phase-resolved micros-
copy allow real-time, micrometer-scale,
cross-sectional imaging and ultrasensi-
tive detection of cellular dynamics down
to millimeter-scale depths in living hu-
man patients. Diffuse optical tomogra-
phy allows completely noninvasive mea-
surements of hemodynamics and neural
activation many centimeters deep into
bulk tissues such as the brain, particu-
larly when used in combination with
conventional deep-penetration imaging
techniques as part of a multimodality ap-
proach. Research efforts continue on the
validation of fluorescent and Raman
techniques in the spectroscopic diagnosis
of disease, including the accumulation of
clinical data demonstrating efficacy in
specific applications such as detection of
cervical dysplasia. Many of the recent ad-
vances in molecular imaging employ lu-
minescent or fluorescent genetically ex-
pressible markers in combination with
advanced photonic sensor systems.

These and other recent research ad-
vances demonstrate the continuing po-
tency of photonics as a venue for new
biomedical imaging technology develop-
ment. As optical imaging continues to
mature, it will become necessary to iden-
tify larger issues and challenges in this

field that can be used for the develop-
ment of future strategic initiatives.

Issues and Challenges

Some issues and challenges facing op-
tical imaging research are particular to
optical imaging, while others are shared
by all biomedical technology develop-
ment activities.

Appropriate validation methods for
optical imaging need to be developed,
including surrogate markers and appro-
priate benchmarks. Most optical tech-
niques have had limited clinical expo-
sure. Since many optical imaging tech-
niques surpass the limits of resolution or
sensitivity available to established imag-
ing techniques in vivo, the development
of validation methods is especially chal-
lenging and important.

Owing to the highly scattering nature
of tissues at optical wavelengths, the de-
velopment and interpretation of optical
images requires complex mathematic
models for image reconstruction. Instru-
mentation-based approaches for imaging
in the presence of dominant scattering
have been successful near tissue surfaces;
however, model-based approaches for
deep tissue imaging in the absence of
structural information from complemen-
tary imaging modalities remains prob-
lematic.

As in many imaging modalities, optical
imaging in tissues involves a trade-off be-
tween image resolution and maximum
imaging depth. High-resolution tech-
niques capable of micrometer-scale imag-
ing are generally limited to image depths
on the order of millimeters or less. The
technical challenges of high-resolution
imaging well below the surface of soft
tissues (eg, in the brain or inside tumors)
must be overcome to advance the use of
optical imaging for diagnostic applica-
tions and measurement of treatment re-
sponse. While optical imaging tech-
niques are naturally amenable to subsur-
face delivery by means of optical fiber
probes, probe-guided optical imaging in-
struments increase invasiveness and face
increased regulatory challenges.

Optical imaging may have its greatest
clinical promise when it is combined
with other imaging modalities. However,
this research requires interdisciplinary
cooperation that is difficult to foster and
support.

Strategic Objectives

The following are the major strategic
objectives for the near-term future of bio-
medical optical imaging research:
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Translational research.—Translational
research is defined as the development of
new technologies with near-term poten-
tial for biomedical or clinical applica-
tions, where demonstration of the appli-
cation is included in the definition of the
research project. Translational research
requires funding mechanisms for and the
participation of multidisciplinary teams
of basic scientists, engineers, and physi-
cians in all aspects of the research
project, including conception of the in-
strument, prototype development, bio-
medical and clinical deployment, and
closure of the feedback loop for next-
generation prototype improvement. A
critical element of translational research
involves validation of clinical applica-
tions of new optical imaging technolo-
gies.

An additional problem facing transla-
tional research is the gap in many new
technologies between successful demon-
stration in a single application or center
and widespread dissemination to the
clinical community. The creation of new
funding mechanisms to enable dissemi-
nation of promising optical imaging in-
struments and technologies to the clini-
cal community prior to commercializa-
tion should also be encouraged.

Multimodality imaging.—Multimodality
imaging consists of combinations of op-
tical imaging methods with other imag-
ing modalities to perform combined
structural and/or functional imaging or,
alternatively, to use complementary and
synergistic optical imaging methods to
achieve a clinical goal. The use of struc-
tural information from well-developed
imaging modalities such as magnetic res-
onance (MR) imaging and computed to-
mography (CT) in deep-tissue optical im-
age reconstruction enables increased-res-
olution extraction of spectroscopy-based
functional information such as oxygen-
ation status. Alternatively, to approach
problems such as early cancer detection
in large organs, a composite approach
that combines a low-resolution, wide-
field-of-view modality such as spectro-
scopic diagnosis with a high-resolution,
small-field-of-view modality such as op-
tical coherence tomography may be
promising.

The distinctive problems posed by mul-
timodality imaging include the develop-
ment of specialized instrumentation com-
patible with multiple modalities, as well as
the development of platforms and algo-
rithms for data correlation, registration,
and management to enable simultaneous
visualization of correlated data. Even in the
absence of multiple modalities, many cur-

rent high-resolution optical imaging ap-
proaches generate large and unusually
shaped data sets (eg, micrometer-scale res-
olution images with millimeter-scale imag-
ing depths but centimeter-scale or larger
image widths). The development of ad-
vanced algorithms and techniques for dis-
play of such data sets or, alternatively, for
automated mining of such data sets for
abnormalities is also an important issue
that would appropriately be addressed in
new initiatives.

Research Priorities

The following represent particularly
germane problems at the current time:
(a) in vivo imaging at the cellular level;
(b) optical imaging methods to assess
early neoplastic changes; (c) optical im-
aging techniques to enhance molecular
imaging performance; (d) improved reso-
lution of in vivo molecular imaging;
(e) development and application of novel
imaging devices, such as guided biopsy
probes, “smart” interventional devices,
and devices for imaging inside the body;
(f) optical imaging methods for cognition
and brain functions; and (g) portable low-
cost optical imaging methods for brain
function.

Training and Education

Pursuit of the recommended strategic
objectives and research priorities will re-
quire increased interdisciplinary coopera-
tion, collaboration, and communication.
To prepare researchers who are capable of
and receptive to these collaborations, the
panel recommends the design and funding
of training programs that expose engineers
to clinical and basic science and expose
medical students to basic science and en-
gineering research and allow them to en-
gage in research during their medical
school training.

COMPUTERIZED ANALYSIS OF
MEDICAL IMAGES: IMPORTANT
ISSUES AND CHALLENGES FOR
COMPUTER-AIDED DETECTION
AND DIAGNOSIS—SANDY
NAPEL, HEANG-PING CHAN,
MARYELLEN L. GIGER,
MICHAEL MCNITT-GRAY, AND
RONALD M. SUMMERS

The past decade and a half has seen tre-
mendous advancement in the fidelity
and resolution of medical images.
Whereas in 1990 a typical CT examina-
tion consisted of 50 images, today it is
not uncommon for a study to result in

1500 or more 1-mm-thick cross sections.
Similar trends are evident in MR imaging,
ultrasonography (US), and other modali-
ties. Unfortunately, contributions to the
data logjam include a shortage of radiol-
ogists and a trend toward an increased
number of examinations performed, the
latter resulting from new treatment op-
portunities (eg, stent-grafts for aneu-
rysms), the required preintervention im-
ages, and possibilities for new screening
examinations (eg, for colon and lung
cancer).

Advances in digital computing during
this same time frame have created oppor-
tunities for solutions to this “data explo-
sion.” First, medical imaging is rapidly
becoming an all-digital proposition, with
many hospitals and clinics fully con-
verted and many others in various stages
of transition. High-bandwidth networks
are used to move images rapidly from
acquisition to interpretation stations and
long-term storage. Second, the cost per
computation cycle has decreased sub-
stantially, and algorithms for computer
recognition of features in images are be-
ing developed for many applications.
Several medical disciplines already use
computers in diagnostic applications (eg,
electrocardiograph and Papanicolaou
smear analysis), and clinical radiology
has recently embraced computer-aided
detection (CAD) and computer-aided di-
agnosis (CADx) devices in mammogra-
phy, with several other applications (eg,
for lung and colon cancer) on the hori-
zon. More general uses for CAD, such as
to assist in the discovery of findings inci-
dental to the indications for imaging,
have also been envisioned (2). In our
break-out session, we elected to focus on
the opportunities and challenges regard-
ing CAD and CADx with regard to med-
ical images.

Background: CAD of Breast Cancer
with Mammography

Breast cancer is the second most com-
mon fatal cancer in women (3). Yearly
mammograms are recommended starting
at the age of 40 years and continuing for
as long as a woman is in good health.
Computerized image analysis may be
useful in helping radiologists in detec-
tion and diagnosis and may improve the
overall interpretation of breast images
and subsequent patient care. Screening
mammography was the first radiologic
examination to benefit from CAD, when
the Food and Drug Administration (FDA)
approved the first clinical device in 1998.
Since then, moderate-scale prospective
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clinical studies of CAD systems have also
been conducted (4–6).

