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From the Editor

focusing on the AIMBEmeeting

John Enderle

T
he months of May and June are the
time of graduation and a time of
new beginnings. I wish all the grad-
uates the best of fortune and a bright

future. This issue focuses on magnetic
resonance (MR) compatible robotics, and
I know that everyone will enjoy the
articles in this issue. The guest editors of
this issue are Roger Gassert, Etienne Bur-
det, andKiyoyuki Chinzei.

I usually attend the annual event of
the American Institute for Medical and
Biological Engineering (AIMBE) each
year. The IEEEEngineering inMedicine
and Biology Society (EMBS) is a mem-
ber organization of AIMBE. AIMBE is a
meeting that addresses issues of current
importance to biomedical engineers as
well as biomedical engineering policies
and legislative affairs. A separate part of
the annual event is a meeting of the

Council of Societies, the Academic Coun-
cil, and the Industry Council. Attendees in-
clude people from all over the world from
the fields of academics, students, and
industry as well as from government agen-
cies (National Institutes of Health, Nation-
al Science Foundation, Food and Drug
Administration, etc.). I highly recommend
this meeting to everyone including stu-
dents. It is a great meeting to network and
learn about funding opportunities.

This year, the focus of the AIMBE
meeting was on the global impact of
medical and biological engineering,
organized by Nicholas Peppas from the
University of Texas at Austin. Before the
formal meeting, special programs on
‘‘AIMBE-Military Collaboration: Bioen-
gineering Challenges of Brain Trauma’’
and the ‘‘Future of Medical and Biologi-
cal Engineering’’ were held. The opening
keynote address was given by Robert
Langer on creating and implementing

medical technology. Presentations on the
global marketplace and changes in
technology and innovation were given.
Alan Smith discussed research and
development to meet worldwide needs,
and Steven Buchsbaum spoke on innova-
tion for global health. The new frontier in
biomedical science was presented by
Roger Glass, which was followed by
David Edward’s presentation on how an
inhaled tuberculosis vaccine can change
global healthcare. Rebecca Richards-
Kortum spoke on ‘‘Beyond Traditional
Borders: A Global Approach to Bioen-
gineering Education.’’ The Earl Bakken
Distinguished Lecture was given by Shu
Chien on ‘‘Biomedical Sciences and
Bioengineering in the Far East,’’ and the
closing keynote address was given by
Mauro Ferrari on ‘‘Nanobiotechnology
and Global Health.’’

Until the next time,
John EnderleDigital Object Identifier 10.1109/MEMB.2008.922359
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Letter to the Editor

I
n the article ‘‘Design Versus Research in BME Accredita-
tion’’ in the March/April 2008 issue of IEEE Engineering in
Medicine and Biology, Prof. Gassert mentioned that research
during a design task would normally be just the integration of

knowledge, not a creation of knowledge. This is a common
misconception, and I hear it a lot from people in academia. It
isn’t true.

When I think back to just the last few of my designs, there
were a plenty of roadblocks we encountered. Sometimes, when
searching for answers in the scientific world and talking to
experts, I found myself at the end of the road. The experts
usually told me why. For example, during a project last year,
nobody ever needed a laser diode to do what we wanted it to do.
Consequently, no researchers bothered about a certain effect in
such parts (in this case, it was related to line width). Then,
design guys like me have to sit down with engineers from other
fields such as optics and figure it out. Sometimes, we collabo-
rate with institutes. The only difference with typical research is
that we usually cannot publish our findings because we work
either for an employer or, as in my case, as consultants who are
strictly bound to silence by an agreement.

I am not a big fan of the Accreditation Board for Engineering
and Technology, but you are right in making sure that design
requirements are put in place. I often help my clients search for
engineers, and I found that hardly any freshly minted engineers
have sufficient design experience. Some have never even
soldered, and they don’t know what real electronic parts look
like, let alone what their pitfalls are. This is a huge problem that
we didn’t have to deal with in the 1980s.

Jay Goldberg’s article in the same issue brought up a point
that I believe needs to be taught at university level as well
because it is part of the design process: regulatory compliance.
In our field, nothing will ever see the light of the day unless it
has been blessed by the FDA, by UL or TUEV, and by other
agencies, passed FCC emission limits, and so on. Students need
to learn how to do an FMEA, how a proper hazard analysis is
done, how you go about when a product needs a 510(k), why a
PMA is so prohibitively expensive, what can get their compa-
nies in trouble with lawyers, and so on.

Just a few thoughts.

Best Regards,
Joerg Schulze-Clewing

Digital Object Identifier 10.1109/MEMB.2008.923993
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President’s Message

what’s in store for you in Vancouver

T
he 30th Annual International IEEE
Engineering inMedicine and Biol-
ogy Conference (EMBC’08) will
be held in Vancouver, British

Columbia, 21–24 August. In addition to
the excellent technical program, opportu-
nities to meet colleagues from around the
world, and special events organized in
conjunction with the conference, Van-
couver offers a range of activities and
beautiful surroundings.

Conference Details
Details on both the technical and social
programs can be found at http://www.
embc2008.com/. Leroy Hood from the
Institute for Systems Biology, in Seattle,
Washington, will be the keynote speaker,
and he will speak on ‘‘Systems Biology
and Systems Medicine: From Reactive to
Predictive, Personalized, Preventive, and
Participatory (P4) Medicine.’’ Plenary
speakers include:
� Henry Markram (EPFL, Lausanne,

Switzerland): ‘‘The Blue Brain
Project’’

� Kathie Olsen (National Science
Foundation, Arlington, Virginia):
‘‘Neurotech at the Interface: Con-
necting the Engineering and Physi-
cal Sciences with Life Sciences’’

� Leon Glass (McGill University,
Montreal): ‘‘Understanding and Pre-
venting Sudden Cardiac Death’’

� Tom Hudson (Ontario Institute for
Cancer Research, Canada): ‘‘Genetic
Variation and Cancer.’’

History of Vancouver
Archaeological evidence shows that
coastal Indians had settled in the Van-
couver area by 500 BC. The first British
to arrive were explorers Captain James
Cook (1778) and Captain George Van-
couver (1792). When explorers arrived
seeking the Northwest Passage, the city
began to grow. In 1808, Fraser set up

trading posts in the region. The fur
trade, followed by the 1858 discovery
of gold, began to change the area.
Within weeks, nearly 30,000 Ameri-
cans flocked to the area. The mainland
was quickly declared a British Colony.
Canada was confederated in 1867,
resulting in dramatic changes. Vancou-
ver was founded as a sawmill settlement
called Granville in the 1870s. The city
was incorporated in 1886 and renamed
after Captain Vancouver. The extension

of the Canadian Pacific Railroad in 1884
contributed to the growth of Vancouver.

Location
Vancouver is located in the southwest
corner of Canada in the province of
British Columbia adjacent to the Pacific
Ocean. It is surrounded by water on
three sides and the Coast Range Moun-
tains, which rise abruptly to more than
5,000 ft. Its climate is one of the mildest
in Canada, with average August tem-
peratures of 71 �F (high) to 55 �F (low)
and an average of 1.5 in of rain.

Points of Interest and Activities

Museum of Anthropology at the
University of British Columbia
Canada’s largest teaching museum is
located in a spectacular building over-
looking the mountains and sea. The
museum houses some 535,000 ethno-
graphic and archaeological objects,
many of which originate from the indig-
enous population of the northwest coast
of British Columbia.

Vancouver Art Gallery
The Vancouver Art Gallery’s collection
of nearly 9,000 works of art represents
the most comprehensive resource for
visual culture in British Columbia. It is
a principal repository of works pro-
duced in this region as well as related
works by Canadian and international
artists.

Stanley Park
Vancouver’s first park and one of the
city’s main tourist attractions, Stanley
Park, is an evergreen oasis of 1,000
acres close to downtown. Its natural
west coast atmosphere, offering a back-
drop of majestic cedar, hemlock, and fir
trees, produces a tranquil environment
for visitors.

Shakespeare Festival:
Bard on the Beach
Located in Vanier Park, Shakespearian
plays are performed in large tents. The
2008 season includes the Twelfth Night,
King Lear, The Tempest, and Titus
Andronicus. For information, visit http://
www.bardonthebeach.org.

Harbor Tours
A variety of harbor tours, including
dinner cruises, are available, some of
which depart from downtown near the
convention center.

Donna Hudson

Digital Object Identifier 10.1109/MEMB.2008.922347
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Society News

acall for cooperation

I
frequently visit the IEEE Web page.
Let me share with you what I found.
Did you know that the IEEE is com-
mitted to working with the other

national societies to aid engineers and
scientists throughout the world? And
that these cooperative relationships are
established through a memorandum of
understanding known as national soci-
ety agreements?

The goal of these agreements is to
enhance the professional and personal
growth of a country’s engineers and re-
lated fields of interest. The cooperation is
designed to assist in the development and
elevation of technical skills, image, pro-
fessional growth, and networking.

We are aware that the IEEE is com-
mitted to working cooperatively, not
competitively, with local organizations
in countries throughout the world. The
national society agreement approach
has been successful by remaining flexi-
ble and responsive to different cultures,
thought processes, languages, and polit-
ical structures.

Currently, the IEEE has more than 70
formal national society agreements,
which span over 40 countries (32 agree-
ments in Europe, the Middle East, and
Africa; 12 in Latin America; and 26 in
Asia Pacific). Many of the IEEE Tech-
nical Societies—the Engineering in
Medicine and Biology Society (EMBS)
included—have supplemental or addi-
tional agreements, known as sister society
agreements (SSAs), with these national
societies and with industry associations.

The cooperation benefits both the or-
ganizations by increasing publicity and
interest in engineering, eventually lead-
ing to additional volunteer resources.

Ideas for Cooperation
The establishment of a national society
agreement is only the first step in the

process of cooperation. It is the creation
and implementation of joint projects
that determine the real value and suc-
cess of the agreement. Joint activities
motivate members by creating energy,
enthusiasm, and volunteerism.

The following is the list of sugges-
tions, which is provided to generate ideas
for joint activities between the IEEE and
national societies. After evaluating the
particular needs of the country, IEEE
Section, and IEEE Technical Society,
many of these suggestions have already
been implemented by IEEE and the
cooperating national societies.
� Publicize the national society

agreement (through Web sites,
newsletters, events).

� Improve educational standards and
curricula.

� Define changes needed to meet the
current and future needs of the
workforce.

� Encourage participation by students
and young professionals.

� Further the understanding of stan-
dards worldwide.

� Cosponsor technical conferences, ex-
hibits, meetings, and workshops.

� Publicize the joint cooperation at
events.

� Hold joint tutorials or short courses
on technical, professional, and per-
sonal improvement.

� Recognize and publicize members’
awards and achievements.

� Establish a joint IEEE/national so-
ciety award.

� Invite national society executives
to participate in the IEEE Section
meetings.

� Invite national society executives
to regional meetings and award
ceremonies.

� Participation in each others’ news-
letters.

� Provide links to each others’ Web
pages.

� Establish additional national soci-
ety agreements.

� Hold a multinational society and
IEEE region conference.

� Translate IEEE documents and
forms.
One of the most successful means of

cooperation, thus far, has been the estab-
lishment of a joint national society/
IEEE award. Currently, a total of nine
joint awards with national societies
around the world have been established.

SSAs
IEEE technical society agreements are
known as SSAs. They are supplemental
agreements between an IEEE Society
and a national/sister society, which are
designed to promote additional coopera-
tion in a specific discipline through joint
activities. Eighteen IEEESocieties, EMBS
among them, have signed SSAs with 44
sister societies.

The EMBS holds SSAs with the
American College of Clinical Engineer-
ing (ACCE), the International Func-
tional Electrical Stimulation Society
(IFESS), and the Rehabilitation Engi-
neering and Assistive Technology Soci-
ety of North America (RESNA).

I am sure that we can implement
many more. Therefore, I encourage our
EMBS members throughout the world
to work at the local level to develop
agreements with the national biomedi-
cal engineering (BME) societies for the
benefit of organizations, its members,
and our profession. In many countries,
EMBS members also belong to their
national Biomedical Engineering Soci-
ety, and as we mentioned earlier, coop-
eration not competition is key to the
development of our profession at all
levels and in every country.

Jorge E. Monzon

Digital Object Identifier 10.1109/MEMB.2008.922361
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Student’s Corner

writing for publication in biomedical engineering

T
echnical communication is the
process of conveying information
about a technology to an intended
audience in fields as diverse as sci-

ence, engineering, biotechnology, and
medicine, often in the formof publications
and technical articles. Writing well is dif-
ficult and labor intensive, and writing in
technical terms and about technical sub-
jects further compounds the difficulties.
The main purpose of the communication
is to disseminate the intended information
in a useful manner, thereby enabling the
reader to fully comprehend the content.

As a junior biomedical engineer in
either the private or the academic sector,
you communicate new techniques and the
results of your research findings to society
by means of journal publications, confer-
ence proceedings, or technical reports.
Your ultimate goals are to tell your story
to other experts in the field, convince them
of the validity of your results, and receive
recognition for your work. If your docu-
ment fails to communicate the information
that you intend the reader to understand,
then the communication is meaningless.
Moreover, poor writing will erode the
reader’s confidence in your article. To
accomplish your goals, the article must be
professional in content, follow a logical
development, be written in formal lan-
guage, and be properly formatted.

This article introduces the basic skills
that I believe are needed to create well-
written scientific articles for publication in
journals or conference proceedings. Some
of the topics addressed include proper
structuring of a manuscript, functional-
ity of its various parts, standards of
good technical writing, punctuation and
grammar, and highlights of common
writing mistakes.

Journals Versus Proceedings
The first question to ask yourself before
starting to prepare your article is whether

you are going to submit it to a journal or
present it at a conference. Given their
extensive peer review, journal articles are
considered more prestigious and of better
quality, which is a necessity for academi-
cians. Moreover, they will be archived,
with access limited by subscription, and
will be accessed by many experts in the
field, thus having a greater chance of
being cited given the broader exposure.
Nevertheless, the publication process
may take anywhere between six and 24
months, from the date the article is sub-
mitted for review until it appears in the
journal, provided the article is accepted.

On the other hand, publications in con-
ference proceedings undergo a less
significant peer review, which, in turn,
takes away some of the prestige. These
publications are seen by fewer research-
ers than if they had been published in
journals, and, depending on the publisher,
they may or may not be archived. Never-
theless, the publication process is not as
involved—preliminary studies can be
submitted with a good chance of being
accepted for conference presentation
and publication in the proceedings. A
camera-ready copy is usually required at
submission, and the acceptance rate is
considerably higher than that in journals.

Hence, you need to decide whether
your work is comprehensive and detailed
enough for an appropriate journal sub-
mission or, potentially, more appropriate
for a conference paper, if it is still in the
preliminary stages. Furthermore, if you
are looking at having your work pub-
lished quickly, then, probably, you
should aim for a conference presentation
and publication in the conference pro-
ceedings and, eventually, follow up
shortly with a full-blast publication in a
high-impact journal.

Manuscript Organization
Most journal and proceedings articles
consist of three main parts, i.e., front
matter: title, author list, and abstract;

body of the article: introduction, meth-
odology, results, and conclusions; and
end matter: acknowledgements, refer-
ences, and appendixes.

Although all published articles are
expected to follow the aforementioned
structure, it does not necessarily imply
that the readers will actually read your
article. In fact, because of lack of time,
most readers will skim through the fol-
lowing elements briefly: title and author
list; abstract and keywords; figures and
captions; section headings, conclusions,
and equations; and certain portions of
the text. Therefore, you should make
sure that these elements are well crafted,
and, furthermore, the last figure and the
conclusions clearly reiterate the take-
home message. The main message
should be stated in the title of your work,
the abstract, and, at least, three times in
the main body: introduction, results or
discussion, and conclusions.