The currently accepted paradigm for
CAD in mammography is to use it as a
“second reader”—that is, the radiologist
first searches the images for masses and
microcalcifications, and the then com-
puter points him or her to additional sus-
picious regions that may be cancerous,
with the final diagnosis and decisions
concerning patient care being made by
the radiologist. In this role, the computer
must yield output at a sufficient level of
accuracy; in addition, the output must be
displayed in a user-friendly format for
effective and efficient use by the radiolo-
gist (7–10). The ultimate test of a CAD
system is of its additive value—namely,
whether the performance of the radiolo-
gist is improved when the system is used
in the clinical interpretation process.
Thus, new computerized image analysis
methods are being developed to aid in
distinguishing between malignant and
benign lesions to improve both the sen-
sitivity and the specificity of breast imag-
ing, as well as to reduce the variability in
interpretation between readers (11,12).
The goal of such methods is to use com-
puter output to help characterize and po-
tentially indicate a computer-determined
probability of malignancy of a found le-
sion.

Use of such a CADx system in the di-
agnostic work-up may prevent a malig-
nant lesion from being misclassified as
benign by the radiologist. Owing to cur-
rently low positive predictive values for
biopsy in many practices, CADx systems
also may help reduce the number of bi-
opsy recommendations for benign le-
sions. These computerized image analysis
systems also are being developed for mul-
tiple diagnostic breast imaging modali-
ties, including special-view diagnostic
mammography, US, and MR imaging.

Background: CAD of Colon Cancer
with CT

Colon cancer is the second leading
cause of cancer-related death in the
United States. Early detection and re-
moval of colonic polyps can substantially
reduce the risk of contracting colon can-
cer. CT colonography, or virtual colonos-
copy, has shown promise as a minimally
invasive technique to help detect polyps
(13–16).

CT colonographic examinations can
consist of over 1000 images and can be
time consuming to interpret. In addition,
evidence suggests that perceptual error
may be a common cause of reduced sen-

sitivity at CT colonography (15,17). To
address these issues, a number of investi-
gators have developed versions of CAD
methods specifically for CT colonogra-
phy (18).

As for other types of CAD software, CT
colonography CAD consists of segmenta-
tion, feature extraction, and classifica-
tion. Segmentation locates the colonic
wall and excludes other air-filled abdom-
inal structures that are not of interest.
Feature extraction quantifies characteris-
tics of the colonic wall, with the purpose
of identifying features characteristic of
polyps. Successful features developed to
date include surface shape, CT attenua-
tion, and wall thickness (18). Surface
shape is an intuitive feature used to iden-
tify polyps because, by definition, a
polyp is a surface distortion (19–21). CT
attenuation can be useful to help distin-
guish polyps from false-positive findings
such as residual fecal matter or barium.
Colonic wall thickening may also indi-
cate potential polyp sites. Finally, classi-
fication uses the extracted features to as-
sign each candidate feature as true-posi-
tive or true-negative.

A number of early clinical trials of CAD
for the colon have been published. Sen-
sitivities have ranged from 70% to 100%,
and false-positive findings have ranged
from two to eight per patient. These
numbers are dependent on polyp size
and patient selection criteria (22–25). In
addition, CAD has been shown to be ca-
pable of detecting polyps missed by
trained radiologists (26). Sizes of data sets
used in these trials have been relatively
small to date, which limits the ability to
generalize the results.

Future research is likely to focus on
development of large well-annotated im-
age databases, reduction in false-positive
rates, and the use of CAD in the setting of
electronic bowel cleansing (stool subtrac-
tion) (27). Improvements in sensitivity
for polyps in the 6–9-mm size range will
also be an area of active research. Ulti-
mately, these CAD systems will need to
be validated in a clinical setting accord-
ing to their intended use to determine
whether they actually improve radiolo-
gists’ performance.

Background: CAD of Lung Cancer
with CT

Lung cancer is the most common fatal
malignancy in both men and women,
accounting for 32% of cancer deaths
among men and 25% of cancer deaths
among women in the United States (28).
Early detection of lung cancer may have

important implications for improved
prognosis in patients with this disease.

Recently, low-dose CT has been inves-
tigated for lung cancer screening
(29–32). Results from these studies indi-
cate that CT screening may enable early
detection of lung cancers that are of a
smaller size and at an earlier stage than
those detected by using chest radiogra-
phy and current clinical practice. It is this
potential for improved survival due to
early detection of non–small cell lung
cancer that provides the rationale for CT
screening for lung cancer.

Modern multi–detector row CT scan-
ners allow the rapid acquisition of thin
sections through the entire thorax,
which result in nearly isotropic high-res-
olution data sets and enable the detec-
tion of smaller lung nodules. This, how-
ever, occurs at the cost of a substantial
increase in the number of images for ra-
diologists to interpret (33,34), which can
become a time-consuming task. Thus, in-
creased interest in CAD methods for lung
nodules imaged with CT has resulted
(35–40).

While screening and related studies
have shown that CT is very sensitive for
the detection of lung nodules, it is not
very specific for the detection of lung
cancers. In two major studies (30,31)
with at least 1000 high-risk participants
each, nodules were detected in 23%–65%
of participants, but only 1.6%–2.7% of
participants turned out to have a primary
lung cancer at the initial screening exam-
ination. Hence, there is also substantial
interest in the development of CADx
schemes to assist with the characteriza-
tion of detected nodules as cancerous or
noncancerous. Two major approaches
have been investigated: measurement of
the change over time (41) or evaluation
of the features of the image from a single
examination (42–46).

Hindering the development of CAD
and CADx systems for lung CT is a short-
age of both image data and documented
cases of cancer. There has also been a lack
of standardization regarding imaging
protocols, detection truth (ie, what is and
is not a nodule and/or cancer), and eval-
uation metrics. Some of these issues are
being addressed by the development ac-
tivities of the Lung Image Database Con-
sortium (described in detail elsewhere
[47]), that seek to develop a publicly
available database of CT images with
known truth, as well as to provide guid-
ance for method evaluation.
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Break-out Session
Recommendations

In our break-out session, we identified
five major areas and developed specific
recommendations for each that would fa-
cilitate major advances in CAD and
CADx. These areas are common to both
CAD and CADx. For simplicity, CAD and
CADx are collectively referred to as CAD
in the following discussions.

Databases

The development and validation of all
CAD approaches and algorithms requires
access to imaging data, both for healthy
patients or tissues and for patients or tis-
sues that have or express the objective
disease or lesion. All preliminary CAD
efforts have involved collection of these
data and the establishment of the refer-
ence standard (ie, which patients and dis-
eases are true-positive for the disease or
lesion) for the study. The achievement of
statistically significant results requires
large numbers of cases, particularly when
the prevalence of the disease or lesion is
low. Because these collection and curato-
rial activities are expensive, it would be
desirable to collect and maintain these
data in a form suitable for sharing (ie, for
use by others in the same field).

Establishment of such a database
would greatly enhance the effort needed
to acquire these data in several ways.
First, the data could be used by all re-
searchers in the field for algorithm train-
ing and preliminary testing. Second, the
data would facilitate the participation in
CAD development by experts in com-
puter vision and other fields who may
not otherwise have access to medical im-
ages. Third, the data would allow first-
order comparison of algorithms and
demonstration of improvements. (We
note that these public databases would
not be useful for true evaluations or com-
parisons of algorithms, which require a
previously unseen database with its refer-
ence standard securely and privately
maintained prior to testing.)

While there are several efforts under-
way (eg, National Lung Screening Trial,
Digital Mammography Imaging Screen-
ing Trial), the availability of databases
containing images, truth, and other rele-
vant clinical data will allow better devel-
opment, optimization, and preliminary
comparison both of CAD algorithms and
of other image-processing software. To
facilitate continued development of da-
tabases and database tools for CAD, the
group recommended the following:

1. An infrastructure for user-friendly
storage and sharing of data should be
nationally funded.

2. The culture should be encouraged to
share data by taking the following spe-
cific actions: (a) Prospectively, the NIH
and other funding agencies must allow
budgeting for the cost of collecting, cur-
ating, and preparing data according to
standard templates for inclusion in
shared databases. (b) Retrospectively, be-
cause many potentially useful databases
already exist in the hands of previously
funded investigators, the NIH and other
funding agencies should develop a con-
tract or other mechanism to fund the
effort needed to standardize and share
these databases. (c) Journal editors should
encourage and later require (after the
community begins to take part) data and
software sharing through explicit policies
in their instructions to authors. (d) Stan-
dard templates should be developed and
made available to facilitate data sharing
while maintaining compliance with local
institutional review boards and Health
Insurance Portability and Accountability
Act guidelines.

Toward Standardized Reporting

As more studies appear in the litera-
ture, it would be desirable to facilitate
their comparison. This often is not a triv-
ial matter because each investigator not
only writes in his or her own style but
may leave out methodological details
and/or results that are overlooked during
peer review, which thereby weakens not
only the manuscript itself but the ad-
vancement of the field. The group recom-
mended that a national-level committee
(eg, from NIH or the American College of
Radiology Imaging Network) should
work with journal editors and reviewers
to require that a standard format for pub-
lications of CAD research be developed
that would facilitate peer review of
manuscripts and grant proposals, permit
comparison of methods and results, and
yield better studies overall.

The checklist should require the inclu-
sion of descriptions of (a) the database in
terms of disease type, lesion size, et
cetera; (b) the appropriateness of the da-
tabase relative to the general population;
(c) the method used for the classifier fea-
ture selection; (d) the method of CAD
training (eg, types of classifier, number of
cases, training data, cross validation);
(e) the methods used for truth determina-
tion; (f) the method for scoring (ie, deter-
mination of true- and false-positives and
true- and false-negatives); (g) the method

for assessing performance (eg, receiver
operating characteristic [ROC] analysis)
and the associated statistical analyses;
and (h) the results in terms not only of
sensitivity but of specificity or false-posi-
tive rate; ideally, ROC or free-response
ROC, where appropriate, should be used
to characterize performance at a range of
operating points. Furthermore, (i) results
should also be related to the characteris-
tics of the database (eg, stratified appro-
priately by size or some other features)
into agreed on ranges (varies by CAD ap-
plication). (j) For observer performance
studies with CAD, detailed descriptions
of the study design, how CAD results
were presented to observers, and what
observers were told about CAD perfor-
mance are needed. (k) Discussion should
relate results to clinical relevance where
possible; for example, what would be the
increase in the number of how many in-
creased actionable lesions?

Use of public databases should be ac-
knowledged. Authors would, of course,
have the option to discuss why, in some
cases, one or more of the required items
are not included, but the existence of the
checklist and its availability to authors
and reviewers will go a long way toward
improving the understandability and
comparison of the reported studies. Ulti-
mately, it may one day be useful to pro-
vide links so a reader can download im-
ages and code for further evaluations and
comparisons, as well as for extending the
algorithms to other domains.

Foster Interdisciplinary
Collaborations

Breakthroughs in many areas of medi-
cine are being made as a result of inter-
disciplinary collaborations. CAD is an ex-
ample of this. To facilitate the establish-
ment of these types of collaborations,
societies should (a) support a “bulletin
board” of who is doing what, confer-
ences, opportunities, et cetera in comput-
erized medical image analysis and (b) en-
courage continued and increased atten-
dance at BIROW and Bioengineering
Consortium meetings.

Recognize Innovative Trends in
CAD

Many important contributions to CAD
come from novel modifications to and
combinations of existing tools and tech-
niques. As the CAD community matures,
we must recognize that such synergies
are innovative in themselves; in other
words, perhaps no new fundamental
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knowledge is developed, but the combi-
nation of data, tools, and techniques
from new sources is fundamentally inno-
vative if it advances the field.

Some ideas of innovative trends in
CAD that should be encouraged are
(a) patient-based CAD, or approaches
that incorporate other (eg, multimodal-
ity imaging and nonimaging) clinical
data into detection and classification
schemes; (b) research on the relation-
ship between image acquisition meth-
ods and CAD algorithms that promote a
move toward platform-independent
CAD; (c) evaluation of systems in clini-
cal practice (eg, answering questions on
the ultimate effect of a given approach
on patient care); (d) evaluation of sys-
tems after upgrades (ie, comparing re-
sults of prior and recently improved al-
gorithms in the field with real patients);
(e) evaluation of existing CAD algo-
rithms in untested paradigms (eg, CAD
is currently used as a second opinion
for microcalcifications in mammo-
grams; how would it perform as pri-
mary reader?); (f) understanding the
performance of human plus CAD as a
function of paradigm (eg, second vs
first reader), human’s assumptions (eg,
how the algorithm works, data, as-
sumed prevalence), training, familiar-
ity, et cetera; and (g) expansion of fields
and techniques for CAD: (i) detection
of lesions in other organs (eg, vascular,
skeletal), (ii) lesion response to therapy,
and (iii) prescreening for healthy indi-
viduals, risk assessment.

Evaluation Methods

The ultimate results of the study of a
CAD algorithm rest on a well-founded
and easily understood statistical evalua-
tion. Although ROC (48,49) studies are
well understood in certain contexts (eg,
detection of healthy vs sick patients, re-
sponders vs nonresponders to therapy),
ROC analysis is not immediately applica-
ble to all CAD research (eg, detection of
one or more lesions in a given patient,
algorithms that improve performance in
certain important operating ranges [eg,
sensitivity above 95% as opposed to over
the entire ROC curve]). Several other
methods have become available or are
under development (eg, free-response
ROC [50,51], alternative free-response
ROC [51,52], extended free-response
ROC [53]), but the best choice is not al-
ways obvious, and many researchers
choose different approaches in the same
circumstances. Encouraging research in
the area of evaluation methods and when

and how to use them will result in better,
more efficiently performed, and more
easily comparable CAD studies. Examples
of these are (a) evaluations of how to best
perform observer studies, (b) investiga-
tions that relate ROC measures to clinical
relevance, and (c) extension of existing
methods (eg, partial-area ROC, partial-
area free-response ROC, partial-area alter-
native free-response ROC, modifications
that normalize for case enrichment
[prevalence issue] in databases).

IMAGING GENE EXPRESSION:
JURI G. GELOVANI AND KING
C. P. LI

Preclinical Gene Expression
Imaging

Fund intrainstitutional groups and net-
works for imaging gene expression.—The
field of molecular imaging has made sub-
stantial advances in recent years. The for-
mation of multidisciplinary research
teams has stimulated and streamlined
cancer imaging research from inception
to use in patient care. The success of Na-
tional Cancer Institute–initiated funding
of In Vivo Cellular and Molecular Imag-
ing Centers (ICMICs) allowed multidisci-
plinary groups of researchers and clini-
cians at several institutions in the United
States to capitalize on their particular sci-
entific strengths and clinical expertise
and to define the structure and research
objectives that create the most synergis-
tic and productive scientific interactions.
This initiative was designed to capitalize
on the extraordinary opportunity for mo-
lecular imaging to have an impact on
diagnosis and the treatment of cancer pa-
tients noninvasively and quantitatively.
Molecular imaging technologies, devel-
oped as the result of the ICMIC initiative,
provide valuable laboratory tools for the
interrogation of biologic pathways rele-
vant to cancer. Some of the newly devel-
oped imaging agents and technologies
are ready for translation to the clinic.

Therefore, it is very important not only
to continue but to further increase the
funding of the ICMIC program and es-
tablish molecular imaging centers (MICs)
with a focus on various diseases, as well
as on cancer. Additional funds are re-
quired to support the development of
new MICs, interinstitutional networks,
and interdisciplinary scientific teams
that can lead the nation in cutting-edge
molecular imaging cancer research. Such
centers and interinstitutional networks
should have clinical relevance, provide
core facilities to support preclinical imag-

ing research, provide flexibility to re-
spond to exciting pilot research opportu-
nities, and provide interdisciplinary ca-
reer development opportunities for
investigators new to the field of molecu-
lar imaging. This funding mechanism
should promote coordination, interrela-
tionships, and scientific synergy among
the research components and resources,
leading to a highly integrated imaging
center or an interinstitutional network.

MICs should provide researchers and
clinicians with several critical resources:
an organizational structure specifically
designed to facilitate multidisciplinary
interactions, develop and translate mo-
lecular imaging technologies that will
have an eventual effect in the clinic, pro-
vide access to a concentrated pool of ex-
pertise in a wide range of disciplines, and
foster a highly collaborative atmosphere
and consistent access to expertise with
minimal wasted time and effort. The es-
tablishment of specialized resources ded-
icated to MIC-related research will widen
access. The specialized resources will be
determined by the requirements of the
institution, the defined scientific goals of
the research components of the MIC, and
budgetary limits. Prioritization of the re-
search projects supported through MIC
specialized resources will be an essential
function of the MIC leadership, and the
mechanism to be employed for prioriti-
zation must be delineated by the appli-
cants.

In addition, NIH and NIBIB should
provide funding opportunities to support
new collaborative basic research with
molecular and genetic imaging compo-
nents and provide supplemental funding
to introduce molecular-genetic and cellu-
lar imaging technologies into ongoing
basic research projects and programs.
Also, NIH and NIBIB should provide sup-
plemental funding for joint molecular
imaging and transgenic murine models
programs aimed to develop “imageable”
transgenic murine models of disease that
make use of more refined and complex
reporter gene systems.

Fund education in molecular imaging.—
Current graduate programs tend to be fo-
cused on single disciplines and may be
inadequate for training of the needed cadre
of interdisciplinary imaging scientists. Ed-
ucation Centers in Molecular Imaging and
Education Networks in Molecular Imaging
should provide both support for a number
of pre- and postdoctoral trainees and career
development opportunities for new and es-
tablished investigators. Although T32 and
other educational grant mechanisms exist
at NIH, these are not focused on molecular
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imaging and are insufficient to support the
multidisciplinary nature of education and
training in molecular imaging.