The title is the first and the most visi-
ble part of your article. A well-selected
title concisely describes the main theme
of the work presented in the article, and
it should grab the reader’s attention in
roughly 12 words or less. Keep in mind
that the title does not need to be an
abstract of its own, and, most often, long
titles, aside from looking unappealing
and taking too much space, distract the
reader. Moreover, avoid the use of all
but the best-known, acronyms in the
title, and, as they depend on the research
field, it is recommended that you avoid
the use of acronyms in all titles.

The abstract is the second-most read
part of your article, and, therefore, it
should concisely summarize the con-
tents of the article, while following a
logical structure and development.
Find balance between not enough and
too much information in 200–250
words or less.

The substance of your hard and stren-
uous research work is incorporated in
the body of the article. The introductory

Cristian A. Linte

Digital Object Identifier 10.1109/MEMB.2008.922348
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section familiarizes the reader with the
context of the article. It should provide
a brief background on the topic while
referring to previous work, state the

motivation of the proposed work and
how it addresses the limitations cur-
rently encountered, and provide a brief
outline of the article.

The methodology section describes
the means by which the work was done,
and it should be organized under vari-
ous section headings and subheadings.
Make sure that you describe, in great
detail, all the methods and materials
employed, since these aspects enable
other researchers to reproduce your
work. Incomplete experimental methods
and partially described techniques will
get you only an exhaustive section in the
reviewer’s comments on how your work
is not well documented, is irreproduci-
ble in other laboratories because of lack
of experimental detail, and is, therefore,
not publishable in its current state.

If your work is based on physical or
mathematical models that must be
described by equations and formulas,
make sure you insert only the most
significant ones in the body of the
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article, while saving the detailed deriva-
tions for the appendixes, which are part
of the end matter. Number equations
accordingly, incorporate them as part of
the sentence, and refer to them in the
text. Also, do not forget to state the
assumptions or limitations under which
the equations are valid, and always try
to provide a physical interpretation of
the mathematical formulas in your text
(e.g., the first terms represent the strain
energy, while . . .).

The findings of the research study are
usually presented in the results section,
with the appropriate validations and sta-
tistics often required to support your
claims in a scientific manner. The dis-
cussion section is where you review the
results as a whole, establish relationships
among the research findings and the
appropriate clinical context, and com-
pare the outcomes with the initial predic-
tions, objectives, or hypotheses. It is also
appropriate to include a section in the
discussion on the potential sources of
error in your investigation and how the
current outcomes can be ameliorated
using alternate models or techniques.

In the conclusions section, wrap up
your article with a succinct summary of
your work, relate your results to the gen-
eral problem, indicate the implications
of your work in the field, and suggest
possible follow-up measures. However,
try not to hyperbolize and overly extrap-
olate your work to the point that you start
claiming more than what your results
show. It usually annoys most reviewers
and may lead to exhaustive comments or
even rejection of your article.

The end matter consists of auxiliary
material, yet essential to the article. Credit
those who helped by providing funds, per-
forming the experiments, writing the
manuscript, as well as those who provided
you with technical support and editorial
assistance. Do not forget to include your
clinical collaborators because you may
need their assistance in some of your
future studies, and they may be reluctant
to help you in the future unless you
acknowledge their contributions.

Also, the bibliography of your article
is included in the end matter, and its for-
mat is usually dictated by the publisher.

Cite foundational or background work,
list sources of information and techni-
ques, avoid plagiarism by including all
sources of information, and give credit
where warranted.

Figures and Tables
After the title and abstract, figures and
diagrams are the next most important
parts that readers will browse in your
article. Everyone is aware of the cliché
that each picture is worth 1,000 words,
and so you should keep this in mind
when preparing your article. Support
your text with thoughtfully constructed
diagrams, and use them as aids to explain
concepts and methodology that would
otherwise require wordy paragraphs.

Figures and tables should appear dis-
tributed throughout the article and must
be referenced in the text by a figure or
table number. Do not use in the follow-
ing figure or table as reference as the
exact position of the figures or tables is
not fixed until the full article is typeset.

Before creating the figures, anticipate
how you would want them to appear in
the published article and work on them
accordingly. Make sure that all lines and
axes are thick enough to be visible, and
axes labels, legends, and symbols are
large enough to ensure their legibility in
the final version. Make appropriate use
of color, and double check whether the
final version appearing in the journal
will be printed in color. Although the
hard copies may be subject to additional
costs for color printing, most often, color
figures may be preserved in the online
versions. To avoid confusion, it is best to
use solid, dashed, and dotted lines and
various data symbols to plot data instead
of using color and also avoid referring to
a color scale that may appear as a gray-
scale in the printed versions.

Each figure and table must be accom-
panied by a caption that tells the entire
story. For figures and images, the cap-
tion should be positioned below the fig-
ure, should be detailed enough to
describe the information without the
need to read the text, and should
provide a link to the text. Table captions
should be placed above the table, and
they should describe the entries in each

column and the conditions under which
the data were obtained.

Writing the Manuscript
Once you have performed all the experi-
ments and collected and analyzed all
data, you are ready to start writing the
manuscript. Start the writing process
with a plan. First, identify the main
objectives of the work and what infor-
mation you want to convey. Second,
identify your audience: to whom do you
want to tell the story and why would
they want to read your article? Assess
their level of expertise and their attitude
toward your topic. Ultimately, deter-
mine the scope of the communication:
howmuch background and detail should
you include? What level of understand-
ing should you aim for?

Once you have a plan, do not rush to
write the full-blown article, but, rather,
put together an outline. The outline will
act as a skeleton for your article, provid-
ing organization and structure and estab-
lishing an overall logic of your article.
While composing your outline, keep in
mind the standard article organization, its
logical development, as well as the fig-
ures and tables, and how they should sup-
port the text. If you have collaborators,
this is the best time to get them involved.
Have them share their ideas with you,
and brainstorm on what should or should
not be included in the manuscript. After
finalizing the outline, check once again
for the logical sequence of topics.

Now you are ready to start developing
your ideas toward the actual manuscript.
Based on your outline, quickly write a
first rough draft. Do not worry too much
about spelling and style! You’ll have
enough trouble dealing with writer’s
block that you won’t know what to do
next. . . . Start with sections that are easi-
est to write, put down key phrases, and,
later, develop them into full sentences.
To help you stay focused, set aside one-
to two-hour blocks of time for writing,
establish goals for writing in each ses-
sion, and try to take a break once you
have completed full sections. This will
prevent you from losing your train of
thought in a particular section. Make
sure that your environment is conducive
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to writing, and, if severely blocked, try
to change the scenery. Leave the lab and
head home or to the library, where you
can resume writing and find yourself
more efficient. Slowly but surely, you’ll
have a first rough draft of you article in
a few days, and you’ll feel much better
already!

Now it’s time that you revise your
work and see if the article is really what
you want it to be. Although most of us
are more electronic-oriented these days,
I think it’s still best to print out the article
old-style: pick a pencil, sit down, and go
through the article with a fine-tooth
comb. Look at the article as a whole,
rearrange sections and subsections to
maintain flow, identify what is missing
and add new text, check for style and
proper English (sentence construction,
word choice and usage, grammar, punc-
tuation, and spelling).

Writing Style
Good writing style is imposed in the
revision process, and it aims at the over-
all clarity, conciseness, and coherence
of the article. Transition elements are
crucial for keeping the reader on track
and are needed at all levels of the article
structure. Try to end a section by briefly
preparing the reader for the upcoming
section, and if you need to refer to sec-
tions that are not consecutive, make use
of references to specific sections, allow-
ing the reader to jump to the referenced
material for further information.

To make the article more appealing to
the reader and to increase its appearance on
paper, try to organize each section in para-
graphs, as opposed to humongous blocks
of text that seem never to end. Each para-
graph should comprise ten to 15 lines of
text, but, for diversity, vary the paragraph
length to break the monotony slightly, and
break up those that are too long.

Simple sentence structures promote
clarity and readability. Generally, use the
subject-verb-object construction, with
strong verbs, active voice, and first per-
son when appropriate, and avoid compli-
cated structures to explain complex ideas.
Compound sentences are fine, as long as
they are straightforward and not too long.
Such deviations from simple sentence

structures can be useful to provide variety
and define relationships between ideas.
In general, sentences should not run to
more than 25–30 words, but, same as
with paragraphs, their length should be
varied to breakmonotony.

Although it may seem unnatural to
write about the past in the present, use
present tense as a general rule. In addi-
tion, other tenses may be used. Past tense
may be used to refer to work previously
done by others, work that you, the author,
did for the article (e.g., conducted spe-
cific experiments), or when referring to
earlier sections in the article. Similarly,
future tense may be used to refer to later
sections in the article or when outlining
your future research endeavors.

Common Writing Problems
One common problem in technical writ-
ing is the appropriate use of active or pas-
sive voice. Voice indicates the relation
between the action and the subject acted
upon. In active voice, the subject acts,
whereas, in passive voice, the subject is
acted upon. Often, active voice is pre-
ferred as it, generally, improves clarity
and reduces ambiguity and wordiness.

Be aware of the appropriate use of
definite and indefinite articles, espe-
cially for writers whose first language is
not English, who often tend to omit
their use. Also, avoid treating countable
nouns as uncountable (e.g., ten items or
fewer and not ten items or less) as well as
the inappropriate use of words such as
what, that, and who. Use that before a
restrictive phrase without a comma (e.g.,
the approach that seemed to work best
. . .); use which to begin a nonrestrictive
phrase with commas before and after (e.g.,
our approach, which we adapted from
Smith et al., . . .); use who when referring
to a person or people (e.g., peoplewho fol-
lowed Wagner’s suggestion . . .). Avoid
using due to instead of because of (e.g.,
the computer failed because of . . . and not
the computer failed due to . . .) or the use
of this at the beginning of a sentence with
no following noun as it often indicates
ambiguous reference (e.g., this result
means that . . . and not thismeans that . . .).

A few other common writing mistakes
include the inappropriate use of jargon,

depending on the expertise of the audi-
ence, the abusive use of acronyms, which
tend to irritate the reader if they appear
too often in the text, as well as the inap-
propriate use of punctuation. A good
reference on how to use punctuation and
grammar appropriately is Strunk’s and
White’s short book,Elements of Style.

Word Choice and Usage
When preparing your next scientific
article, remind yourself that you are not
explaining your work to your lab col-
leagues at the local pub on a Friday
afternoon but, rather, to fellow scien-
tists who also write articles, for a living,
to communicate their research. In addi-
tion, although they may be experts in
the field, they may not necessarily—
and most often will not—be aware or
directly involved with your exact work.

To avoid ambiguity, you need to care-
fully choose powerful words, with definite
meanings, to convey the information you
want. If you are unsure of the meaning of
a word you are about to use, check the
dictionary for the correct meaning, or use
the thesaurus to find the most appropriate
words to express your idea. However, do
not try to impress the reader with long and
esoteric words, and be careful about using
words that you do not know as they may
not be appropriate in a specific context.

To avoid redundancy, keep your para-
graphs concise, streamline your text by
removing unnecessary words, eliminate
wordy phrases, and avoid the use of
ornate or erudite words.

Colloquial language often used in cas-
ual conversations should not be used in
technical writing. Always avoid slang,
which is informal and faddish, and shop-
talk (jargon used by you and your col-
leagues); ‘‘thingamajing’’ may mean
something to you but not to your readers.

Although highly specialized in techni-
cal language, jargon is still unique to
certain specialties. Therefore, the appro-
priate use of jargon depends on the
intended audience. When writing for
experts in your field, jargon is helpful to
concisely say what you mean. However,
when writing for nonexperts or nonspeci-
alty magazines, use as little jargon as pos-
sible, and always define it.
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Tools for Manuscript Preparation
Probably, the most common document
processor is Microsoft Word, the well-
known, full-featured, word-processing
software available as part of any Micro-
soft Office package. MicrosoftWord inte-
grates a spelling and grammar checker
and is compatible with other Microsoft
Office products often used for data analy-
sis and preparation of figures and tables.
Similar features are available in OpenOf-
fice, an open-source package available
free of charge.

A more powerful tool for technical
documents and manuscripts preparation
is LaTeX, currently employed by many
authors and accepted by most publishers.
In fact, specific LaTeX templates for
many journals and conference proceed-
ings can be quickly downloaded directly
off the publishers’ Web sites. LaTeX is
widely available as open source for all
operating systems (Windows, Linux, and
OS-X). Its numerous features include
excellent equation formatting (enhanced
mathematical capabilities that follow the
standards of the American Mathematical
Society), automatic numbering of section
headings, subheadings, figures, and
equations, and easy citation and referenc-
ing, while enforcing publishing rules and
manuscript formatting. In addition,
LaTeX also offers the flexibility of con-
verting the output manuscripts to standard
document format (.ps or .pdf).

If you have not yet familiarized your-
self with LaTeX, you may consider giv-
ing it a try for the paper submissions of
the 2008 Annual International Confer-

ence of the IEEE Engineering in Medi-
cine and Biology Society (EMBC’08).
Start by downloading the IEEE manu-
script template off the conference Web
site, and replace the text and figures in
the example file with your own. You’ll
be so impressed by LaTeX’s features
that you will never consider preparing
your next dissertation using any other
manuscript preparation package!

In Conclusion
Technical writing is not just simple writ-
ing but, rather, a unique and very distin-
guishable skill. It can be learned and
mastered, but it requires time, hard work,
and practice. However, once developed,
techniques of technical writing are useful
in preparing research grants and scholar-
ship applications, technical presenta-
tions, and evenWeb pages.

As a technical writer, you must always
strive for clarity, conciseness, and coher-
ence. If youkeep inmind these three objec-
tives when preparing your next article, you
will succeed in presenting the complexity
of your research in away thatmakes it easy
for the reader to understand the concepts,
easily extract the key information, and give
you the credit you deserve.

Best of luck with the preparation of
your next manuscript! If you have any
questions or comments, feel free to con-
tact me at clinte@imaging.robarts.ca.

In closing, I would like to thank Dr.
Kenneth Hanson (Los Alamos National
Laboratories) for his excellent course on
‘‘Technical Writing in Medical Imag-
ing,’’ parts of which I have used as refer-

ence in this article, offered at the SPIE
Medical Imaging Symposium, San
Diego, California, 16–21 February 2008.

Cristian A. Linte is currently studying
at the University of Western Ontario, in
the Biomedical Engineering Graduate
Program (Laboratory for Image-Guided
Surgery and Therapy within the Imaging
Research Laboratories at the Robarts
Research Institute in London, Canada),
for a Ph.D. in biomedical engineering.
He graduated with an M.E.Sc. in bio-
medical engineering from the University
of Western Ontario in 2006 and with a
B.A.Sc. in mechanical and materials
engineering from the University of
Windsor.
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President’s Message (continued from page 5)

Vancouver Island
This large island can be reached by
ferry (one and a half hour journey).
Roughly the size of Holland, Vancou-
ver Island is host to the capital city of
Victoria, with historic legislative build-
ings and the Empress Hotel, which lend
a British atmosphere to the city. Near
Victoria, the Butchart Gardens contain
55 acres of stunning floral-show gar-
dens, a Canadian national historic site
worth a visit.

Whistler
AlthoughWhistler is a famous ski resort,
it has many activities during the
summer. It can be reached by a train that
follows the coastline into the mountains,
providing spectacular views en route.