Infrastructure and educational facili-
ties should be established for junior, mid-
career, and senior investigator fellow-
ships in molecular imaging. Funding sup-
port for seminar series, training courses,
and hands-on workshops should be pro-
vided. In addition, stipends for under-
graduates, graduate students, and clinical
research fellows in molecular imaging
should also be funded. Such educational
programs, in collaboration with radiol-
ogy residency training programs, will
breed a new generation of molecular im-
aging practitioners and physician-scien-
tists.

Therefore, it is important to develop
funding opportunities for Education
Centers in Molecular Imaging and Edu-
cation Networks in Molecular Imaging.
These centers or networks should de-
velop a multidisciplinary curriculum for
studies in molecular imaging and provide
the infrastructure and facilities for grad-
uate programs in molecular imaging as
part of a local university or medical
school.

Fund small-animal multimodality imag-
ing facilities.—The need to support the
discovery and development of biomedi-
cal imaging methods and molecular im-
aging agents requires small-animal (eg,
rodents, rabbits) models of human dis-
ease, in particular mouse models. Small-
animal imaging provides the means for
noninvasive monitoring of biologic pro-
cesses, disease progression, and response
to therapy, with the potential to provide
a natural bridge to the clinical environ-
ment and contribute substantially to the
development of human medicine. The
existing devices and methods of small-
animal imaging require further improve-
ment and novel approaches to imaging
that enhance spatial or temporal resolu-
tion, measurement sensitivity and speci-
ficity, and throughput for the more accu-
rate detection, diagnosis, or measure-
ment of treatment efficacy for different
disease processes.

Therefore, it is important not only to
support but to further increase funding
opportunities aimed at the integration of
different molecular imaging modalities
and methods with anatomic or func-
tional imaging methods, such as optical
imaging, US, and/or spectroscopy to pro-
vide more effective tools for biomedical
research. These advanced multimodality
systems for small-animal imaging should
provide the flexibility to accommodate a
variety of protocols for investigations of

different diseases and the development
of platform-independent imaging meth-
ods for multicenter research.

Examples of such integrated multimo-
dality systems include (a) CT/optical im-
aging (near-infrared frequency- and time-
domain or diffuse optical tomography),
(b) MR/optical imaging (near-infrared fre-
quency- and time-domain or diffuse op-
tical tomography), (c) positron emission
tomography (PET)/MR imaging (new av-
alanche detector–based PET within an
MR system), and (d) software-based fu-
sion imaging platforms and analysis
tools.

Furthermore, because the cost of in
vivo bioluminescence imaging equip-
ment is still prohibitively high for many
institutions, the need for supplemental
funds to procure high-throughput opti-
cal imaging equipment such biolumines-
cence imaging systems has been recog-
nized by the molecular imaging commu-
nity for quite some time. Owing to the
potential for wide applicability in pre-
clinical research and the ease of opera-
tion and image analysis, biolumines-
cence imaging systems should become
“the next PCR [polymerase chain reac-
tion] machine on every bench top” in
every vivarium. Also, NIH and NIBIB
should develop modular grant mecha-
nisms or supplemental funds for multi-
modality upgrades (eg, from biolumines-
cence imaging to PET) to existing small-
animal imaging grants and programs.

Fund large-animal multimodality imag-
ing facilities.—The optimization and pre-
clinical validation of biomedical imaging
methods and molecular imaging agents
often requires large-animal models of hu-
man disease, in particular dogs, pigs,
sheep, and, ultimately, nonhuman pri-
mates. Imaging in large animals provides
a natural bridge to the clinical environ-
ment and contributes substantially to the
development of novel complex therapeu-
tic approaches that cannot be scaled
from mice directly to humans because of
safety reasons. Studies in even a limited
number of large animals, especially in
monkeys, should provide highly relevant
pre–investigational new drug informa-
tion about the safety and efficacy of the
investigational imaging approaches.

Therefore, it is important not only to
support but to further increase funding
opportunities aimed at establishing large-
animal imaging programs that would in-
clude different molecular imaging mo-
dalities and methods with anatomic or
functional imaging methods such as op-
tical, US, and/or spectroscopy to provide
more effective tools for large-animal im-

aging research. In principle, commer-
cially available clinical imaging equip-
ment (new or used or decommissioned
models) could be dedicated for large-an-
imal imaging, which will also facilitate
the translation of imaging protocols and
image analysis techniques into clinical
practice.

Fund integration of gene expression imag-
ing with genomic and proteomic databases
for comprehensive analysis.—Tissue and
imaging biomarkers should enable the
characterization of specific molecular
pathologic processes, improve our under-
standing of various diseases and patient
populations, and assess the extent to
which new target-specific drugs reach in-
tended targets, alter proposed patho-
physiologic mechanisms, and achieve
clinical outcomes. In genomics and pro-
teomics, the tissue biomarker challenge is
to identify unique molecular signatures
in complex biologic mixtures that can be
unambiguously correlated to biologic
events in order to validate novel drug
targets and predict drug response. In im-
aging, the challenge is to develop molec-
ular imaging probes (agents) that allow
noninvasive whole-body imaging of par-
ticular tissue-biomarkers levels in tissues.
Both tissue biomarkers and imaging can
allow stratification of patient popula-
tions or quantification of drug benefit in
primary prevention or disease-modifica-
tion studies in areas where they are sorely
needed, such as neurodegeneration and
cancer. Clinically useful biomarkers are
needed to inform regulatory and thera-
peutic decision making regarding candi-
date drugs and their indications, to help
bring new medicines to the right patients
faster than occurs today.

Therefore, it is important to provide
funding opportunities for the integration
of gene expression imaging and molecu-
lar imaging (in general) with genomic
and proteomic, morphologic (tissue
banks), and functional databases for
comprehensive analysis.

Fund development of clinically applicable
and translatable multimodality imaging ap-
proaches and probes for monitoring gene and
cellular therapies.—Long-term repetitive
monitoring of many genetic and cellular-
based therapeutic approaches cannot be
conducted by using invasive methods
(eg, multiple biopsies). Noninvasive
whole-body imaging will substantially
aid in the development and clinical im-
plementation of various gene therapies,
immune therapies, and stem cell thera-
pies by allowing noninvasive monitoring
of the location, magnitude, and durabil-
ity of gene expression in target tissues or

Volume 236 � Number 2 BIROW II: Report and Recommendations � 395

R
a

d
io

lo
gy



of the fate of the injected progenitor cells
over a long period of observation. Non-
invasive imaging could help answer sev-
eral questions related to the biology of
immunocompetent and progenitor cells
in terms of their migration and homing,
their long-term viability, and the organ-
specific checkpoints, activity status, or
lineage of their differentiation. The abil-
ity to image the spatial and temporal dy-
namics of progenitor cell physiology in
patients will aid the development of new
therapeutic strategies to control and di-
rect gene expression, immune responses,
or stem cell differentiation toward the
desired tissue phenotype and function.

The majority of imaging approaches
developed to date allow monitoring of
the distribution and tissue targeting by
various gene-delivery vectors and thera-
peutic cells. For example, there have
been several reports on the use of various
superparamagnetic iron oxide (SPIO)
nanoparticles to label mammalian cells
for monitoring the cells’ temporal and
spatial migration in vivo with MR imag-
ing.

Although these methods are efficient
for in vitro cell separations, cell-surface
labeling is generally not suitable for in
vivo use because of the rapid recognition
and clearance of such labeled cells by the
reticuloendothelial system. Alternatively,
lymphocytes and other cells have been la-
beled with small monocrystalline nanopar-
ticles (size range, 10–40 nm) by using flu-
id-phase or receptor-mediated endocytosis.
The efficiency and toxicity of cell labeling
with two commercially available, FDA-ap-
proved agents has been reported recently
(54): ferumoxides, a suspension of dextran-
coated SPIOs used as an MR contrast agent,
and protamine sulfate, conventionally
used to reverse heparin anticoagulation
but also used ex vivo as a cationic transfec-
tion agent. Labeling of human mesenchy-
mal stem cells, hematopoietic (CD34�)
stem cells, and other mammalian cells
with ferumoxides–protamine sulfate com-
plexes demonstrated no short- or long-
term toxic effects, changes in differentia-
tion capacity of the stem cells, or changes
in phenotype when compared with unla-
beled cells. SPIO labeling of cells does not
provide information about the lineage of
cell differentiation in vivo or of cell viabil-
ity, because SPIO particles released from
the dead cells are cleared by reticuloen-
dotelial cells (eg, activated microglia in the
brain) in a manner similar to clearance of
hemoglobin-derived iron in case of a hem-
orrhage. Moreover, recent studies by the
group led by Dr J. Frank at NIH have found
that the SPIO-labeled progenitor cells lose

the SPIO label after only five divisions,
which markedly limits the applicability of
this technology to the long-term monitor-
ing of progeny tissue development, differ-
entiation, viability, and function.

Similar limitations exist for scinti-
graphic methods of imaging (gamma
camera, single photon emission com-
puted tomography [SPECT], PET). For ex-
ample, ex vivo labeling of lymphocytes
or other adoptively transferred cells is
limited by a relatively low attainable
level of radioactivity per cell when label-
ing cells with passively equilibrating ra-
diotracers such as the indium 111 (111In)
oxime and copper 64 (64Cu) pyruvalde-
hyde bis[N4-methylthiosemicarbazone]
(PTSM). Substantially higher levels of ra-
dioactivity per cell could be obtained
with tracers such as fluorine 18 (18F) flu-
orodeoxyglucose (FDG) that use facili-
tated transport and enzyme-amplified ac-
cumulation. However, both 64Cu PTSM
and FDG, have been shown to gradually
efflux out of the labeled cells. Progressive
loss of radiolabel also occurs during cell
division in vivo. Another shortcoming of
ex vivo radiolabeling approach is the lim-
ited monitoring period, which is due to
radiolabel decay and/or biologic clear-
ance. The exposure of cells to higher
doses of radioactivity during labeling is
limited by toxic radiation effects.

Bioluminescence imaging of cells that
express luciferase allows assessment of
the cells’ distribution throughout the or-
ganism in small-animal (eg, mice) exper-
iments. This method is semiquantitative
and spatially inaccurate because the in-
tensity of emitted bioluminescent light
largely depends on the thickness and
variable optical characteristics of tissues.
Furthermore, bioluminescence-based ap-
proaches currently lack detailed tomo-
graphic information and are limited to
use in relatively small animals, although
it may become feasible in larger animals
with use of fluorescence-based diffuse op-
tical tomography. The possibility of ad-
ministering D-luciferin to humans and its
toxicity have not been studied yet. Be-
cause of these limitations, biolumines-
cence imaging of luciferase gene expres-
sion is currently not clinically applicable.
Furthermore, clinical bioluminescence
imaging of reporter-gene transduced cells
for long-term monitoring of stem cell
therapies dictates the need for nonimmu-
nogenic bioluminescence reporter en-
zymes and nontoxic substrates suitable
for intravenous administration.

Stable genetic labeling of adoptively
transferred cells (eg, lymphocytes) with
various PET reporter genes has been used

to circumvent the temporal limitations
of in vitro radiolabeling or magnetic la-
beling of cells. Different combinations
PET reporter genes and PET reporter
probes have been developed (eg, HSV1-
TK, 18F-FHBG, and iodine 124 [124I] FIAU;
human thymidine kinase type 2 and 18F
FEAU; human SSTR2 and 111In ocreotide;
human D2R and 18F FESP; human NIS for
imaging with different radioactive iso-
topes of iodine), as well as MR imaging of
engineered transferin receptor gene by
using monocrystalline iron oxide nano-
particles. These PET and MR imaging re-
porter genes allow monitoring of the
temporal dynamics of the spatial distri-
bution of therapeutic cells by means of
repetitive systemic administration of re-
porter probes. However, this technology
does not currently allow for simulta-
neous monitoring of the lineage of cellu-
lar differentiation and/or function.

Therefore, it is important to provide
funding opportunities for a select num-
ber of proposals to develop molecular-
genetic imaging approaches for monitor-
ing genetic and cellular therapies, which
also allow simultaneous visualization
and quantification of tissue-specific cel-
lular differentiation and/or function in
vivo and noninvasively (whole-body im-
aging). Such projects could be aimed at
preclinical validation of such technolo-
gies, with the aim of future implementa-
tion in clinical studies. A combination of
various imaging modalities, including
MR, PET/CT, and SPECT, is thought to
provide anatomic, physiologic, and mo-
lecular-genetic imaging of cell traffick-
ing, organ and tissue targeting, differen-
tiation, and function.

Clinical Gene Expression Imaging

Fund translational studies to validate im-
aging of genetic and cellular PET, SPECT,
and MR tracers and optical reporter-gene im-
aging tracers.—A number of promising di-
agnostic imaging approaches and probes
have been developed over the past de-
cade, since the inception of molecular-
genetic imaging as a field of biomedical
imaging. However, these approaches are
not available for use in clinical trials yet.
Many of the molecular imaging probes
could enhance clinical medicine either
by providing a measure of therapeutic
gene delivery and expression or of the
response to chemotherapeutic interven-
tions or radiation therapy by serving as
valuable end points to measures or ther-
apeutic efficacy. Multiple barriers inhibit
successful development, but three of the
most important are (a) the complex mul-
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ticomponent nature of molecular-genetic
imaging, (b) the uncertain economic po-
tential that prohibits access to necessary
resources, and (c) the lack of coherence
between clinical and regulatory require-
ments.

These barriers have become more obvi-
ous as interdisciplinary boundaries have
expanded to include molecular and cell
biologists, virologists, immunologists,
chemists, radiochemists, radiologists, and
clinicians in various fields of medicine. Al-
though researchers in an academic medical
environment may have access to the nec-
essary resources for product development,
there are no effective mechanisms for fi-
nancial support of costly clinical transla-
tional studies on molecular imaging in var-
ious genetic and cellular therapies.

A regulatory conundrum that exists be-
cause of the complex multicomponent
nature of molecular-genetic imaging sub-
stantially impedes the translation of mo-
lecular-genetic imaging to the clinic. For
example, molecular imaging for monitor-
ing tissue-specific targeted gene therapy
(eg, the VEGF gene into myocardium of
patients with chronic cardiovascular in-
sufficiency or the wild-type p53 gene for
treatment of tumors) requires coexpres-
sion of a therapeutic and a reporter gene
(ie, genetic tracer) such as the HSV1-tk
gene, which can be imaged with PET or
SPECT by using a number of radiolabeled
probes (18F-FEAU, 18F-FHBG, 124I-FIAU,
123I-FIAU). These molecular imaging
probes can be tested in patients by means
of a well-established regulatory mecha-
nism for clinical evaluation of new radio-
labeled imaging agents involving an in-
stitutional Radioactive Drug Research
Committee, or RDRC. This mechanism
allows administration of single or multi-
ple doses of radiolabeled agents in up to
30 patients, provided that these doses
will not cause toxic radiation effects in
patients. On the one hand, testing of the
biodistribution in patients who are not
undergoing gene therapy is useless and
unethical because there is no potential
benefit to individual patients. On the
other hand, investigational new drug
protocols of clinical gene therapy studies
usually do not include imaging for mon-
itoring of gene delivery and expression,
because gene-delivery vectors are not de-
signed to coexpress a therapeutic and a
PET reporter gene, and the introduction
of a new gene-delivery vector that pro-
vides coexpression of PET and therapeu-
tic genes requires approval by the Recom-
binant DNA Committee and a new inves-
tigational new drug protocol. Even in
gene- and adoptive cell–therapy proto-

cols that are based on the HSV1-tk thera-
peutic-reporter gene, the addition of a
previously approved investigational new
drug protocol with an RDRC protocol for
HSV1-tk imaging with a PET reporter
probe is not possible, and a completely
new protocol has to be approved by the
FDA.

Financially, such clinical translational
gene expression imaging studies are be-
coming very expensive due to the addi-
tion of the chemistry-radiochemistry and
diagnostic PET imaging components to
clinical trials. However, without a rapid
clinical implementation of already estab-
lished, preclinically validated gene ex-
pression imaging technologies, the whole
field of molecular-genetic imaging is likely
to collapse.

Therefore, it is important to provide
funding opportunities for a select num-
ber of proposals that focus on clinical
translation and validation of molecular-
genetic imaging approaches for monitor-
ing of genetic and cellular therapies.
Such projects should be aimed at imme-
diate clinical validation of already estab-
lished technologies and molecular imag-
ing probes for monitoring gene delivery
and expression by using genetic tracers or
for monitoring cellular tracers that are
genetically enhanced to express PET,
SPECT, or MR imaging reporter genes. It
should be emphasized that funds will not
be supporting preclinical studies aimed
at the development of gene expression
imaging technologies.

Because of the complexity and expense
associated with such clinical trials, it is
important to encourage and provide
funding supplements to joint academic-
industrial research projects and pro-
grams. Such academic-industrial collabo-
ration should facilitate the development,
optimization, clinical validation, and ac-
celerated approval of novel tracers for im-
aging of gene expression and activity.

Because FDA requirements dictate that
biologic agents and chemicals used in
molecular-genetic and cellular therapeu-
tic trials in humans should be of FDA
current good manufacturing practice
(CGMP) grade, the development of ge-
netic and cellular tracers should also con-
form to these requirements. Therefore, it
is important to fund the development of
specialized CGMP facilities to produce
precursors for labeling established tracers
for molecular-genetic imaging, produc-
tion of genetic tracers (diagnostic report-
er-gene–delivery vectors) for gene expres-
sion imaging, and production of cellular
tracers (reporter-gene–bearing T cells, NK

cells, stem cells) for monitoring various
cellular therapies.

Funding opportunities should also be
provided in the form of supplemental
funds to support the introduction of mo-
lecular imaging of gene expression and
cellular trafficking into existing thera-
peutic clinical trials.

Lobbying and patient advocacy groups
should promote molecular imaging of
gene expression in clinical studies for in-
dividualization and monitoring of ther-
apy (eg, new target-specific tracers to ex-
tend beyond FDG).