Getting There
Vancouver is served by the Vancouver
International Airport (YVR) located on
Sea Island, 15 km (9 mi) from down-
town Vancouver. It has nonstop flights

daily to Asia, Europe, Oceania, United
States, Mexico, the Caribbean, and
other airports within Canada. It is an
Air Canada hub as well as a focus city
for WestJet. The Vancouver Interna-
tional Airport is one of the nine Cana-
dian airports that have U.S. border
preclearance facilities.

On behalf of the IEEE Engineering
in Medicine and Biology Society, I look
forward to welcoming you to EMBC’08
and Vancouver!
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RI
RO
BO
TI
C
S MRI-Compatible Robotics

R
obotic systems compatible with magnetic resonance
imaging (MRI) promise revolutionary robots guided
by three-dimensional (3-D) MRI as well as efficient
tools for clinical diagnostics in internal medicine and

neurology. Additionally, programmable interfaces for neuro-
science studies would enable neuroscientists to detect neural
activity correlated with repeatable and well-controlled motor
tasks, providing behavioral data for modeling and additional
interpretation. MRI robotics is a multidisciplinary field, which
requires the joint work of engineers, physicists, physicians,
physiologists, and psychologists, and this is also strongly
reflected in the themes and features of this issue.

The development of dedicated high-quality robotic systems
requires the synthesis of mechanical design, electronics, com-
puter science, and control. The strong static and switching mag-
netic fields and radio frequency pulses used in MRI create a
safety hazard and compatibility issues and, therefore, exclude
the use of conventional robotic technology. Magnetic resonance
(MR) compatible systems require the development of unconven-
tional mechatronics, based on principles that need to be revisited
in this new context, and others that are still under development.
We consider the terms MRI compatible and MR compatible to
be equivalent. We have adopted the term MR compatible
throughout this issue. Mutual electromagnetic interference,
limited workspace, restricted access to this workspace, image
artifacts, subject and patient comfort and motion all pose
additional constraints. Finally, ethical and regulatory aspects
need to be considered.

We were motivated to organize technical sessions at the
2004 IEEE International Conference on Robotics and Automa-
tion (ICRA’04) and ICRA’06 as well as a workshop on MR-
compatible robotics at ICRA’06 because of the necessity of
exchanging ideas to develop efficient concepts (slides and infor-
mation available at http://mrrobotics.epfl.ch/ICRA/). The inter-
action between clinicians, roboticists, and the U.S. Food and
Drug administration (FDA) officials was intense and inspiring,
as many groups encounter similar problems and have addressed
complementary aspects. We could also observe a vast number of
developments in this domain over the last few years, with an
increasing number of involved groups and funding.

This tendency is illustrated in Figure 1, which shows the
increasing number of conference papers (light gray) on this
topic in the IEEE Xplore database (http://ieeexplore.ieee.
org/). In contrast, only few journal papers have appeared on
this topic, and even fewer of these systems documented in the
literature have actually been used in clinical trials. Thismotivated
us to organize a special issue on MR-compatible robotics—an
opportunity to present the main aspects of this novel technology
to potential users: clinicians, bioengineers, biologists, psycholo-
gists, neuroscientists, and roboticists.

Although robotics journals showed interest in producing a spe-
cial issue on this topic, we preferred to target a journal with a
wider audience, given the vastness of disciplines that need to
interact for such developments. This special issue on MR-
compatible robotics will give the reader an overview of the chal-
lenges for developments in this field—past, present, and ongoing
projects—and look toward future applications. It addresses topics
including safety and (electromagnetic) compatibility inMR envi-
ronments, mechatronic components for the development of MR-
compatible systems, the potential of MR-compatible robotics in
MR angiography, MR elastography, diagnostic functional MRI
(fMRI), neuroscience, and regulatory issues.

MR Compatible or MR Conditional?
The terms MR compatible and MR Safe are found throughout
literature for robotic devices capable of working within an MR
environment. According to standard F2503-05 of the American
Society of Testing and Materials (ASTM), published in 2005,
MR compatible is no longer a valid term, andMR Safe has been
redefined [1]. The official terms according to ASTM, also rec-
ognized by the FDA, areMR Safe (an item that poses no known
physical risks in all MR environments, not taking into account
image artifacts),MRConditional (an item that has been demon-
strated to pose no known hazards in a specified MR environ-
ment with specified conditions of use), andMR unsafe (an item
that is known to pose hazards inMR environments).

In the case of robotic systems, the requirement for the MR
Safe label can rarely be fulfilled, implying that current robotic
systems should be labeled MR Conditional. (As an example,
the robotic system presented in [2] is made entirely from poly-
mers and contains no active [i.e., electrically powered] com-
ponents within the MR room. It can thus be labeled MR Safe.
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In contrast, the system presented in [3] is MR Conditional. It
is based on the same technology but uses [conducting] brass
pistons with nonferromagnetic [austenitic] steel rods, leading
to induced eddy currents, which may cause thermal [patient
burns] and mechanical effects when brought close to the
imaging region.) This may tend to give a somewhat negative
impression and may explain why the term MR compatible is
still widely used. Also, ASTM F2503-05 is a standard that
was elaborated mainly with implants in mind and not primar-
ily for interventional robots or mechatronic systems such as
pacemakers. This leads to a discrepancy between regulation
standards and literature and, thus, to confusion, and under-
lines the lack of simple and clear compatibility standards and
testing methods needed by the robotics community. To date,
the standards that an MR-compatible robotic system must
comply with in order to be used in a clinical application are
not clear.

In 1997, General Electric (GE) drafted a document titled
‘‘MR Safety and MR Compatibility: Test Guidelines for
Signa SP,’’ which described safety and compatibility stan-
dards for an intraoperative 0.5-T scanner, defining several
compatibility zones. However, it is difficult, if not impossi-
ble, to define compatibility as a function of distance from the
magnet isocenter or the amplitude of the local magnetic field
as this depends on many additional parameters, more so for
complex mechatronic devices. Also, this does not give any
indication of MR compatibility with respect to a different
imaging sequence or MR hardware. Although this document
from GE is no longer available, it is still widely cited. The
FDA also released a primer on device interaction in the same
year [4].

All authors contributing to this special issue have used the
term MR compatible in their theme articles. As we find it
suitable to describe a mechatronic system that can function
safely within an MR environment, we have decided to adopt
it in this special issue. By MR compatible, we understand a
robotic system that poses no safety hazard and neither creates
nor suffers from mutual electromagnetic interference with an
MR system during MRI or fMRI, in the context of a defined
application, imaging sequence and placement within and MR
environment, which should be clearly defined when this term

is applied. It is similar to the term MR Conditional as
defined by ASTM international, and it also identifies clini-
cal applicability.

For further information on these topics, the reader can refer
to [5]–[9] and the theme article by Gregor Schaefers [10] in
this issue.

Contents of This Special Issue
This special issue examines various aspects of MR-compatible
robotics. We begin with an overview on MR-compatible ro-
botics by the guest editors [11], who discuss the opportunities
and challenges of this technology. Gregor Schaefers [10] then
presents the methods and current standards for MR safety and
compatibility testing. Most methods and standards have his-
torically been developed for implants and are currently being
adapted to mechatronic systems. Next, Uffmann and Ladd
[12] present the field of MR elastography and discuss its appli-
cation in the examination of the skeletal muscle, the brain, the
breast, and abdominal organs.

This is followed by three theme articles on robotic systems
for interventional MRI. Elhawary et al. [13] present an MR-
compatible actuation module that can be used to design multi-
axis MR-compatible robotic systems. A novel robotic system
for abdominal and thoracic punctures directly fixed to the body
and following respiratory motion is presented by Bricault et al.
[14]. Tsekos et al. [15] then describe how a multi-DoF robotic
system can be guided by real-time 3-DMRI.

This special issue concludes with two theme articles ad-
dressing medical aspects of MR-compatible robots. Sutherland
et al. [16] describe the evolution from intraoperative MRI to a
dedicated robotic system that will enable MRI-guided teleop-
erated microneurosurgery. Finally, Melzer et al. [17] present

There is no ‘‘stigma’’ associated with an MR Condi-
tional label. It is the normal condition.

Dr. Terry O. Woods,
FDA Center for Devices and Radiological Health
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MR-compatible robots promise revolutionary
interventional systems guided by

three-dimensional MRI as well as efficient tools

for clinical diagnostics in internal medicine

and neurology.
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the development of the first commercially available MR-
compatible robotic system for MRI-guided cannula insertion.

We hope that this special issue will be of interest to both
researchers and clinicians in the fields of diagnostic and inter-
ventional MRI as well as neuroscience and present motivating
insights for the future development of MR-compatible mecha-
tronic and robotic systems.
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themain aspects of this novel technology to
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Opportunities and
Challenges in
MR-Compatible Robotics

T
he last few years have seen fast developments in mag-
netic resonance (MR) compatible robotics. On the one
hand, we are not far from revolutionary robots guided
by real-time three-dimensional (3-D) magnetic reso-

nance imaging (MRI), allowing reliable and precise minimally
invasive interventions with reduced recovery time. On the
other hand, dedicated robotic interfaces used in conjunction
with functional MRI (fMRI) will allow neuroscientists to
investigate the brain mechanisms of manipulation and motor
learning, and to improve rehabilitation therapies for related
dysfunctions. However, the realization of such systems must
address major technical challenges due to the strong static and
switching magnetic fields, electromagnetic interference (EMI),
the limited space inside MRI scanners, and the physical interac-
tion with human subjects/patients. This article gives an over-
view of the opportunities offered by this novel technique, the
components of MR-compatible robotic systems, the history of
MR-compatible robotics, and the main challenges and direc-
tions for future developments.

Compatibility depends on the imaging sequence used for the
particular application (e.g., MRI, fMRI, MR elastography, MR
spectroscopy). The term MR compatible, as used in this special
issue, is defined in the introduction to this special issue [1], where
alternative terms corresponding to specific regulations are also
discussed.

Promises of MR-Compatible Robotics
Robotic systems are widely used in automation and machining
because of the high precision, accuracy, and repeatability that
can be achieved during positioning or force control tasks
[Figure 1(a)]. For the same reasons, many groups have devel-
oped robot-assisted interventional systems [e.g., Figure 1(b)],
some of which have evolved to commercial systems such as
the Robodoc and Neuromate (Integrated Surgical Systems,
Sacramento, California), the da Vinci surgical system (Intui-
tive Surgical, Inc., Sunnyvale, California), or the Acrobot
(Acrobot Company Ltd., London, United Kingdom). In com-
parison with industrial robots, more stringent safety con-
straints must be respected, because these systems physically
interact with a patient and, in some cases, also with the motion

of the physician; therefore, this interaction must be safe and
gentle. At the same time, such systems provide the possibility
of assisting and guiding the motion of the surgeon and improv-
ing the performance [2].

Over the past years, efforts have been directed toward
using and combining 3-D data from imaging modalities such
as ultrasound, computed tomography (CT), and, more re-
cently, MRI to control robotic systems in interventional posi-
tioning tasks, motivated by the promises of more precise
interventions with smaller incisions and reduced recovery
time. MRI is an excellent modality to image soft tissues with
high contrast and spatial resolution, does not use ionizing
radiation or injection of radioactive liquids, and has also
established itself as a tool in advanced brain research. MRI
can provide high-quality anatomic data for interventions
such as biopsies or brachytherapy (with increased image
resolution and diagnostic accuracy compared with transrec-
tal ultrasound [3]), which both require precise positioning of
a needle, and several projects are underway to migrate angio-
plasty procedures from CT to MRI.

The potential of MR-compatible robots lies in their ability
to precisely quantify and control position and forces/torques
(with 3-D image guidance), and, e.g., generate guiding force
fields or other haptic cues to assist the surgeon during inter-
ventional MRI (iMRI) [4]. However, MRI imposes severe
constraints on the development and use of mechatronic tools
and robotic systems and involves higher costs than other imag-
ing modalities.

fMRI, on the other hand, allows clinicians and neuroscient-
ists to measure the hemodynamic response linked to changes
of neural activation in the brain evoked by external stimuli or
cognitive tasks performed by the subject. An fMRI-compatible
robotic system could provide computer-controlled dynamic
environments to investigate human motor control and related
dysfunctions. This technologywould also allow precise quanti-
fication of movements and stimuli (onset, duration, subject
performance) for (functional) clinical diagnostics.

MR-compatible robotic systems have been proposed for the
following applications:
� stimulators for somatotopic mapping of the brain and

diagnostic fMRI [5]–[9] (Automated stimulators gener-
ate a more reproducible output than what is achievable
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with manual stimulation, and, thus, reduce variability in
brain activation mapping.)

� mechanical vibrators for MR elastography, using MRI to
measure wave propagation in tissue to, e.g., diagnose
cancer [10]–[12]

� robotic systems and assistive devices for iMRI [13]–[18]
and interventional radiology

� haptic interfaces to investigate human motor control dur-
ing fMRI [19]–[22], for behavioral neuroscience studies
and for fMRI-based robot-assisted rehabilitation after
stroke [23]–[25].

For further reading onMRI and fMRI, see [26]–[29]. The theme
issue on ‘‘fMRI—Our Window onto the Brain’’ [30] gives an
overview on the latter. A gallery of MR-compatible mecha-
tronic and robotic systems developed by various groups can be
found in [73], and slides on this topic can be found in [74].

MR Environment and Imaging
In which environment must MR-compatible robots operate? A
typical MR suite consists of a shielded MR room, or examina-
tion room, in which the MR scanner is located, a technical
room, which contains the related control, amplifying, and
measuring equipment, and a control room from where the
equipment is operated (Figure 2). A penetration panel between
the MR room and the control room gives access to the earth-
grounded shield and typically contains waveguides to pass

cables into the MR room as well as connectors and integrated
low-pass filters for signal and power lines. American Society
for Testing andMaterials (ASTM) F2503-05 (‘‘Standard Prac-
tice for Marking Medical Devices and Other Items for Safety
in the Magnetic Resonance Environment,’’ ASTM International)
defines the termMRenvironment as anMR environment-volume
within the 0.50-mT (5 gauss [G]) line of an MR system,
which includes the entire 3-D volume of space surrounding
the MR scanner. If the 0.50-mT line is contained within the
Faraday shielded volume, the entire room is considered as an
MR environment. This line also delimits the hazard zone to
external equipment.

TheMR room shielding may consist of only a Faraday cage,
which prevents outside radio frequency (RF) noise from dis-
turbing the imaging, or additionally contain soft iron to divert
the magnetic flux from the main magnet or outside disturban-
ces. MRI/fMRI requires high homogeneity and temporal
stability of the main magnetic field. There have been reports
of disturbances due to close-by elevators, as well as from
trucks or trains passing nearby [31].

For the imaging, the subject is placed on a movable bed,
and the body part to be imaged is moved into the isocenter
of the magnet, where the magnetic field presents the high-
est homogeneity. Access to the subject is limited, because
the bore is a narrow cylinder of about 55 cm in diameter
(can be as small as 35 cm for head scanners), typically

1.25–2 m in length.
Although Figure 2 shows a

1.5-T short-bore whole-body
closed scanner (typically used
for functional imaging), other
configurations such as open/
intraoperative low-field scan-
ners are used in iMRI. Manu-
facturers are also introducing
high-field scanners with larg-
er bore diameters of up to
70 cm to promote access to
the patient.

Challenges in
MR-Compatible Robotics
The hardware and imaging
methods of MRI/fMRI create
various challenges for the de-
velopment ofMR-compatible
robotic systems. These
include:
� safety (for patient/subject,

operator, medical staff,
and equipment)

(a) (b)

Fig. 1. Example of robotic systems in industrial and medical applications. (a) The XR31 parallel
Delta robot is a highly dynamic industrial robot. The robot is placing two to three biscuits per
second in blister packs (courtesy Demaurex/Bosch, Romanel sur Lausanne, Switzerland). (b)
Minerva, the first comprehensive robotic system for neurosurgery in combination with CT im-
aging, was developed for precise needle placement during stereotactic brain biopsy. Minerva
performed 14 successful operations at the University Hospital in Lausanne, Switzerland, between
1993 and 1995 (courtesy EPFL, Switzerland).

Weare not far from revolutionary robots guided

by real-time three-dimensional magnetic

resonance imaging.
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� bidirectional compatibility (perturbing electromagnetic
fields may lead to imaging artifacts or malfunction of
the robotic device)

� limited workspace and limited accessibility to the work-
space, supine/prone position of the subject

� development of suitable, MR-safe and -compatible hard-
ware (material choice, sensors, and actuators) and con-
trol strategies

� compatibility testing [32], [33].
The main challenge in developing MR-compatible robotic

interfaces is that materials, actuators, and sensors convention-
ally used in robotic systems interfere with the static magnetic
field, switching magnetic field gradients and RF pulses emit-
ted and detected by the MR scanner.

Safety is crucial, because the device will interact with a
patient/subject and must not harm the subject, the operator, or
the MR hardware. In some cases, the device will even interact
with motion of the surgeon (iMRI) or the subject (neuro-
science studies). The increasing magnetic field strength (1.5
or 3 T on current scanners, up to 8 T used for research) and
gradient switching rates, typically 100–400 mT/(m ms), as
well as active shielding and shimming demand more stringent
safety and compatibility considerations. Identifying interac-
tion phenomena between a robotic device and the MR hard-
ware requires a basic understanding of the complex physical
principle underlying MRI and the technologic implementation
in the form of the MR scanner, which exploits this principle.
Such phenomena include attraction forces due to the spatial
gradient of the magnetic field [missile effect (Figure 3)], EMI,
or RF heating in conducting materials—major challenges in
the design for MR receiver coils, guidewires for angioplasty
procedures, pacemaker cables, and interventional needles.

fMRI further tightens some of the above constraints, as it
basically measures inhomogeneities of the magnetic field and
is, thus, even more susceptible to EMI. The specific require-
ments for experimental paradigms, the supine position of the
subject and the limited space within the scanner, all impose
additional constraints.

Finally, motion should be avoided as much as possible in
MRI/fMRI, but it is a requisite for the investigation of human

motor control, and, therefore, also implies motion of the robo-
tic system during the imaging. In addition to typical move-
ment artifacts in MRI related to breathing, head movement,
and speech, limb movement close to the imaging region
can generate susceptibility artifacts, and interaction forces
with a robotic interface may lead to increased shoulder
and head movements.

MR Robotics for iMRI
The idea of image-guided control or guidance of robots
emerged with the increasing popularity of CT. A pioneer-
ing system was Minerva [Figure 1(b)] [34], developed for

Fig. 3. Developing less invasive ways of compatibility test-
ing is the main practical issue toward the use of robotic
systems with MRI (courtesy Moriel NessAiver, www.simply
physics.com).

Fig. 4. Five degree of freedom MRI-guided pointing device
for double-doughnuts intraoperative MRI [14]. The device is
in the prostate biopsy setting that can position a biopsy
needle at the entry point and adjust the orientation to the
target position [32]. Visualization software 3-D Slicer is used
as the commanding console for this system [75].

Technical Room

Penetration
Panel

Control Room

MR Room/
Examination Room

Electromagnetic Shield

Fig. 2. Typical layout of an MR suite, consisting of the control
room, the MR room (showing a MAGNETOM Symphony 1.5-T
whole-body MR scanner), and a technical room (created
with the 3-D Accessory Configurator Tool, Siemens, Erlangen,
Germany; reprinted from [70]).
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precise needle placement during stereotactic brain biopsy.
Minerva was designed to work with X-ray CT and was not
MR-compatible. The first robotic system to be used within
the gantry of an MR scanner was developed by Masamune
et al. [13]. The research interest of this group was mainly on
the influence of the machine on the imaging. The system suf-
fered from a lack of rigidity, possibly because it was made
mainly from polymers, which, in turn, provides a high
amount of MR compatibility. Although the targeting accu-
racy was evaluated using image guidance, the robot was not
designed to maneuver during the imaging.

In 1999, Chinzei et al. [32] investigated mechatronic ele-
ments for their application in MR environments and devel-
oped a 5 degree of freedom (DoF) surgical assist robot
actuated over linear drives actuated by ultrasonic motors
and encoders located outside the MR bore, designed to
simultaneously maneuver with imaging (Figure 4). Using
the inhomogeneity and signal-to-noise ratio within the
region of a spherical phantom, Chinzei et al. [35] numeri-
cally demonstrated that the loss of image quality due to the
robot was negligible. Hempel et al. presented the first MR-
compatible robotic system for cannula insertion to be com-
mercialized [36], [37].

The anticipated advantages of MR-compatible robotic
systems for iMRI are: 1) an improved accuracy with
respect to manual interventions; 2) shorter procedure time
by eliminating ineffective interventions, e.g., unsuccessful
biopsies; 3) better access to the patient inside the gantry
with respect to a direct intervention by a physician; and
4) reduction of electromagnetic exposure of staff (occupa-
tional health concern [38]), by controlling the robot from
outside the scanner room.

Clinical practice of robotic assistance in the MR envi-
ronment is still limited, and further clinical studies will be
necessary to consolidate the advantages of MR-compatible
robotic systems for iMRI; e.g., with the systems presented
in this special issue. This will also help identify the appli-
cations that will profit most from this technology. To
date, the only commercial robotic surgical device ap-
proved for use [in the European Union (EU)] is the Inno-
motion system [36], [37]. We can also cite the ExAblate
2000 system [39], [40], which is an MRI-guided high-
intensity focused ultrasound system for tissue ablation. It
coregisters with the MRI coordinate system and allows
the physician to select and monitor the region to be treated
on the MR images. Fichtinger et al. developed a robotic
system for transrectal prostate biopsy under MRI guid-
ance [41], demonstrating that it has sufficient accuracy.
This system is driven manually, and the tool position is
monitored by encoders mounted on the mechanism joints
as well as by MRI.

MR-Robotics for Neuroscience and Diagnostic fMRI
Robotic interfaces can dynamically interact with humans
performing movements and can be used to study neuromus-
cular adaptation [42]–[44]. It, thus, becomes possible to in-
vestigate motor control by measuring the interaction force,
limb trajectory, and endpoint impedance [45], whereas the
motor commands to the muscles can be estimated from
electromyography [46]. Investigating the adaptation to
virtual dynamic environments produced by such haptic
interfaces has led to major advances in neuroscience [47],
[48] [Figure 5(A)]. A haptic interface that could be used in
conjunction with fMRI would enable neuroscientists to
view and investigate the brain mechanisms involved in
human motor control [Figure 5(B)] and related dysfunc-
tions. This could become a critical tool in neuroscience and
rehabilitation.

The first functional studies with robotic interfaces were
carried out with positron emission tomography (PET) [49],
[50]. They took advantage of the fact that conventional
robotic systems from earlier studies could be used, because
PET is not susceptible to EMI from such devices. However,
PET requires injection of radioactive tracers, has low tempo-
ral resolution (in the order of a minute for oxygen-based
studies), and has low spatial resolution, making it difficult to
differentiate between activation in functionally different
areas such as the primary motor cortex (M1) and primary
somatosensory cortex (S1) [51], or different regions of the
cerebellum [52].

The rapid spread and evolution of MRI and fMRI over
the past years have made this modality attractive for neuro-
science investigations and have allowed to overcome the
shortcomings of PET. fMRI has a spatial resolution of
2–6 mm and a temporal resolution in the order of a second.
Time-resolved analysis of neuronal activation may even
reduce the temporal resolution to a few hundred millisec-
onds. However, the MR environment precludes the use of
conventional robotic devices with fMRI, both for safety and
compatibility reasons, and fMRI is also very sensitive to
head and limb motion—its main disadvantage compared
with PET.

Despite the large interest and many developments in this
field, only few fMRI studies using robotic devices have so far
been published to our knowledge [19], [53]–[55].

MR-Compatible Mechatronics
Several robotic systems for specific applications in MRI/
fMRI are presented in this special issue, and their mecha-
tronic components are also discussed. Here, we briefly dis-
cuss basic components to realize MR-compatible robotic
systems, as well as the limitations the design engineer
encounters in their choice.

Safety is crucial because the device will
interact with a patient or subject andmust not

harm the subject, the operator, or the

MR hardware.
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Materials
MR compatibility of mechatronic components can be de-
composed into magnetic compatibility and electric compati-
bility. The material choice determines the rigidity of a
system and its electromagnetic compatibility, the latter given
by the magnetic susceptibility and electric conductivity.
Schenck [56] extensively investigated the influence of mag-
netic susceptibility on the magnetic MR compatibility of
materials, and introduced two categories of materials for
devices to be used in an MR environment. Materials with
magnetic compatibility of the first kind are MR safe but may
lead to image distortions when placed within the imaging
region. Those with compatibility of the second kind produce
only negligible artifacts when placed in the imaging region.
Several other works also investigated MR compatibility of
materials and suggested appropriate solutions for different
applications [9], [32]. This section will be limited to a
summary of their findings.

In general, no ferromagnetic components should be
brought into the MR room. Numerous accidents with scis-
sors and pens carried by medical staff or even ferromag-
netic beds and wheelchairs brought into the MR room
underline this fact (Figure 3) [57]. In 2001, a steel oxygen
tank was pulled out of the hands of an anesthesiologist into

the scanner, killing a 6-year-old boy who was undergoing
an MRI [58]. Small ferromagnetic components may be ac-
ceptable only if securely and permanently anchored within
a much heavier nonferromagnetic structure and placed far
enough from the imaging region so as not to result in
image deformation. Material-related safety problems may
also arise from eddy currents induced in conducting mate-
rials when moving in the magnet’s fringe field, or by
switching magnetic field gradients, leading to thermal and
electrical effects, which, in turn, could result in burns of
the subject.

All these parameters—and therefore also the term of MR
safety—depend on the MR environment, i.e., the hardware
and applied imaging sequences as well as the placement of a
component within the environment, and are, therefore, not
generally valid. This issue should always be considered when
discussing safety and compatibility of a device and is in
accordance with the new ASTM definitions.

Materials used within or close to the imaging region should
either present a magnetic susceptibility close to that of air if
placed close to the imaged body part, or close to that of human
tissue if they enter the region to be imaged. Polymers such as
polyoxymethylene, polyethylene terephthalate, and polyether-
etherketone lead to negligible artifacts and can easily be

The community needs to demonstrate the
ability of such systems in assisting the surgeons

and augmenting their performance.

Before
Learning

(a) (b)

Start

Target

After
Learning

Fig. 5. Robotic interfaces to investigate the neural control of arm movements. (a) Pictorial representation of the experimental
setup and demonstration of the central nervous system stabilizing unstable dynamics by depending on optimal impedance
[48] (reproduced from [76]). Studies like these infer human motor control by examining the effect on motion and the adapta-
tion to computer-controlled dynamics produced by a haptic interface. (b) fMRI-compatible haptic interface to investigate
the neural correlates of human motor control of arm motion [20], installed in an MR scanner at ATR International in Japan
(courtesy EPFL, Switzerland).

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE MAY/JUNE 2008 19



machined. It must, however, be considered that even small
amounts of metal introduced during fabrication can lead to
significant artifacts if the sample is placed within the imaging
region. Fiberglass and carbon fiber profiles present high stiff-
ness but are difficult to machine. Within the fringe field, we
have successfully used brass and aluminum components. Note
that brass screws are often used on stereotaxic frames for
interventional neurology procedures.

Several mechanical components, such as linear guides,
ball bearings, and pneumatic pistons, are readily available
on the market from MR-safe and -compatible materials
(polymers, glass, beryllium-copper, ceramics). Aluminum
profiles and nonferromagnetic fixation elements are also
widely available.

Actuators
The choice of an adequate actuation method is a central issue
in the development of any mechatronic device and strongly
determines the dynamic performances of the system. This
choice is particularly difficult for robotic systems working
within an MR environment because of the imposed safety and
compatibility constraints as discussed earlier. These con-
straints are even more severe in the case of fMRI, where actua-
tion is also required during imaging, whereas this problem is
overcome in some interventional systems by moving between
imaging phases.

A detailed overview of actuation principles for applications
in MR environments, covering positioning tasks, vibrotactile
stimulation, as well as force feedback is given in [59]. Investi-
gated principles include hydrostatic, belt, and cable transmis-
sions as well as electrostatic and piezoelectric actuators. A
good solution to a given application often involves a combina-
tion of several actuation principles. Systems for iMRI involv-
ing positioning task have mainly used commercially available
ultrasonic actuators, whereas systems for neuroscience studies
during fMRI mostly use hydrostatic, pneumatic, or mechani-
cal transmissions.

Sensors
In contrast to MR-compatible actuation methods, where per-
formance andMR compatibility are in trade-off, MR-compat-
ible force sensors with good performances can be developed
more easily [62]. EMI can be avoided by using light transmis-
sion over optical fibers, which allows placing sensitive and
noisy electronic components away from the scanner, or even
outside the MR room. This also prevents the sensor output
from being corrupted by the electromagnetic pulses emitted
by the MR scanner. The interaction force can, thus, be deter-
mined from the deflection of an elastic probe using reflected
or differential light intensity measurement over optical fibers.
The sensing element can be made from materials adapted to

the location of use. For these reasons, several groups have
chosen this approach [21], [24], [60]–[64]. Because of the
low current supply demand, traditional, commercially avail-
able force sensors such as piezoresistive [65] or strain gage
[25], [66] sensors have also been used with adequate shield-
ing and filtering.

In contrast to force sensing, which requires a sensor as close
as possible to the output of the system, the problem of EMI
can be significantly reduced for position sensing. Optical
encoders or an optical tracking system can be placed at a cer-
tain distance away from the scanner, or reflected/differential
light intensity measurement over optical fibers can be used to
measure displacement close to the imaging region. Kimmig
et al. [67] presented an MR eye-tracking system based on a
similar principle.

Several groups have also successfully used optical encoders
in the vicinity of or within an MR scanner [19], [20], [25]. In
addition, our work has shown that a shielded optical tracking
system with active markers can also be used in the fringe field
of an MR scanner to track hand and finger motion [68]. How-
ever, bringing any electronic components into the MR room
can result in compatibility problems and can be a delicate
issue to resolve. Compatibility of such devices can be im-
proved by carrying light pulses over optical fibers instead of
powering light emitting diodes over electric cables.

Conclusion
The development of MR-compatible robotic systems is a
complex task and demands knowledge in various fields of
science. Thus, information exchange and collaboration be-
tween mechatronics engineers, MR physicists, clinicians,
and psychologists is one of the major challenges in develop-
ing and evaluating such systems. The complexity of robotic
systems, especially if they are to operate within an MR envi-
ronment, makes certification and acceptance by medical staff
difficult. Guidelines not only need to be developed to facili-
tate information exchange, but researchers also require sim-
ple and clear testing protocols to evaluate the safety and
compatibility of their systems. Only with such guidelines
will we see more systems come to clinical evaluation in
the future. Finally, as with all robotic systems for medical
applications, the community needs to demonstrate the abil-
ity of such systems in assisting surgeons and augmenting
their performance.