Fund development and implementation of
image-based navigation devices for image-
guided biopsy for in situ molecular-biologic
validation of noninvasive imaging for target
expression and activity.—Because various
diseases and pathophysiologic, patho-
morphologic, and underlying molecular-
pathologic processes are heterogeneous,
it is important to account for such heter-
ogeneities when validating newly devel-
oped molecular imaging agents. To vali-
date novel target- or process-specific mo-
lecular imaging agents, the signal
intensity on the images obtained nonin-
vasively (in vivo) should be compared
with in situ molecular-biologic measures
of target expression and activity, as well
as with other target-associated processes.

This paradigm of validation of novel
imaging agents should become the main
route of approval of the agents by the
FDA (although not necessarily of demon-
strating diagnostic efficacy for a particu-
lar disease or as a statistical predictor of
the efficacy of a particular drug or com-
bination therapy).

Recent technologic innovations have
almost eliminated the need for real-time
imaging during interventional (eg, bi-
opsy) or therapeutic (eg, radiation ther-
apy) procedures or for intraoperative
navigation. Such technologies do not re-
quire the acquisition of images during
interventional procedures and are cur-
rently widely used in stereotactic neuro-
surgery, for intraoperative navigation
during open skull interventions and head
and neck surgery, for intensity-modu-
lated radiation therapy, and in gamma
knife neurosurgery. The contrary of this
technology is near-real-time imaging
during interventional procedures (eg, an-
giography-, CT-, or US-assisted tissue bi-
opsy or radiofrequency ablation). From
the clinical point of view, the most ad-
vantageous approach would be to com-
bine real-time anatomic imaging (eg, CT,
MR, or US assisted) with previously ac-
quired and molecular-genetic images to
enable precise localization and projec-
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tion of an interventional probe (eg, bi-
opsy needle) within the same three-di-
mensional space.

Therefore, it is important to provide
funding opportunities for preclinical and
clinical proposals that are focused on in-
tegrating the existing or developing
novel devices that facilitate image-based
navigation for biopsy and surgical resec-
tion of tissues and that allow precise reg-
istration of the location and orientation
of sampled tissue in three-dimensional
space on anatomic (CT, MR, angiogra-
phy, US) and molecular images (PET,
SPECT, MR) acquired before the invasive
or surgical interventions. Specific empha-
sis should be made on the development
of image-based navigation devices that
could be used in preclinical research in
small and large animals. Also, specific
emphasis should be made on the devel-
opment of image-based navigation de-
vices that could be used in clinical re-
search in patients, especially for body re-
gions other than the head and neck.

This image-based intraoperative navi-
gation technology will also facilitate the
development of image-tagged (spatial
heterogeneity–resolved) tissue banks and
databases for comprehensive analysis of
the established molecular imaging agents
and technologies and for the develop-
ment of new diagnostic and therapeutic
tissue and imaging biomarkers.

Fund integration of gene expression and
molecular imaging with genomic and pro-
teomic, morphologic, and functional data-
bases.—Tissue and imaging biomarkers
enable the characterization of patient
populations and the quantification of the
extent to which new target-specific drugs
reach intended targets, alter proposed
pathophysiologic mechanisms, and achieve
clinical outcomes. In genomics and pro-
teomics, the tissue biomarker challenge is
to identify unique molecular signatures in
complex biologic mixtures that can be un-
ambiguously correlated to biologic events
to validate novel drug targets and predict
drug response. In imaging, the challenge
is to develop molecular imaging probes
(agents) that allow noninvasive whole-
body imaging of particular tissue biomar-
ker levels in tissues. Both tissue biomark-
ers and imaging can help stratify patient
populations or quantify drug benefit in
primary prevention or disease-modifica-
tion studies in areas where they are sorely
needed, such as neurodegeneration and
cancer. Clinically useful biomarkers are
required to inform regulatory and thera-
peutic decision making regarding candi-
date drugs and their indications, to help

bring new medicines to the right patients
faster than happens today.

Therefore, it is important to provide
funding opportunities for the integration
of gene expression imaging and molecu-
lar imaging, in general, with genomic
and proteomic, morphologic (eg, tissue
banks), and functional databases for
comprehensive analysis.

IMAGE-GUIDED VASCULAR
INTERVENTIONS: KRISHNA
KANDARPA AND FERENC A.
JOLESZ

To address the issues and challenges fac-
ing practitioners of endovascular inter-
ventions, it was decided in our break-out
session to present a vision of the future
and the required road map to achieve it,
rather than the current state of the art.
Endovascular transcatheter interventions
primarily consist of recanalization of vas-
cular obstructions or occlusion of blood
flow to tumors, vascular malformations,
and hemorrhagic lesions (or lesions so
prone, such as aneurysms). Today, imag-
ing with x-rays is frequently the only
means of assessing on-table treatment
end points. Translesion pressure gradient
reduction is occasionally employed after
treatment of certain stenoses, but this
evaluation often ends with a purely ana-
tomic or a delayed clinical assessment.
Devices, as well, are designed to (guide
or) help perform therapy (eg, angioplasty
balloons, stents, bland embolic materi-
als) on the basis of anatomic rather than
physiologic end points. Therapeutic
agents that are infused locally through
catheters (eg, chemotherapeutics, throm-
bolytics) are often nonspecific in their
action and can produce unintended re-
mote systemic side effects that lead to
complications.

Vision for the Future

Inasmuch as the current clinical “driv-
ers”—cardiovascular disease (primarily
atherosclerosis), cancer, and neurologic
disease—are expected to remain so in the
intermediate term, there is general sup-
port for the idea that related vascular in-
terventions should be guided in the near
future by functional imaging and assess-
ment (eg, physiology and motion) rather
than merely by anatomy alone.

There is a clear realization that there
will be an increasing push to move away
from ionizing radiation (ie, x-rays) as the
primary means of generating images that
guide catheter-based vascular interven-
tions. Thus, US and MR imaging should

be further developed to play a more cen-
tral role in providing such image guid-
ance. Improvements in imaging motion
in real-time with these modalities, which
are better able to provide tissue contrast
and characterization, will lead to new,
less invasive, localized treatments in the
heart, abdominal organs, and musculo-
skeletal structures.

Cross-sectional imaging modalities
should be developed to provide robust,
multiplanar, real-time imaging informa-
tion and guidance. Fused or cross-regis-
tered multimodality images will provide
both anatomic and functional informa-
tion about the target lesion. Rapidly ac-
quired and displayed information will
enable local treatment with rapid assess-
ment of therapeutic end points (eg, tu-
mor viability, perfusion and metabolism,
pre- and posttherapy). In addition, better
detection of vulnerable atherosclerotic
plaques and their tailored treatment
could become a reality with further de-
velopment of optical imaging methods.

In parallel with the above refinements
in therapy, there is an urgent need for
ergonomic redesign of the procedure
suites to incorporate “smart” interactive
picture archiving and display systems.
Such systems could, for example, re-
spond to the voice commands or eye
movements of an operator whose hands
would otherwise be occupied.

Therapeutic devices will become more
customized and disease specific. The de-
sign of these devices will accommodate
not only anatomy but also pertinent lo-
cal biochemical and biophysical (eg, tis-
sue mechanical and thermal properties)
responses. “Smart devices” will have sen-
sors that monitor the local biomechani-
cal environment and respond as needed
by either adapting their own behavior,
emitting the information to external de-
tectors, or triggering local therapeutic
cascades (eg, timed drug release).

The activity of therapeutic agents
should become more biologically specific
to enable a rapid local response without
related systemic toxic effects or unde-
sired remote side effects and complica-
tions. There will also be new techniques
that potentiate therapy within specific
sites or organs (eg, enabling selective
transgression of the blood-brain barrier),
augmenting the therapeutic effect of lo-
cally delivered drugs or agents that use
energies delivered from external sources
(eg, combined ablative therapy with ra-
diofrequency energy plus local intraarte-
rial chemotherapy, local potentiation of
carbon dioxide bubbles such as US con-
trast agents that are presently being ex-
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plored to destroy tumors by causing the
bubbles to implode by means of cavita-
tion through the application of appropri-
ate external US energy). Finally, on the
more distant horizon, there will be as yet
unforeseen and unexplored opportuni-
ties that will arise from advances in stem
cell research.

Challenges and Opportunities for
Image-guided Vascular
Interventions

The challenges and opportunities fac-
ing investigators and funding agencies
were categorized in terms of the develop-
ments that would be required for each
stage in an image-guided vascular inter-
vention: vascular access and device intro-
duction, device visualization and naviga-
tion, target visualization, delivery of
therapy, and monitoring of the therapeu-
tic response.

Vascular access, device introduction, de-
vice visualization, and navigation.—There
has to be more research and related fund-
ing to help image guidance, in general, to
advance from ionizing radiation–based
methods (eg, x-ray) to safer methods
such as US, MR imaging, and, where ap-
propriate, optical imaging.