Further Reading
We have touched several fields that could not be treated in
detail in this article. Readers interested in surgical robotics
may see [69], and further aspects of MR-compatible robotics
are treated in [70]. An overview of robotic systems for appli-
cations in MRI and fMRI can be found in [59], [71], [72].

The potential of MR-compatible robots lies
in their ability to precisely quantify

and control position and forces/torques

(with 3-D image guidance).
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Testing MR Safety
and Compatibility

M
agnetic resonance (MR) safety and compatibility
are important issues for all medical implants,
surgical tools, and electronic or mechatronic
equipment to be used within an MR environment.

MR testing of medical devices is required for device approval
by regulatory agencies, such as the Food and Drug Adminis-
tration (FDA) and the European Union (EU) Notified Bodies.
Different robotic and manipulator systems have been devel-
oped for use with MR imaging (MRI) [1]–[7]. Interventional
systems such as robots and manipulators have to comply with
MR safety and compatibility requirements. Four basic testing
methods were established and issued as standards by the
ASTM International [formerly American Society for Testing
and Materials (ASTM)] [8]–[11]. The original intention was
to test implants for MR safety and image artifacts. The testing
of robotic devices shares some aspects with the testing of
implants, but complementary issues have to be addressed.
Two of the four ASTM testing standards (displacement force
and torque) have already been changed in scope from passive
implants to medical devices. However, further research and
development of MR safety and compatibility issues are neces-
sary to provide appropriate guidance by international stan-
dards for medical device manufacturing.

This article provides the reader with a comprehensive over-
view of MR safety and compatibility issues and updates the
discussion on existing MR testing methods and standards
presented by Schaefers and Melzer in 2006 [13], with an over-
view onmedical robotic andmanipulator devices. The interested
reader may complement the information presented here with the
theme articles of this issue, which describe tests performed to
assess the safety and compatibility of specific devices, e.g., [26].

Subjects
Currently, ASTM F2503-05 [12], which specifies the marking
practice for items brought into the MR environment, requires
MR safety labeling using the categories and icons MR safe,
MR conditional, orMR unsafe. Implants, interventional instru-
ments, and other devices such as surgical setups, frames, or
robots, which are commonly used with diagnostic modalities,
enter into the MR environment. For complex robotic systems

and manipulators, both basic and specific tests are needed for
evaluating the MR interaction between the device components
and the MR environment. Thus, medical device manufacturing
needs not only the standard technical and clinical knowledge
but also the MR safety specific know-how for using the device
in combination with a specificMR environment.

Magnetically Induced Forces
A basic requirement is the measurement of magnetically induced
displacement force, which can be measured indirectly via a
deflection angle between the magnetically induced force of a
device or part and its force due to gravity, thus demonstrating
whether or not the magnetically induced force is lower than the
gravitational force of the device (Figure 1). In general, the safe
area in this worst-case consideration is indicated by a deflection
angle below 45�, which is described in the standard test method
of ASTM F2052 [8]. The angle is determined by suspending the
device or component from a string in the static spatial gradient
magnetic field rB, which is created by the decay of the static
magnetic field B0 at the magnet-bore entrance. If a device or part
exceeds the 45� limit, a thorough discussion of safe handling is
necessary. For example, connected device parts must be able to
counteract the magnetically induced displacement force that is
generated by the affected part. For larger devices, which cannot
easily be suspended from a string, the important issues of ASTM
F2052 have to be covered. Floor- or ceiling-mounted devices
must counteract magnetic forces by proper fixation or an appro-
priate nonmagnetic weight. However, movable arms should be
checked and assessed for magnetic forces so that, even if they are
properly fixed, they cannot pose a risk to the patient or operator
due to unintendedmovements in the static magnetic field.

Note that for diamagnetic, paramagnetic, and ferromagnetic
materials, in devices below their magnetic saturation, the maxi-
mum deflection (angle) occurs at the point where the gradient
product jBj Æ jrBj is maximal when exposed to a magnetic field.
For ferromagnetic materials, in devices that are magnetically
saturated, the maximum deflection is measured where jrBj is
maximal [14]. Thus, especially for devices or parts within the
magnet bore entrance, the maximum magnetically induced dis-
placement force is dependent on the extent of the static magnetic
field and is influenced by the active shielding of the magnet and
the field decay. It is also dependent on the magnetic saturation
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of the test object material and the magnetic property of the mate-
rial itself. To generate a worst case for the force test, specific
information is required about the device material and the real
magnitude of the static magnetic field, including the magnet
shield characteristics, to determine the appropriate test position.

In addition to the static magnetically induced force, a dy-
namic magnetically induced force due to Lenz’s law can be
detected for electrically conductive device parts of a large size
that are translated through the spatial gradient of the static
field. This effect is potentially important for the moving com-
ponents of robots. The interaction is dependent on the speed of
the movement, the magnitude of the spatial gradient magnetic
field, and the effective area of induction as well as on the
conductivity of the component’s material.

Magnetically Induced Torque
The static magnetic torque is another basic interaction that can
affect a device or system and that needs to be considered for MR
safety concerns. Forces and torques can be static or dynamic.
The magnitude of the static magnetic induced torque depends on
the device dimensions and the magnetic saturation of the mate-
rial, assuming that a device is completely magnetically satu-
rated. Additionally, it depends on the strength of the static
magnetic field if the device is not completely saturated. The
maximum static torque will be experienced by the device at the
isocenter of the magnet where the static magnetic field is homo-
geneous and maximum (Figure 2). The static magnetic torque
can bemeasured, for example, by using a nonmagneticmeasure-
ment apparatus with torsion springs. Other setups that use force
gauges and a lever distance for calculating the torque are feasi-
ble. In general, the magnetically induced torque shall not exceed
the worst-case torque (largest dimension3 gravity force of the
device) as currently defined in ASTM 2213 [9]. However, if this
requirement cannot be covered by robotic devices or parts, they
must demonstrate that the magnetically induced torque can be
counteracted and handled in a safe manner.

The dynamic torque, which can occur in the static magnetic
field, becomes detectable if electrically conductive parts are

rotated within the static magnetic field. Device parts with high
conductivity and a significant area of induction of eddy cur-
rents will, especially, exhibit a counter torque that influences
the handling of the device.

Furthermore, the operator must also be aware of mechanical
forces such as Lorenz forces and resulting torques caused by
large electric currents in wires within the electromagnetic or
static magnetic field of the MR system. Electrically active
devices should be tested in the activated mode (under load)
and also in every functional state that can significantly change
the torque while interacting differently with the static mag-
netic field.

Heating and Induced Voltages Due to the
Electromagnetic Environment
Radio frequency (RF) induced heating is a critically important
concern. Testing for heating is a necessity prior to MR safety
labeling of products. RF pulses in the megahertz-frequency
range are the primary source of heating energy in comparison to
the switched-gradient magnetic fields in the kilohertz range.
However, it should be noted that if specific coupling criteria are
met for interaction with switched gradient magnetic fields, heat-
ing could take place in electrically conductive structures as well.

RF heating is a complex topic and is dependent on multiple
parameters. For example, in a givenMR scanner, not only device
properties such as electrical conductivity and dimensions but also
geometric arrangements relative to the specific MR environment
have to be considered. This includes also the geometric arrange-
ment relative to the specific MR coil and the parameter adjust-
ments of the MR sequence. Loop-closing contacts or the
insertion of an instrument can be dangerous for the patient due to
induction and coupling with the RF field. Electrically conductive
structures of robotic and manipulator arms together with the
patient body bear the possibility of induced voltages and, thus,
eddy currents through the patient tissue. Sparking due to high
voltage can cause skin burns or even fire [15] and harm the
patient or the MR interventionalist. Although it was originally
designed for passive implants, ASTM F2182 [10] is currently

the only standard for RF heating
testing in the MR environment and
provides a basic test methodology.
The standard suggests RF heating
testing using a fiber optic thermom-
eter and a human torso-shaped
phantom filled with polyacrylic acid
gel simulating the body’s electro-
magnetic tissue properties. Some
parts of the standard test method can
be considered and used for testing
robotic devices. However, the com-
plexity of the interaction with RF
still requires fundamental knowl-
edge about MR testing beyond nor-
mal clinical issues and about the
specific MR system used for the
test. For example, it is necessary to
know exactly for each MR system
which coil and pulse sequences
produce which RF output (spatially
localized power deposition) and
how the specific absorption rate
(SAR) is calculated, measured,

(a) (b)

α

B0

Device
FM

FresFG

α

Fig. 1. (a) Magnetic devices experience a static magnetically induced force FM and
are attracted or repelled by the MR magnet; FG, force due to gravity; Fres, resulting
force; B0, static magnetic field strength; a; deflection angle. (b) Representative exam-
ple for a robotic-manipulator component. The linear sensor deflects in the static spatial
gradient magnetic field of an MR magnet.
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adjusted, and displayed by the system software [16]. In the
area of RF fields, computer simulation of electromagnetic
fields, SAR, and temperature distribution is currently being
developed to assist in heating testing at least for implants or
instruments [17], [18].

Currently, switched gradient magnetic fields, for instance,
40 mT/m gradient strength and 200 mT/m/ms gradient slew
rate (see [19] for limits), are used in MRI to provide the spatial
encoding ofMR signals. Induced voltages due to these switched
gradient fields as well as the RF environment described previ-
ously can interfere with robotic system parts and cables and can
be a cause of device malfunction or unintended tissue stimula-
tion (if there is patient contact).

In addition, dynamic forces and torques can be generated by
switched gradient magnetic fields, resulting in the vibration of
the device or manipulator arms, due to eddy currents in electri-
cally conductive device parts and, thus, interact with the static
magnetic field. The magnitude of such vibration (amplitude
and frequency) is a function of the geometric position and
arrangement of the device relative to the gradient coils (x, y, z)
and depends on the gradient parameters (gradient pulse fre-
quency, gradient strength, and slew rate) as well as on the size
and weight of the device itself.

Safe Operation of the Devices
Testing of the safe function of passive and, especially, active sys-
tems includes both the correct function of the robotic device
within theMR environment and the safe operation of theMR sys-
tem. Here, the influence on the image quality is amajor considera-
tion. RF emission by actuators or other active parts of a robotic
system can decrease significantly the image quality of theMR sys-
tem, e.g., by decreasing the signal-to-noise ratio (SNR) and can,
therefore, affect the clinical diagnosis. Interference can be visible
in the MR image, appearing as, but not limited to, noisy images
due to spikes, dots, or stripes [20] (Figure 3). Other degradations,
disturbances, or inaccuracies of the MR image are quite likely
(decrease in SNR or B0 field homogeneity, etc.). IEC 62464-1
[21] was issued in early 2007, and it contains test methods that can
be used to evaluate theMR image quality. Some of these methods
can be applied for evaluating the degradation of the image quality
caused by interactions between devices and theMR system.

Some examples of how an MR system can affect the safe
functioning of a robotic device are the inhibition of electrical
circuits or mechanical components such as springs or levers of
a robotic device. For cases wherein specific parts, actuators, or
sensors cannot be designed to be suitable for high-field appli-
cation, MR testing has to determine specific conditions under
which a device can safely operate in theMR environment.

The maximum peak acoustic noise level of the MR system
during scanning should not exceed 140 dB relative to 20 lPa in
an accessible area of theMR equipment [19]. Thus, the acoustic
noise could also be an issue for certain sensors under such
extreme conditions. Finally, it is important to examine the inter-
action between different devices or systems prior to MR safety
labeling. The aforementioned examples show the importance of
a specific and comprehensive function-testing protocol.

MR Image Artifacts
In most cases, MR image artifacts do not primarily affect patient
safety. However, if exact positions are needed, e.g., for needle
insertion or implantation of X-ray markers or radioactive seeds,
the safety issue becomes critical for the whole diagnostic

procedure. Susceptibility [22] and RF artifacts depend on differ-
ent parameters, such as the magnitude and orientation of B0, the
alignment of the medical device relative to B0, and theMR pulse
sequence parameter adjustments. Comprehensive artifact testing
is necessary for providing an overview of artifact information,
with all the clinically relevant combinations, to theMR interven-
tionalist. With respect to MR imaging compatibility, artifacts
influencing the image quality can void information or depict the
wrong position of devices, e.g., a needle, in the MR image [23].
Thus, artifacts can lead to diagnostic misinterpretation by signif-
icant lack of information due to susceptibility artifacts of the
device materials. Further, RF artifacts [24] are likely due to the
coupling of electrically conductive structures with the electro-
magnetic field, e.g., by the instrument introduced into the
patient. The coupling can result in signal shielding (Faraday

TM

Homogeneous Static Magnetic Field B0

FT/2

FT/2

Device

Fig. 2. Representative example of magnetically induced tor-
que exerted on a simple rod device placed in a homogene-
ous static magnetic field B0. Magnetic devices are aligned
relative to B0 being dependent on geometry, the magnetic
saturation of the material and orientation to B0: the resulting
forces FT/2 (interpolated to points of application at device
ends) act directly on the surrounding environment due to tor-
que TM; static magnetically induced torque TM.
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Fig. 3. RF interference within an MR image. The moving dot
along the phase encode direction is at a constant but asyn-
chronous frequency (courtesy Dr. H. Kugel, Department of
Clinical Radiology, University of Muenster, Muenster, Germany).
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cage effect), distortion, or even intended amplification of the
signal (mainly by designed structures, e.g., coils), which can be
used for active device visualization such as tip tracking. Image
distortion in different dimensions can occur in robotic systems
placed close to the patient. The image distortion can extend into
the patient tissue even if there is no physical contact between the
robot and the patient. Use of low-susceptibility materials such as
plastics will minimize artifacts. However, plastic parts can con-
tain remaining (rest) hydrogen protons that may disturb the
image because of MR signals generated from plastic parts inside
the imaging volume. On the other hand, signals of plastic parts
outside the imaging volume can degrade the image quality when
folded into the field of view. Therefore, MR artifact testing
should be implemented at an early stage of the development
process of devices to check the materials that are to be used
within or close to the imaging volume of theMR system.

Terms, Definitions, Icons, and Marking
ASTM F2503 terms, definitions, and icons for marking items
(including medical devices such as robotic and manipulator
systems) for use in MR environments superseded the histori-
cal definitions MR safe and MR compatible [25], listed below
for clarification, but are not used any more.
� MR safe: The device, when used in the MR environ-

ment, has been demonstrated to present no additional
risk to the patient or other individuals but may affect the
quality of the diagnostic information.

� MR compatible: The device, when used in the MR envi-
ronment, is MR safe and has been demonstrated to neither
significantly affect the quality of the diagnostic information
nor have its operations affected by the MR device [25].
The MR conditions in which the device was tested should be

specified in conjunction with the terms MR safe and MR
compatible, since a device that is safe or compatible under one
set of conditions may not be found to be so under more extreme
MR conditions.

In addition to several MR safety issues that apply to robotic and
manipulator components, such as magnetically induced displace-
ment force and torque, RF-induced heating, induced voltages,
acoustic noise, interactions among devices, as well as a consider-
able safe functionality [25], the termMR compatible had covered
the image quality and the safe operation of the device according to

its aforementioned definition. On the one hand, MR image arti-
facts are not considered to be a direct safety issue, whereas the safe
operation of the device is a direct safety issue. The term MR
compatible was often misinterpreted and used incorrectly for
device labeling. Thus, the ASTM subcommittee for the F04.15.11
MR standards decided to withdraw the term in 2005 by issuing the
standard for marking practice, ASTM F2503-05. MR compatible
was not redefined and is not used in current standards.

The current active termsMR safe,MR conditional, andMR
unsafe are defined in the ASTM standard F2503 and cover
MR safety-related interactions in the MR environment, which
have been discussed previously in this article. As mentioned,
MR image artifacts are not considered as a direct safety issue.
However, information about image artifacts and the degrada-
tion of image quality should be informed to the MR operator.

Figure 4 depicts the three icons of MR safety that should be
used for direct marking on the items if applicable, together
with more detailed information in the instructions for use. The
definitions of the terms are as follows:
� MR conditional: An item that has been demonstrated to

pose no known hazards in a specified MR environment with
specified conditions of use. Field conditions that define the
specified MR environment include field strength, spatial
gradient, dB/dt (time rate of change of the magnetic field),
RF fields, and SAR. Additional conditions, including spe-
cific configurations of the item, may be required.

� MR safe: An item that poses no known hazards in all
MR environments. MR safe items include nonconduct-
ing, nonmagnetic items such as a plastic petri dish. An
item may be determined to be MR safe by providing a
scientifically based rationale rather than test data.

� MR unsafe: An item that is known to pose hazards in all
MR environments. MR unsafe items include magnetic
items such as a pair of ferromagnetic scissors [12].
All robotic and manipulator devices including interven-

tional tools that cannot be marked MR safe or MR conditional
shall be marked as MR unsafe. MR-unsafe devices may not
enter the controlled access area [19], which can be larger,
but is often identical with the RF-shielded room or the
MR-magnet room (the room in which the MR magnet is
located). Considering the term’s definitions, most items (and
devices) will be categorized for the marking MR conditional,
because specific conditions result from MR testing, which
determines the conditions under which the robotic and manip-
ulator system’s use is safe inside the MR environment. Basi-
cally, these devices will be systems with metal components,
e.g., arms and actuators, that can not only exhibit a certain
level of force and torque but can also bear the possibility of
induced voltages and RF-induced heating because of the mate-
rials’ conductivity. The latter issues can be encountered for
other conductive materials such as carbon fiber. Other safety
issues may exist that affect the safe operation of the device
(e.g., electrical drives and circuits) and the MR system (degra-
dation of image quality by, e.g., RF emission). Robots or
manipulators that consist of metal or other electrically con-
ductive materials cannot be marked MR safe unless testing
has shown ‘‘no known hazards in all MR environments’’ [12].
This rigorous requirement will be covered mainly by systems
that consist solely of plastic, wood, glass, or other nonmetallic
and nonconductive materials. Considering the historical defi-
nition of MR safe, which was allowed to be used only in con-
junction with ‘‘the MR conditions in which the device was

MR Unsafe

MRor MR Safe

Square

Equilateral Triangle with Radiused Outer Corners

Circle with a Diagonal Bar

MR Conditional

MR

MR

MR

Fig. 4. Icons for MR marking of devices and items used within
the MR environment (used with permission from [12]).
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tested . . . ’’ [25], a device according to this historically used
termMR safe that has had at least one condition was and is still
today in reality an MR-conditional device. Such a device
should be labeled as MR conditional instead of MR safe using
the terminology in F2503. Gradual replacement of old device
markings should be considered by responsible agencies to
provide a clear understanding of safety to the MR operator.

Discussion
In the complex and broad field of MR safety and compatibil-
ity, technical guidance supported by reliable results of stand-
ardized MR test methods is needed to develop robotic systems
for the MR environment.

The major and detailed standard for MR safety is the IEC
60601-2-33, which defines safety requirements for the MR sys-
tem, the patient, and the MR worker. The document is under-
going further development relative to new MR safety demands
of devices in combination with theMR environment. In the areas
of regulation and device approval, detailed formulation of MR
testing standards has begun at the ASTM in the United States.
The work has produced standardized test methods for magnetic
force and torque, RF heating, and MR image artifacts and was
primarily initiated to decide on the safe use of implants with
MRI. Because of the increasing development and applications of
medical devices such as instruments or accessories (robots, venti-
lators, pumps, monitors, etc.), MR testing and standardization of
methods has become a necessity for a broad spectrum of different
devices used with MRI. Also, FDA guidelines list MR safety
aspects requiring MR testing for FDA approval. Further, MR
safety issues, e.g., induced voltages, safe device operation, and
electromagnetic compatibility, have been considered, but device
marking issues need additional international standardization
[e.g., by the International Organization for Standardization (ISO)
and International Electrotechnical Commission (IEC)] for medi-
cal devices with intended use in the MR environment. Current
testing standards are extended and help to consider comprehen-
sively MR interactions. Standardized test methods on an interna-
tional basis are currently unavailable in the full range of
interactions, but issues and methods are already under develop-
ment. These tests will increase the safety of the patient and
provide MR operators and device manufacturers with important
information and, thus, broaden the field of interventionalMRI.
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agnetic resonance imaging (MRI) is capable of
measuring not only the relaxation properties but
also the motion of magnetic spins. A mechanical
excitation at the body surface induces a deforma-

tion of the underlying tissue according to its elastic properties
and thus a regional spin displacement. Hence, measuring this
displacement allows determining tissue elasticity, and this
technique is termed magnetic resonance elastography (MRE).
One main issue with MRE is the design of an actuation system
to enable adequate mechanical excitation within the magnetic
field of the magnetic resonance (MR) imager. Pneumatic,
electromagnetic, and piezoelectric actuation systems have
been employed for MRE examinations of the skeletal muscle,
the brain, the breast, and abdominal organs. Although
pneumatic systems are restricted to lower frequencies roughly
below 100 Hz and electromagnetic actuators can interfere with
magnetic imaging gradients, piezoelectric systems provide
highly stable and precise actuation for a frequency range up to
500 Hz with amplitudes up to 1 mm. The design of a piezo-
electric actuator allowing such a broad range of excitation will
be presented.

Introduction to MRE
MRI provides techniques for visualizing flow and motion in a
phase contrast image. MRE is a fairly novel method to nonin-
vasively quantify tissue elasticity in vivo using these techni-
ques to measure spin motion in the human body due to a
mechanical excitation [1]. To avoid compromising the nonin-
vasiveness, mechanical excitation of the tissue has to be per-
formed from outside the human body via the skin surface.

The principle of MRE is based on the fact that the velocity
and thus the wavelength of propagating mechanical waves
depend on the elasticity of the propagation medium. Amechan-
ical wave propagating through tissue causes the hydrogen pro-
tons therein to oscillate. MR techniques exist to quantify this
spin motion, usually captured in the phase of the detected MR
signal, with sensitivities down to tens of micrometers. Using
such a technique, it is possible to determine the wavelength of a
propagating mechanical wave and consequently calculate the
elasticity of the tissue. The principle of MRE is demonstrated

well using an agar gel phantom containing compartments with
two different concentrations (Figure 1). The grey values of the
acquired phase images represent the encoded spin motion and
in consequence the propagating mechanical wave in the tissue.
For an excellent review of the fundamentals ofMRE, see [2].

In general, two different approaches toMRE can be differen-
tiated: a dynamic approach (Figure 1), where a periodic excita-
tion is used, and static MRE, which measures the difference in
spin location before and after an applied static compression. In
the static technique, it is assumed that stiffer materials will
experience smaller displacement than softer materials. Because
the acquisition before and after compression requires at least
several seconds, internal tissue structures such as organs,
muscle, or fat have enough time to elude a statically applied
external force, thus not reflecting the displacement due to the
excitation from outside the body. As an intermediate solution,
static elastography is usually performed quasistatically, using
very low excitation frequencies (0–1 Hz) [3]. In this case, wave
propagation is assumed to be negligible, with the tissue in an
approximate static stress. The compression is alternated be-
tween the two states during each individual acquisition [time of
repetition (TR)] of the MR experiment. The main drawback of
the static approach is that it is very sensitive tomotion including
physiologic motion such as breathing.

In dynamic MRE, in general it is not necessary to have a
permanent continuous excitation. A finite duration of excitation
during each acquisition (MR TR) is also feasible as long as it is
repeated for each acquisition. The excitation must be active
long enough for the mechanical waves to propagate to the
region of interest. Continuous excitation ensures that the tissue
is in a stable steady state. However, to form a complete image,
it is necessary to repeat the measurement under variations of
acquisition parameters, which requires reliable reproducibility
of a highly stable and accurate mechanical excitation, which in
turn has to be synchronized to the imaging process. This
synchronization is done by triggering the excitation by a signal
from the imaging sequence. The periodicity of the excitation in
the dynamic approach in relation to the acquisition time guaran-
tees the same excitation state during each acquisition. Because
dynamic MRE is relatively insensitive to physiologic motion
and because the reconstruction of quantitative elastic moduli
does not depend on the unknown boundary conditions within
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the body, the dynamic approach has been established as the
state of the art for most in vivo applications. Hence, further
discussion will be restricted primarily to dynamicMRE.

Achieving adequate signal-to-noise ratio (SNR) for post-
processing methods for reconstruction of elasticity values from
the phase images usually requires a spin displacement on the
order of several tens of micrometers within the region of inter-
est. No generally accepted rules for optimizing the acquisition
parameters in various tissues have been established. The opti-
mal values have to be found by performing trial runs for each
MRE setup preceding application to a new tissue type, say
biceps, brain, or liver, but the parameters do not as a rule have
to be optimized in individual subjects.

Besides the MR acquisition parameters to achieve a maximal
SNR, the frequency and the amplitude of the mechanical excita-
tion have to be optimized. The periodic mechanical excitation is
applied as a sinusoidal mechanical displacement with a particu-
lar amplitude and frequency. The optimal frequency and ampli-
tude are physically determined by the requirement for the
induced excitation to completely penetrate the region of interest
and yield sufficient spin displacement, thus making them ex-
tremely dependent on the exact method and location of excita-
tion. Also, the wavelength within the tissue should allow several
periods of wave motion within the tissue and thus more accurate
elasticity reconstruction. Penetration requirements generally
indicate lower frequencies, whereas the requirement for several
wave periods indicates higher frequencies. Thus, a compromise
must be found. Typically, experiments are conducted with exci-
tation amplitudes below 1 mm and frequencies below 500 Hz.
An analysis of vibration safety limits for MRE considering
frequency, peak displacement, and duration concluded that ‘‘the
typical vibrational displacements used in MRE studies are well
below the values that would be permitted by even the conserva-
tive European Union whole body vibration standard’’ [4]. Theo-
retically, the maximum excitation frequency is limited by the
switching speed of the imaging gradients. For modern gradient
systems with slew rates of typically 200 mT/m/ms, triangular
motion-sensitizing gradients with amplitudes of 20 mT would
be possible for frequencies up to 2,500 Hz and hence do not pose
a limitation for the investigation of most tissue types.

Actuation Systems for MRE
For quasistatic elastography where low-frequency translation
is sufficient, both pneumatic solutions and MR-compatible
ultrasonic motors have been used [3].
For dynamic elastography, the most
established actuator principles for
MRE are currently the electromag-
netic and the piezoelectric ones, but
also pneumatic drivers have recently
been introduced, i.e., to penetrate the
deep-lying regions. Electromagnetic
actuators consist of a coil with several
windings through which a sinusoidal
current can be fed. If the axis of the
coil is aligned orthogonal to the static
magnetic field of the MR imager, the
alternating current will induce an
alternating torque, which in return
causes a periodic mechanical rotation
of the coil which can be used to excite
the tissue. The magnetic field associated

with electromechanical devices disturbs the highly homogene-
ous field of the MR imager, and thus, they have to be posi-
tioned sufficiently remote from the imaging region so as not to
disturb image acquisition. The interaction of electromechani-
cal devices with magnetic field gradients can cause a broad
spectrum of excitation frequencies [5] away from the desired
frequency, so these devices must be designed such that the
inherent magnetic field of the device is dominant. The advant-
age of electromagnetic actuators is the high excitation ampli-
tude on the order of 1 mm, which can be obtained even with
low power requirements for the amplifier.

Piezoelectric actuators have also been used for a variety of
MRE experiments. Although most piezoelectric actuators are
restricted by their size to generating excitation amplitudes of
less than 100 lm [6], [7], it was shown that with a piezoelec-
tric stack of 25 cm length, a stack expansion of 200 lm could
be achieved. The high forces that can be generated with a pie-
zoelectric actuator allow amplifying the amplitude via a lever
mechanism and make the excitation amplitude almost inde-
pendent of the coupling resistance of the tissue. The lever
amplification enables an amplitude of 1 mm [8]. The develop-
ment of a piezoelectric system is cost intensive and requires
much greater design effort compared with an electromechani-
cal solution. Materials for the actuator have to be chosen not
to violate MR compatibility and safety or the imaging process.

To penetrate the deep-lying regions of the body, e.g., organs
such as the liver or the kidney, some groups have demon-
strated that pneumatic solutions with large areas of surface
contact can adequately induce mechanical waves [9]–[11].
Although these systems are also low-cost devices and do not
interact with the MR environment, control of the excitation
parameters frequency and amplitude is difficult, and they are
thus limited to low-frequency excitation.

MRE Applications
Elasticity as a physical characteristic of tissue plays an impor-
tant role in diagnostics. Palpation, as the most established
method to assess tissue elasticity, is still one of the most
widely utilized diagnostic methods. Several tumor types are
known to be harder than healthy tissue as e.g. diagnosed in the
breast by palpation. Muscle stiffness might also be altered by
diseases such as dystrophy, multiple sclerosis, or chronic
obstructive pulmonary disease (COPD). Additional diffuse
elasticity changes can be found e.g., in the liver caused by
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Fig. 1. (a) A magnitude image, (b) phase image, and (c) elastogram of a 2% agar
inclusion imbedded within 1% agar gel. The mechanical excitation of the agar gel
was performed transversely (white arrow) with the piezoelectric actuator on top of
the phantom. The wavelength of the propagating mechanical wave is distinctly
longer in the hard inclusion, representing higher elastic modulus. The shear modulus,
as reconstructed from the phase image, is visualized directly in the elastogram.
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cirrhosis and fibrosis. Tissue changes in the brain caused by,
e.g., Parkinson’s disease or Alzheimer’s disease, and even abnor-
mal high pressure in the skull might be assumed to modify brain
tissue stiffness. Hence, it would be highly advantageous to find
an approach to extend the diagnostic value of tissue elasticity
detection by determining tissue stiffness quantitatively and non-
invasively in the living body.

Some of the first in vivo MRE applications were performed in
the breast. For excitation, the patient lies with the upper body in
the prone position on a device with two openings in which the
breasts are placed (Figure 2) [12]. Other groups developed simi-
lar setups with either electromagnetic actuators [13] or piezoelec-
tric devices [7]. One quasistatic method, using frequencies of a
few Hertz, performs the excitation with a moving plate driven by
an ultrasonic motor for excitation of the breast tissue [3].

MRE has been extensively applied to measure the elasticity of
skeletal muscle of the lower and upper extremities. These mus-
cles are easy to excite mechanically either by direct vibration of
the muscle tissue via the overlying skin or by vibrating the
tendon. Hence, excitation of skeletal muscle has been performed
with electromagnetic [14], [15], piezoelectric (Figure 3), and

pneumatic (Figure 4) actuation. In addition, the elasticity of the
muscle tissue can be varied by simply changing the contraction
state, thus yielding a possibility to perform functional examina-
tions [17]–[19]. In preliminary studies, it could be shown that
some diseases, such as neuromuscular, COPD, and hypogonad-
ism, cause an alteration inmuscle stiffness whenmeasured at dif-
ferent levels of muscle force [15], [20]–[22].