Since US and MR imaging presently
provide much poorer visibility of current
devices than does imaging with x-rays, it
is absolutely imperative to encourage a
three-way accelerated collaboration be-
tween investigators (through funded re-
search), therapeutic device manufactur-
ers (through their programs in advanced
materials sciences and miniaturization),
and imaging equipment manufacturers
(through their programs in image acqui-
sition and display devices) to improve
the visualization of devices and delivery
systems. Since the need for real-time
guidance will demand faster imaging to
enable visualization of devices in mo-
tion, it is important to fund investiga-
tions that will produce the necessary and
clever innovative imaging, reconstruc-
tion, and display algorithms to accom-
modate known barriers to accurate visu-
alization (eg, trade-off between spatial
and temporal resolution with MR).

Further development of virtual and re-
al-time guidance algorithms that will en-
able navigation through three-dimen-
sional data sets will also be necessary. By
extension, this work should lead to im-
provements in computer-aided naviga-
tion and robot-assisted procedures.

Procedure performance and safety can
also be improved by means of further
miniaturization of delivery systems and

therapeutic devices. These developments
can be accelerated through the incorpo-
ration of advances in applied materials
sciences.

Target visualization.—Imaging with x-
rays, with all its inadequacies, has histor-
ically served well in the creation of re-
gional maps of the vascular system. Re-
cently, CT angiography has proved its
superiority to conventional angiography
in certain applications; however, MR an-
giography is better able to map the entire
vascular tree and is rapidly replacing con-
ventional angiography. The latter is now
often used only in a tailored fashion dur-
ing a planned interventional procedure.
The traditionally poor assessment of le-
sion characteristics (ie, characterization
of wall and plaque contents or assess-
ment of flow abnormalities) with con-
ventional (x-ray) fluoroscopy is over-
come by modalities such as US and MR
imaging, with their superior ability to
characterize and differentiate the various
components of lesions. CT is able to char-
acterize tissues well but is limited because
it requires high doses of ionizing radia-
tion to create the images. Nonetheless,
CT remains the most commonly used di-
agnostic imaging modality and provides
the highest resolution three-dimensional
clinical data sets that can be adapted for
use in image-guidance systems. With fur-
ther development, optical imaging meth-
ods can potentially provide a powerful
means to characterize vulnerable plaques
in a routine clinical setting.

Improvements are needed in the delin-
eation and definition of target vascular
lesions to enable us to provide treatments
that are not only more anatomically ac-
curate but that are also biologically tai-
lored. This applies to arterial plaques but
will be equally, if not more, useful for
endovascular treatment of tumors. Spec-
ificity in tumor targeting is expected to
improve with the increased use of func-
tional imaging modalities such as PET
and SPECT. New developments in func-
tional and molecular imaging will enable
us to better assess therapeutic targets and
end points.

Advances in multimodality fusion im-
aging will also vastly improve our ability
to treat lesions with better anatomic ac-
curacy and biologic specificity. Also, as
optical coherence tomography is further
developed, novel endovascular applica-
tions may evolve.

Therapy.—Advances in imaging and
device design are needed to improve the
effectiveness and safety of endovascular
therapies. Eventually, whether these ad-

vances do or do not, in fact, result in
improved clinical outcomes should be
tested through appropriately designed
clinical trials. Nevertheless, advances in
applied materials science should allow
new devices that are compatible with and
better depicted with MR and US. The
combination of expertise in materials sci-
ence and our knowledge of normal and
diseased tissue biomechanics should al-
low the design of safer delivery systems
and more effective devices. This would
include patient-customized and the
smart devices mentioned previously.

Computational (ie, mathematic) mod-
eling of therapeutic device performance
in relation to the tissue (eg, tissue consti-
tutive and thermal properties) being
treated and its local environment (eg,
pressure, blood flow patterns, perfusion,
diffusion, temperature) will enable a new
generation of delivery platforms and de-
vices that are optimized for their physical
and biologic action. For example, drug-
eluting stents can be developed by means
of computer-aided design to provide but-
tressing optimized to the in situ mechan-
ical properties of the arterial wall, along
with a drug-release profile that is tailored
to the predetermined local transport phe-
nomena. Resorbable devices could be de-
signed so that the breakdown products
are biologically inert and harmless or are
rapidly excreted. New non–stent-delivery
platforms, such as locally injected drug-
carrying microbeads or liquids (eg, ones
that change properties near the target,
resulting in local stasis with or without
release of drugs), should be explored to
improve local tumor therapy. Some of
these devices may be externally triggered
to release agents locally within the target
lesion in desired sequences or at times for
optimal or maximal biologic effect.

Advances in the design of pharmaceu-
ticals should be aimed to produce agents
that are highly specific and whose ac-
tions are localized, thereby avoiding un-
desired systemic effects. In the longer
term, specific genes, stem cells, and cell
constituents (eg, mitochondria, lipo-
somes) and combinations thereof will
certainly provide fertile ground for inves-
tigations leading to improved locally tar-
geted transcatheter therapy.

Monitoring.—The newer imaging mo-
dalities, especially functional methods
such as molecular imaging, combined
with real-time multimodality fusion im-
aging will lead to improvements in ther-
apy planning, procedural guidance, and
monitoring.
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Challenges to Be Addressed in the
Next 5 Years

The most important challenge to be
addressed in the near future (ie, 5 years) is
to encourage and facilitate interdiscipli-
nary collaboration (eg, among clinical
scientists, physicists, chemists, biologists
and physiologists, engineering scientists,
materials scientists) to improve “cross-
fertilization” between these specialists,
with the goal of decreasing the “bench-
to-bedside” period from development to
clinical utilization.

The tasks for this collaboration have
been stated previously. There is an urgent
need to (a) improve the accuracy of ther-
apy by enabling better target definition
and therapeutic end points, (b) character-
ize the mechanical and physiologic prop-
erties of normal and diseased tissues (in-
formation that is essential for the design
of biologically compatible therapeutic
devices), (c) improve the specificity of
therapeutic agents across the board; and
(d) focus attention on the ergonomic re-
design of the imaging suite (eg, “smart”
picture archiving and communication
systems).

There is a need for change in the cul-
ture within departments of medical im-
aging and, specifically, interventional ra-
diology. These departments need to im-
prove their research profile and the size
of the pool of investigators. There is an
important need to improve training in
research methods, as well as a need for
more mentors with research experience.
More use of alternative pathways that in-
clude research time during the residency
years is deemed worthy. With the current
shortage of radiologists, it was thought
that there was an urgent need to adopt
methods and means for retaining gradu-
ates and faculty in academic depart-
ments. In this regard, it was thought that
a call for action should be addressed to
funding agencies to help academic de-
partments pay for research programs (eg,
time and facilities) at a time when clini-
cal revenues are declining and the dispar-
ity between compensation for clinical
work versus that for academic work is
providing the wrong incentives to poten-
tial academicians.

Opportunities to Be Developed in
the Next 10 Years

On the 10-year horizon, progress in
stem cell research can provide unfore-
seen opportunities for advancing the
treatment of vascular diseases. Better un-
derstanding of the role of stem cells and

cellular products can potentially contrib-
ute to the armamentarium of the vascu-
lar interventionalist in the longer term.

Opportunities are also expected from
advances in tissue engineering technol-
ogy that will allow the development of
more biologically compatible devices.
Improved understanding of the molecu-
lar pathophysiology of disease will also
substantially impact the efficacy and
safety of catheter-based vascular thera-
pies.

Next Advancements Needed in This
Field

In our break-out session, we identified
five areas for advancement in endovascu-
lar therapy: (a) enhancement of imaging
modalities that do not use ionizing radi-
ation to the level needed to guide endo-
vascular interventions and the develop-
ment of multimodality imaging (and
rapid display) in the interventional suite,
(b) development of smarter delivery and
therapeutic devices, (c) development of
biologically specific therapeutic agents,
(d) combination of pharmaceuticals and
locally destructive technologies, and (e) more
fully developed databases on imaging and
physiology to allow better simulators and/or
robotic interventions.

Current efforts to develop MR-guided
vascular interventions need to be accel-
erated. Although there have been strides
made in developing MR imaging for neu-
rosurgical planning and monitoring of
treatment delivered by external energy
sources (eg, high-intensity focused ultra-
sound, radiofrequency ablation), little has
been accomplished in the area of trans-
catheter vascular interventions guided by
using MR imaging. To date, vascular access
almost always is aided by using conven-
tional fluoroscopy or US. Poor device visu-
alization and MR compatibility relegate
guidance and navigation to a combination
of modalities (eg, MR plus fluoroscopy, US,
or visual) rather than to MR imaging alone.
MR imaging needs to become an all-en-
compassing modality for interventions
that is used for access, guidance and navi-
gation, and monitoring. This will not be
possible unless investigators strongly push
both equipment and device manufacturers
to see that, in order to realize this vision,
their destinies are tied.

Regardless of the modality, there is a
clear need for further development and
wider deployment of real-time, three-di-
mensional, multimodality image-regis-
tration and display (ie, to account for
tissue motion and deformability) soft-
ware that can be used for guiding com-

plicated interventional procedures either
by humans alone or by dedicated robots.
The role of optical coherence tomogra-
phy in diagnosis and treatment of vascu-
lar lesions also needs to be better defined
and refined.