The first application of MRE to image the induction of wave
propagation in the brain was published already in 1998 [23].
For this experiment, the examined subject had a nasal cannula
connected to a microphone, and the motion-sensitizing gra-
dients were adapted and synchronized to the frequency of a
hummed tone. This was also a first demonstration of using
physiologic motion rather than an external actuator for provid-
ingmechanical excitation duringMRE. Other examples include
using, for instance, waves induced by the opening and closing
of the heart valves to performMRE in the cardiac muscle [24].

A subsequent brain MRE study performed with an electrome-
chanical actuator could demonstrate a significant difference in the
elasticity of white and gray matter, resulting from the first spa-
tially resolved MRE brain elasticity measurements in vivo [25].
Use of a piezoelectric device as developed by Uffmann et al. [8]
allowed for inducing wave propagation in the brain with a bite
bar attached to the end of the vibrating lever (Figure 5). A case
study on a patient with a brain tumor using this approach
proved the feasibility of clinical brain MRE and suggested an
alteration of the elasticity value due to the lesion [26].

In comparison with other MRE applications, patient com-
fort is a restricting criterion for brain MRE due to the mechani-
cal vibration of the head, long acquisition times, and the use of a
bite bar. Recently, a pneumatic system was presented where the
head is positioned on two pillows (drums) placed in a V shape
behind the head, which are periodically inflated with a phase dif-
ference of 180� [27] using a frequency between 50 and 100 Hz.
Patient comfort is significantly enhanced.

Excitation of the abdominal organs has proven to be very chal-
lenging. Because of the intervening abdominal fat, waves tend to
be highly attenuated, which makes obtaining adequate penetra-
tion depth the primary difficulty. One approach using an electro-
mechanical actuator has the patient lying on the driver in a
supine position, where the wave generation is performed longitu-
dinally on the last rib to measure liver elasticity [28], [29]. As an

alternative, a pneumatic
system has been used
to conduct the pressure
waves generated by a
loud speaker via a tube
to the skin surface above
the liver [9], [10] or via
a long carbon-fiber rod
into the heart or the
head [30], [31]. A study
conducted with an elec-
tromechanical actuator
showed a significant
difference in the mea-
sured liver elasticity
values between patient
groups with two differ-
ent grades of fibrosis
and cirrhosis [32]. A
very interesting study

M

N

B0

(a) (b)

Fig. 2. (a) Experimental setup for breast MRE (from [12]). The
patient/volunteer is examined in the prone position. The elec-
tromechanical actuator is attached from the side and slightly
compresses one breast against a fixed block which is located
between both breasts. (b) The transducer consists of a small
coil with its axis perpendicular to the main magnetic field B0.
The sinusoidal current produces a magnetic moment M which
couples with B0. This results in a net torque N. Only the longitu-
dinal component of the oscillation is used for tissue excitation.

(a) (b) (c)

Fig. 3. Setup for MRE examination of the (a) biceps, (b) the forearm muscles, and (c) calf muscle
with a piezoelectric actuator (from [16]). For imaging of the arm muscles, a flexible MR radio-
frequency surface coil is used, whereas the examination of the calf muscle is performed with a trans-
mit-receive extremity coil. The actuator positioner contains three joints which allow for flexible
positioning of the piezoelectric actuator. For all examinations, a plastic extension of the aluminum
lever was used to avoid any interference of the moving lever with the image acquisition. All muscles
were excited perpendicular to the skin surface.
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investigated the subcostal and transcostal pneumatic excitation
of the liver (Figure 6) [33]. It was found that transcostal excita-
tion caused wave propagation, which illuminates almost the
complete liver, whereas subcostal excitation only induced oscil-
lations in the inferior part of the liver. It was speculated that the
ribs function as wave sources according to the Huygen principle.

Other abdominal and pelvic organs beside the liver have
also been investigated. Application of MRE to the kidney can
be performed with a similar approach as used for the liver,
using pneumatic drum actuators [11]. Sinkus et al. constructed
an electromagnetic device for excitation of the prostate [34]. It
could be shown that wave propagation can be induced from
outside the body without the need for endorectal actuation.

Table 1 gives an overview of actuation systems and excita-
tion parameters used for MRE applications. None of these
applications can be considered as established as a means for
diagnosis, but research on all of them is being conducted more
and more intensively with the growing number of feasible tis-
sue targets and improvements in technique.

Design of an MR-Compatible Actuator for MRE
In this section, we will describe the design of a piezoelectric
actuation system as published by Uffmann et al. [8]. This
design illustrates many of the issues that have to be considered
in the development of any MRE actuation system.

To assure the reproducibility of measurements, a continu-
ous excitation was chosen. Because the design effort and
material costs of a piezoelectric actuator are high, a design
with maximal flexibility for various applications was aimed
for. Hence, design criteria included generation of all excita-
tion frequencies up to 500 Hz with amplitudes up to 1 mm to
enable the whole variety of MRE examinations.

The heart of the actuator was realized with a 25-cm cylindrical
stack of piezoelectric ceramic. The operation of a piezoceramic
stack requires enclosing it within a housing containing a spring to
precompress the ceramic. As such a device generates large

forces, the material of the housing has to be chosen from a rigid
material to ensure that expansion of the stack is not dissipated in
the housing itself. Brass, aluminum, and titanium are MR safe
and MR compatible (for definition, see [35]) . As a spring made
from these materials was not available, a copper-beryllium
design was chosen. The lever for translating the motion to the
outside of the housing was specially designed not to impair the
linearity of the actuation. Figure 7 shows the resulting design of
the piezoelectric actuator.

To be able to control the performance of the stack, a per-
sonal computer (PC) was equipped with a digital signal

Fig. 5. Brain MRE. The piezoelectric actuator is positioned to
move the lever with attached bite bar in the left-right direc-
tion. Before the study, the bite bar is filled with a dental paste
with which an impression of the patient’s teeth is taken. After
the paste has hardened, the bite bar is perfectly adapted to
the tooth profile, so that holding it with the mouth during the
examination is much more comfortable. After the patient is
positioned, the bird cage coil is slid over the head. The lever
vibrates the head to the left and right with an amplitude of
0.6 mm and a frequency of 83.3 Hz.

(a) (b)

Fig. 6. Driver placement options for MRE imaging of the liver
(from [33]). Double-headed arrows indicate vibrational
motion of the driver in these sagittal MR scout images.
(a) Driver (rectangle) is positioned below ribs. No ribs are
interposed between driver and liver, but shear waves can
reach only a limited part of liver. (b) Driver (rectangle) is
positioned against anterior part of rib cage. Waves must
cross ribs, but then waves can reach larger part of liver.

Mirror
Pneumatic

DriverMonitor

Speaker

Mechanical
Driver

Coil

Longitudinal
Load Cell

Fig. 4. Custom leg press used to position the knee in 30� of
flexion (from [17]). Load cells in the footplate assembly were
used to record 10% and 20% of the maximum voluntary con-
traction (MVC) using both electromechanical (120 Hz) and
pneumatic drivers (90 Hz). The electromechanical and
pneumatic drivers were positioned one-third of the distance
between the base of the patella and the greater trochan-
ter. A mirror was placed over the eyes so that the volunteer
could receive visual feedback indicating when 10% and
20% of the MVC were obtained.
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processing card, which received a trigger signal at the begin-
ning of each image acquisition (TR) from the MR imager.
Custom software adapted the excitation frequency and phase
to this trigger. The TR was chosen to be a multiple of the
inverse of the excitation frequency, so that continuous excita-
tion was feasible. The PC generated a sinusoidal output volt-
age, which was amplified with a high-voltage amplifier to
drive the piezoelectric stack.

To prevent unwanted signals from entering the magnet room,
which could disturb the imaging process, low-pass filters were
used to conduct the high-voltage signals from the piezo-
amplifier across a filter panel into the magnet room. To ensure
patient safety, the actuator housing was grounded to the Fara-
day shield of the MR room. As the piezoelectric stack resulted
in a fairly long device when compared with the bore size of a
typical clinical MR imager, a custom positioner was con-
structed primarily out of titanium to provide the necessary posi-
tioning rigidity and flexibility. Finally, to avoid any residual
image artifacts, a 5-cm-long plastic rod was attached to the end
of the lever that could be placed at the point of excitation.

Results
As described previously, a piezoelectric actuator was designed
that allowed for highly flexible orientation and very precise
synchronized excitation. Actuation performed with this device
showed high linearity over the frequency range up to 500 Hz
with amplitudes below 1 mm. Together with the positioner, the
actuation system has been successfully used up to now for
MRE examinations of all extremity muscles (Figure 8), the
brain, and the skin. Imaging tests of samples revealed that the
materials used for constructing the positioner and actuator
produced small, localized artifacts in the field of view. Thus,
this actuator has to be placed a small distance from the imaging
area of interest; however, use of the plastic extension allows

Table 1. Applications of MRE.

MRE Application Actuation Method
Excitation

Frequency (Hz)
Excitation Amplitude

(mm)
Referenced
Study

Breast Electromechanical 66 0.5 [12]
Electromechanical 75–300 0.15 [13]
Piezoelectric – 0.03 [7]

Skeletal muscle
(*, upper extremities;
þ, lower extremities)

Electromechanical 150* – [18]
Electromechanical 200* – [14]
Electromechanical 150þ 0.1 [15]
Piezoelectric 142* and 100þ 0.6 [16]
Pneumatic 90þ – [17]
Electromechanical 120þ – [17]

Brain – – – [23]
Electromechanical – 0.05 [25]
Electromechanical 100 – [36]
Electromechanical – 0.6 [37]
Piezoelectric 83.3 – [26], [38]

Liver Pneumatic 50–100 – [9]
Electromechanical 65 – [28], [29], [32]
Pneumatic 95 and 80 – [10], [33]

Kidney Electromechanical 50–100 – [11]
Prostate Electromechanical 65 – [34]
Skin Piezoelectric 200 0.6 [39]

Aluminium

(a)

(b)

Motion

Titanium

Brass

Copper-Beryllium

Titanium

Copper-Beryllium

Aluminium
Aluminium

Fig. 7. (a) CAD plan of the piezoelectric actuator with the
materials used for various parts (from [8]). (b) Cutaway of
the CAD plan of the actuator with a closer look at the
mechanical construction of the lever and the actuator
head. The piezoelectric stack is the cylinder oriented
along the long axes of the actuator and labeled with a
texture of vertical stripes. The lever is clamped between
the cylindrical piezoelectric stack and the copper-beryllium
spring, thus transferring the motion caused by the interac-
tion of the stack and the spring to the outside of the chas-
sis [see (b)]. Titanium end-caps and spherical bearings
ensure that the ceramic stack is not subjected to any
shear forces.
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imaging even directly at the
point of excitation. For excita-
tion of the brain, the aluminum
displacement lever may not be
placed within the head coil,
because the moving metal causes
eddy currents, which interact
with the static magnetic field of
the MR imager. For examina-
tions lasting about 30 min or
longer, the amplifier was occa-
sionally switched off because of
overheating of the piezoceramic
stack. This problem could be
reduced by restricting the opera-
tion time solely to the duration of
the MRE sequence and position-
ing the actuator such that the
device could freely dissipate heat.

Because the actuator gener-
ates adequate force for excitation
at multiple locations at the same
time, it remains to be investi-
gated whether or not an adapted
device attached to the lever can
be constructed that allows for
excitation of a large body sur-
face, so that also the deep-lying
regions such as the abdominal
organs can be excited. In connec-
tion with optimized excitation
interfaces, the piezoelectric actu-
ator can potentially be used for
any application that requires
highly precise and synchronized
periodic vibration within a high-
static magnetic field. The actua-
tor has been successfully tested
in static fields up to 7 T.

Discussion
For most MRE applications that
have been investigated by more
than a single research group, dif-
ferent actuation methods were designed and pursued. Espe-
cially electromechanical and pneumatic approaches have been
used to demonstrate the feasibility of applying MRE to the
deep-lying organs such as the liver, the prostate, and the kid-
neys, where lower frequencies are preferential to meet pene-
tration targets. These systems are generally easy to set up and
get functioning. Nevertheless, these systems cannot match the
precise control of a piezoelectric actuator in terms of
frequency and amplitude. Pneumatic excitation is restricted to
lower frequencies, and it is also difficult to precisely control
the phase of the excitation. Electromechanical actuators are
subject to possible interference from the imaging gradients
and there are orientation restrictions if the static magnetic field
B0 is utilized. Both actuator types generate only limited force,
and therefore, the vibration amplitude is a function of the
interface between the actuator and the subject. Nevertheless,
all of these approaches have found niches for evaluating the
potential of MRE applications. For compatibility to the unique

conditions of the MR environment, pneumatic solutions show
the most promise, and electromagnetic solutions allow
higher-frequency excitation without the cost and complexity
of a piezoelectric system. The best system for a particular
application depends on a compromise between many factors.
The piezoelectric actuation system illustrates many of the chal-
lenges to be addressed with the design of any MRE actuation
system. It represents a fairly simple approach for achieving high
operation reliability and excellent patient comfort while meet-
ing the necessary criteria for vibration amplitude, frequency,
and quality.

Kai Uffmann graduated in physics from the University of
Osnabrück, Germany, in 1998. For his doctoral thesis, he
conducted research in the field of MRE at the Radiology
Department of the University Hospital in Essen, Germany.
His work included the implementation of a piezoelectric actuator
system for MRE. For his work on reconstruction algorithms for
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Fig. 8. Conventional anatomic MR images of (a)–(c) the upper arm, (d)–(f) the forearm, and
(g)–(i) the calf acquired with a two-dimensional FLASH sequence in the (a) sagittal and
(b) axial planes (from [16]). (c) The phase image acquired in a coronal slice with orientation
corresponding to the white lines in (a) and (b). The white circles or circle sectors show the
location of the excitation. Phase wraps occur in the vicinity of the excitation where the wave
amplitude is high, while in general, no signal can be acquired directly underneath the excita-
tion due to the interference of the moving aluminum lever with the imaging process.
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T
he soft tissue contrast of magnetic resonance imaging
(MRI) and its lack of harmful radiation make it a very
sensitive and powerful diagnostic technique [1]. In con-
trast, the existence of strong magnetic fields, spatial and

temporal field gradients, and radio frequency (RF) pulses in the
magnetic resonance (MR) environment imposes severe design
constraints for any device present [2], requiring a number of
restrictions if safety and image compatibility is to be assured [3].
1) Ferromagnetic and highly paramagnetic materials are

prohibited inside and around the scanner as high forces
and torques can be induced because of the main static
magnetic field and its associated spatial gradient.

2) Traditional electromagnetic (EM) actuators are also prohib-
ited because of the mutual interaction between the fields of
the motors and those present in the scanner room, imped-
ing the optimal functioning of both devices.

3) Because of the RF pulses and gradient fields, electrical
currents may be induced in conductive materials, which
can cause considerable heating, especially when loops
are formed, potentially burning patients.

4) RF noise, which often appears as static on the image, is
caused by EM emissions from electrical devices that are
picked up by the sensitive RF coils of the scanner.

These restrictions mean that standard mechatronic devices are
not suitable for the MR environment and require that safety
and compatibility of any system and its operation in the mag-
netic field be verified before being introduced into the scanner
room. Further details about the concept of MR compatibility
can be found in the introduction to this special issue [4].