Device companies should collaborate
with imaging equipment manufacturers
to improve the depiction of delivery de-
vices as they are navigated in real time.
Also, more focused attention needs to be
brought to developing the smart devices
described earlier.

Pharmaceutical companies have to de-
velop agents that are more biologically
specific for the treatment of lesions. The
use of destructive energies, such as radio-
frequency, high-intensity focused ultra-
sound, and cryotherapy, needs to be fur-
ther developed and the specific uses bet-
ter defined. The combined use of external
destructive energies and locally delivered
pharmaceuticals or other agents (eg, car-
bon dioxide bubbles) needs further inves-
tigation.

Shared databases (anatomic and phys-
iologic) and, perhaps, simulators need to
be developed in order to help engineers
and scientists advance both the basic un-
derstanding of the mechanisms of dis-
ease and the development of novel de-
vices and therapies for vascular disease.

What Will Expedite These Next
Advancements?

The development of MR-guided inter-
ventions will be expedited by advance-
ments in MR-compatible materials (eg,
devices), novel pulse sequences, and
postprocessing software. The acceptance
of MR imaging as a viable modality for
vascular interventions may be enabled by
intermediate transitional technologies
that combine the use of x-ray and MR
imaging. Furthermore, imaging technol-
ogies (eg, endoluminal coils that provide
better signal-to-noise ratio) that are bet-
ter at demonstrating and helping define
lesions will also accelerate the acceptance
of MR imaging for transvascular inter-
ventions. Such lesion definition will also
improve as real-time, multimodality, three-
dimensional image-registration software is
improved. Target definition and treatment
accuracy will benefit as our understanding
of tissue properties (eg, mechanical, ther-
mal) advances. The accuracy of the com-
putational methods used in these develop-
ments must be validated with in vitro or in
vivo experiments to verify that the ad-
vances do indeed improve target definition
and guidance of navigational devices.

The accuracy of locally delivered ther-
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apy is important. Targeted delivery of bi-
ologically specific pharmaceuticals, bio-
logically active embolic agents, stem
cells, cell products, and destructive ener-
gies need to be further developed along
with noninvasive assessment of cell via-
bility and function, perhaps through the
application of newer molecular imaging
methods. Such strategies can potentially
lead to a quicker assessment of therapeu-
tic end points and readjustment of treat-
ment strategies. Interdisciplinary collab-
oration will be absolutely necessary to
bring about these developments in a
timely manner.

Optical imaging methods have not been
fully explored for endoluminal applica-
tions. Transcatheter techniques should be
leveraged because they enable relatively
easy access and safer navigation to sites of
interest through body conduits for a “local
look.” These applications can range from
enhancing tissue characterization, to guid-
ing tissue biopsy, to completely circum-
venting tissue biopsy, to delivering local
therapy by using photograph-activation
techniques.

Robotic methods need accelerated de-
velopment along with MR-compatible
devices. Development of real-time three-
dimensional data sets to help navigation
also needs more attention from investi-
gators. Sophisticated “augmented-real-
ity” and “pseudoholography” methods
also will enable better planning and exe-
cution of therapy.

Most important, clinicians should ac-
tively identify and communicate their
needs to scientists and engineers. Medi-
cal schools should encourage and facili-
tate greater collaboration between their
basic science and clinical departments.
Databases of anatomic measurements
and physiologic information are needed
by engineers and scientists to further
their design and development work. Fi-
nally, clinical trial networks and regis-
tries should be established to coordinate
research through centralized facilities
and databases.

Limitations and Obstacles to Next
Advancement?

Clinical workforce shortages in medi-
cal imaging departments and ongoing
“turf losses” can negatively affect the
type, quantity, and quality of future re-
search from these departments. Further-
more, increasing clinical workloads and
misaligned financial incentives for aca-
demic medical imaging professionals are
driving many to seek jobs in private prac-
tice, thereby depriving academic depart-

ments of teaching and research faculty.
This can result in a shortage of trained
investigators and understaffed research
training programs. Finally, poor intrain-
stitutional collaboration and communi-
cation (especially between clinical and
basic science) can also hinder timely
bench-to-bedside research.

What Funding Mechanisms Could
Expedite Progress?

New training grants that encourage in-
terdisciplinary collaborations will be im-
portant to expedite the research outlined
in this document. Funding agencies
should consider and provide mechanisms
that will enable departments to recruit and
retain academically active faculty who can
be paid competitively without being
drowned in clinical responsibilities or
lured away by more financially lucrative
options.

To help develop the advancements
highlighted by the panel, funding agen-
cies should consider priority areas in im-
age-guided research to focus on integra-
tion of imaging data into the interven-
tional suite and programs that encourage
development of targeted therapeutic
agents (ie, agents that treat the physio-
logic defect that causes the disease). In
addition, the introduction of specific re-
quests for applications, or RFAs, for R01
grant applications that address topics of
major anticipated advancements de-
scribed here would be helpful.

What Educational Mechanisms and
Initiatives Could Expedite Progress?

Specialty societies and clinical depart-
ments must encourage and facilitate col-
laboration between biomedical engineer-
ing students and their own members.
Funding should also be made available
for the development of clinical scientists
during their clinical training years. This
will be one means by which to recruit
and retain bright, academically oriented
faculty. These faculty members should be
nurtured by removing obstacles such as
excessive clinical obligations and provid-
ing institutional support where neces-
sary. Small-animal imaging facilities
(“core laboratories”) or human imaging
research laboratories should be estab-
lished within imaging departments.
These facilities must be thought of as im-
portant resources for the entire institu-
tion and should be used to provide train-
ing and intrainstitutional interdiscipli-
nary collaboration.

Conclusion

Endovascular therapy will play an im-
portant role in the management of car-
diovascular, neurologic, and oncologic
diseases for the foreseeable future. Since
present-day vascular interventions re-
quire the use of ionizing radiation, there
is a need to develop imaging modalities
such as MR and US along with new de-
vices that are compatible with these mo-
dalities. In addition, there is a need for
display of images in a manner that will
facilitate the navigation of therapeutic
devices by humans and/or robots. Appli-
cation of advances in the materials and
pharmaceutical sciences will lead to
novel vascular devices and therapies that
make interventions safer and more effec-
tive. Imaging techniques that help rap-
idly assess treatment and allow for imme-
diate readjustment of the treatment to
achieve the desired end points are
needed. Interdisciplinary collaboration,
especially between the basic and applied
sciences, will be key to such progress.
Collaboration between academic investi-
gators and device and imaging equip-
ment manufacturers will be important.
Funding agencies should encourage such
collaboration to accelerate bench-to-bed-
side projects. As these treatments reach
maturity, definitive large trials must be
conducted to establish their clinical use-
fulness.

APPENDIX

The BIROW II Executive Committee ac-
knowledges with appreciation the impor-
tant contributions of each person listed be-
low in helping enable this successful work-
shop.

Faculty

Optical imaging: Joseph A. Izatt, PhD,
Duke University (moderator); Maria Angela
Franceschini, PhD, Massachusetts General
Hospital; James G. Fujimoto, PhD, Massa-
chusetts Institute of Technology; Karel Svo-
boda, PhD, Howard Hughes Medical Insti-
tute

Computerized image analysis: Heang-
Ping Chan, PhD, University of Michigan
(moderator); Sandy Napel, PhD, Stanford
University School of Medicine (break-out
session leader); Maryellen L. Giger, PhD,
University of Chicago; Michael McNitt-
Gray, PhD, David Geffen School of Medi-
cine, UCLA; Ronald M. Summers, MD, PhD,
NIH.

Imaging of gene expression: Juri G. Ge-
lovani, MD, University of Texas (modera-
tor); King C. P. Li, MD, MBA, NIH (break-
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out session leader); Michael Bachman, MD,
DSc, Stanford University; David R. Piwnica-
Worms, MD, PhD, Mallinckrodt Institute of
Radiology, Washington University.

Image-guided vascular interventions: Fe-
renc A. Jolesz, MD, Brigham and Women’s
Hospital (moderator); Krishna Kandarpa,
MD, PhD, University of Massachusetts Med-
ical School (break-out session leader); Mi-
chael Dake, MD, Stanford University; Lind-
sey S. Machan, MD, Vancouver Hospital
and Health Science Centre; Michael C.
Soulen, MD, Hospital of the University of
Pennsylvania.

Government response on topics, funding
opportunities, thoughts on future topics:
David W. Feigal, Jr, MD, PhD, FDA; John
Haller, PhD, NIBIB; Carol Lucas, PhD, Na-
tional Science Foundation; Daniel C. Sulli-
van, MD, National Cancer Institute.

Keynote address: The Imaging Mandate,
James H. Thrall, MD, Massachusetts General
Hospital.

Executive Committee and Sponsoring
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Ronald Arenson, MD, Academy of Radiol-
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RSNA; C. Leon Partain, MD, PhD, RSNA.
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Nagy, Academy of Radiology Research;
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