Closed cylindrical MRI scanners are often used for obtain-
ing quality images of patient anatomy as they have high-field
strengths (typically 1–3 T in clinical environments) and better
field homogeneity in the imaging region than do open scan-
ners and, thus, can produce images with higher signal-to-noise
ratio (SNR) [1]. The diameter of the bore is usually around
600 mm, which must contain both the patient and the scanner
table. In addition, most scanner bores are more than 150 cm in
length so that access by the practitioner to the part of the
patient anatomy that is being scanned (which is generally
located around the magnet isocenter) is especially difficult.

These spatial constraints make freehand image-guided inter-
ventions in a closed-bore scanner much more challenging. A
number of MRI-compatible manipulators have been devel-
oped with the objective of overcoming these difficulties [5].

MRI-Compatible Manipulators
Considerable progress is being made in the development of
MR-compatible manipulators designed to perform image-
guided interventions, and this is reflected in the increasing
body of literature. Systems developed for specific procedures
include a prostate intervention device [6], an in-bore breast
biopsy system [7], a manipulator for MR-guided neurosurgi-
cal interventions [8], and a robot for thermotherapy of liver
tumor [9] among others. A recent trend in the research field is
the development of MRI-compatible manipulators that are
versatile and able to be used for a variety of surgical interven-
tions [10]–[12]. These systems can be used to perform a num-
ber of different procedures (although their scope is still
somewhat limited) and, thus, require an increased number of
degrees of freedom (DoF), making them all quite large in size.

The majority of the reported devices use piezoceramic
motors as an alternative to EM actuators, which do not use
magnetic principles for operation [13]. Although the piezocer-
amic elements of the motors are not affected by the magnetic
field of the scanner, they are often embedded inside conductive
nonmagnetic materials, which can result in image artifacts.

The electric circuits of the motor drivers can introduce noise
in the image, severely degrading the SNR while the motors are
in motion. Some systems have tried using pneumatics and
hydraulics [11], [14], [15] as actuation principles. Conventional
pneumatic cylinders can be adapted for use inside the MR scan-
ner, although precise motions are not easily obtainable. This
has led to the development of other forms of converting the
pneumatic flow into accurate controllable movements [15].
Another concern with these actuation methods is the presence
of fluids at high pressures in close proximity with the patient.

The piezoceramic motor that is used most for actuation is
the USR-30. The manipulators that incorporate this technol-
ogy have generally followed one of the following two strat-
egies. 1) The first consists in placing the motors at a distance
from the imaging volume in the scanner and transferring the
motion to the actuated elements via a transmission mechanism
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using cables, rods, or rigid links [7], [10]. This introduces
additional complexity to the system as well as unwanted flexi-
bilities and compliance. By separating the motors from the
field of view, an excessive degradation of the SNR of the MR
images is avoided. A separation of�1 m [7] is usually a suffi-
cient distance to prevent the motors having any impact on the
images, allowing for actuation while the imaging is taking
place. 2) The second strategy consists in introducing the
motors inside the scanner bore into direct contact with the
actuated elements [8]. In this case, the motor has to be sepa-
rated from the imaged region of interest by at least the size of
the artifact it produces. In addition, the noise level of the scans
is extremely high, requiring the motors to be turned off while
the scanning and data acquisition is taking place. This hinders
real-time image guidance as imaging and motion cannot be
simultaneous.

A Modular Approach to MR-Compatible Robotics
An important part of the system-development time for any
MR-compatible manipulator is invested in hardware design
and manufacture. An effective measure for reducing research
redundancy would be the availability of standardized off-the-
shelf MR-compatible hardware that offered variability in
dimensions and shape. The objective of the research described
in this article is to create individual MR-compatible modules
consisting of 1-DoF stages complete with actuators and posi-
tion encoders for implementation of the closed-loop position
control. These modules can connect together to form multi-
DoF assemblies that can be located inside the scanner bore
near to the patient anatomy that requires the intervention. This
avoids the problems associated with remote actuation and
transmission mechanisms, considerably reducing the size of
the manipulator. As most robots consist of kinematic chains of
1-DoF stages, these modules would be suitable for a wide
range of interventions, and their design can be optimized for
the procedure for which they are applied to.

Actuation Technology
To actuate each 1-DoF stage, piezoceramic motors (Piezo
LEGS L motor, Piezomotor AB, Uppsala, Sweden) were
selected. They present a maximum force of around 10 N, top
speed of 12.5 mm/s (although with current drive electronics
the speed is �4 mm/s), and a resolution of up to 2 nm. These
motors were more compact than the USR-30 model and
presented smaller and simpler drive electronics. Its operating
principle consists of a friction drive between four piezocer-
amic crystals, which act as legs, and a linear ceramic rod. A

motor along with its drive electronics is shown in Figure 1(a).
Each motor consists of a base unit, in which the piezo-legs are
located, and a block mounted on top, which contains two
beryllium copper bearings and a series of leaf springs that
exert a preload on the ceramic rod, as shown in Figure 1(b). As
the objective of this work is to develop MR-compatible hard-
ware that can be actuated inside the bore while imaging is tak-
ing place, a number of measures were implemented to reduce
the EM noise coming from the motor drive circuits.

Position Encoding
To track the position of the modules, encoding technology is
required. Traditional optical encoders tend to contain ferro-
magnetic materials and are, therefore, unacceptable.

To overcome this problem, previous solutions have included
the custom development of new encoders from nonmagnetic
materials [11], thereby leading the optical signals outside the
scanner room via fiber optic cables to optoelectronic circuits
[10], which then convert them into electrical pulses. A simpler
and more cost-effective solution was found by using surface
mount incremental optical encoders from the AEDR-8000
series. The size of the encoders (6.23 4.4 3 3.2 mm) is suffi-
ciently small so that any incompatible material contained in the
unit would only produce a small artifact. The encoder mounted
on a printed circuit board (PCB) is shown in Figure 1(c).

Design of 1-DoF Modules
Each module consists of a base unit and a slider unit, as shown in
Figure 2(a). The base unit is made of four blocks that contain two
motors, on opposite sides of the slider (doubling the total force
delivered), and an encoder displayed in Figure 2(b). The slider
unit can translate back and forth and has two ceramic rods
attached on opposite sides that are in contact with the motors. In
this design, the bearing and spring block has been removed from
the piezoceramic motor [see Figure 2(b)], and the preload
between the piezo-legs and the ceramic rod is produced bymeans
of beryllium copper leaf springs [Figure 2(b)]. This allowed the
application of a higher preload between the piezo-legs and the
ceramic rod, yielding an increased force output (wear particles
from beryllium copper are considered a health hazard, and so
measures must be taken to avoid the scattering of these particles,
i.e., enclosing the motors). The encoder on the base unit of the
stage reads the position from a reflective encoder strip, which is
placed on the slider [Figure 2(b)]. At both extremes of the slider,
there is an end stop, which acts as a mechanical block when the
stage reaches the end of its travel. To connect the modules
together, one of the end blocks at the extreme of each slider

forms part of the base unit of
the next module, as can be
seen in Figure 2(c).

An important characteristic
of these 1-DoFmodules is their
design variability. The dimen-
sions of the modules can be
varied and optimized for the
specific intervention in which
they will be used. The slider
and the base unit can be made
out of most MRI-compatible
plastics, depending on the
requirements of rigidity,
manufacturing method, cost

Bearing and
Spring Block

(a) (b) (c)

Block with
Piezo-Legs

Ceramic
Rod

Fig. 1. (a) Piezoceramic motor with drive electronics. (b) The motor drives a linear, ceramic
rod, which can vary in length. (c) Incremental surface mount encoder soldered onto a PCB.
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constraints, and size. Rapid prototyping (RP) methods can be
used, which are quick, cheap, and allowing considerable design
flexibility, although they are available for only certain materials
and often have a limited tolerance range. When materials with
higher rigidity are required (and which are not available for
RP), more traditional manufacturing techniques have to be
implemented, which can also offer tighter tolerances.

A prototype of a linear modular stage was made fromDelrin
with slider dimensions of 303 303 140 mm. Three modules
were produced in this way and connected together to form an
XYZ Cartesian stage as displayed in Figure 2(c). At present,
modules providing only linear motion have been manufac-
tured, although current work includes adding curvature, with
the objective of manufacturing curved stages (as curved
ceramic rods are available), which is highly desirable for a
number of robotic interventions.

Mechanical Characteristics of 1-DoF Linear Modules
One of themodules was tested to obtain its load-speed characteris-
tic, which is presented in Figure 3. The curve was obtained by fix-
ing the base unit and applying an external load to the slider, and
the velocity was derived from the encoder readings. The graph
shows that the stage can take a maximum load of�17 N, and runs
at a top speed of around 2.7mm/s. The current speed allows plenty
of reaction time in case of any unforeseen circumstances during an
intervention, although acquiring higher-speed drivers is not dis-
carded for future prototypes. The stage was fitted with an encoder
strip with a resolution of 75 lines per inch (�85 lm accuracy).
Because of the slow speeds and low inertia of the piezoceramic
motors, a bang-bang feedback control loop was implemented for
position control, which was sufficient to ensure that the accuracy
was within a single encoder count. It also ensured repeatability of
positioning the stage at a desired position. Accuracy testswere per-
formed by moving the module-specific distances and comparing
the encoder readings with an external measurement device. In
every case, accuracywaswithin 0.1mm.

MRI Compatibility of Modules
When evaluating a system in the MR environment, both its MR
safety and compatibility must be verified. MR safety requires
that the device does not experience hazardous torques, forces,
and heating due to RF. MR compatibility is accepted when a
device does not significantly distort the diagnostic information

produced by an image. A device may produce artifacts if it
presents susceptibility differences with that of tissue or if it per-
turbs the main static and RF field. These artifacts must be quan-
tified to evaluate the use of these devices inside the scanner
bore. Tests were performed for a piezoceramic motor, an
encoder on its PCB, and a complete linear modular stage.

Two aspects ofMR compatibility were assessed to quantify the
impact on the images: 1) the maximum size of any image artifact
produced by the device, and 2) how the device affects the SNR of
the imagewhen compared to a control imagewith a phantom.

To evaluate the size of the artifact produced, the standard
F2119 protocol of the American Society for Testing andMate-
rials was followed. It requires testing the motor, encoder, and
module at different orientations to the main field with a gradi-
ent echo and spin-echo sequence while submerged in a CuSO4

solution. The maximum artifact is then measured and dis-
played under the worse set of conditions (according to the
standard, the size of the artifact is measured from the boundary
of the device to the edge of the artifact it produces). The tests
were done in a 1.5-T Siemens MagnetomAvanto using a spine
coil, and they were performed with the devices disconnected
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Fig. 3. Force-speed curve of a single linear module. The
experimental data can be approximated to a linear rela-
tionship between the two variables.

(a) (b) (c)

Slider Unit Limit Switch

Leaf Spring

Ceramic RodPiezoceramic
Motor

Piezoceramic
Motor

Optical
Encoder

Module 2

Module 1
Module 3

Support Block
and BearingEncoder

Strip

Base Unit

Fig. 2. (a) A computer-aided design (CAD) representation of the developed 1-DoF module with its parts. (b) Detailed CAD
view of the base unit showing the encoder on the PCB and one of the motors. (c) Three Delrin stages interconnected to form
an XYZ Cartesian robot. Supports are required to keep the deflection under load to a minimum.
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from their power source. The results are presented in Figure 4.
The size of these artifacts show that the devices are required to
be located at a small distance away from the region of interest
to avoid distorting valuable image information.

To quantify SNR degradation due to the presence of a mod-
ule, the following definition was used as in [10]:

SNR ¼ Pcenter

SDcorner

ð1Þ

where Pcenter is the mean signal in the 403 40 pixel region in
the center of the phantom, and SDcorner the standard deviation
of the signal in the 40 3 40 pixel region at the bottom right-
hand corner of the image. By quantifying how the device
degrades the SNR when placed at varying distances from the
isocenter, a suitable distance can be selected which will
produce acceptable images for MR guidance. These tests were
repeated for two different imaging sequences: turbo spin echo
(TSE) and gradient echo [true fast imaging with steady-state
precession (FISP)]. All tests were done on a 1.5-T Siemens
MagnetomAvanto, using the body coil.

To reduce the EM interference of the modules with the
scanner in the form of noise, the motor drive electronics, three
6-V lead acid batteries, and motion control hardware were
located in an aluminium-shielded enclosure, which acts as a
Faraday cage, placed at 1–2 m from the entrance to the bore.
The motor driver was connected to the motor in the bore via a
shielded, twisted pair cable of�3 m in length, after being pre-
viously filtered (4209-053, TUSONIX) through the wall of the

Faraday cage. The enclosure was then grounded to the scan-
ner-ground connection.

For evaluation of the SNR reduction, a control image was
obtained by scanning only a phantom. A modular stage was
then placed on the phantom and images were taken under two
different conditions: 1) the motors and encoder powered but
without actuation and 2) with the motors actuated at maximum
speed implementing position control. The module was then
separated from the isocenter and located at 50, 100, 150, 200,
and 500 mm, and images were taken each time. At each dis-
tance, the SNR variation was calculated by comparing the
SNR measured at a slice at the isocenter with the SNR of the
same slice in the control image.

In Figure 5, the variation of SNR due to the presence of a
1-DoF module is presented. Figure 5(a) corresponds to the
TSE sequence and shows a maximum reduction in the SNR of
9.1% when the module is placed at 50 mm from the isocenter.
In Figure 5(b), the results for the true FISP sequence are
shown, with a maximum reduction of SNR of 4.9% with the
motor at 200 mm from the isocenter. The results show that the
variation of the SNR is very small at any distance and, in most
cases, is within the random fluctuations of SNR present
between different image acquisitions.

These compatibility tests show the feasibility of locating
these modules almost anywhere within the imaging region,
while ensuring MR compatibility under test conditions. With
regard to MR safety, susceptibility differences between the
materials of the motor, encoder, and module with that of tissue
and air in the bore are quite small. This means that the forces
and torques induced on these devices is equally minute (which
can be verified when one goes into the scanner with any of the
elements), and, thus, MR safety is assured. In addition, because
the motors and encoder are enclosed inside the module and not
in direct contact with the patient, problems due to RF heating
were considered negligible. Additional tests showing any con-
sequences due to image shift and effects of the RF and gradient
fields on robot accuracy (i.e., encoder immunity to the imaging
fields) may complement the compatibility claims.

Formation of Kinematic Chains
One of the main advantages of the developed hardware is its
modularity, which permits connecting the individual stages to
create multi-DoF kinematic chains. These chains can then be
used to make robotic systems capable of image guided interven-
tions. As the modules are made of MR-compatible plastics, it is
especially important to consider rigidity and accuracy when con-
necting the numerous stages together. The selection of materials,
design, and manufacturing techniques will depend on the final
configuration of the modules and must be decided accordingly.
To demonstrate the connectability of the developed modules,
three individual 1-DoF stages were connected in perpendicular

(a) (b) (c)

Fig. 4. MR image of the slice containing the maximum size
artifact for (a) piezoceramic motor, 39 mm; (b) encoder on
its PCB, 20 mm; and (c) 1-DoF module, 36 mm. In all cases,
the artifacts were maximum when the devices were imaged
using the gradient-echo sequence (TR/TE ¼ 100/15 ms;
matrix size, 256 3 256; FA, 30�, BW, 32 kHz; FOV, 160 mm;
3-mm slice thickness; slice spacing, 0.6 mm; phase encode
direction H � F, spine coil). Small artifacts can also be
observed because of the fabric mesh that was used to sus-
pend the devices in the CuSO4 solution.

With this work an important step toward

decreasing the hardware complexity of

MR-compatible manipulators has

been achieved.
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directions to form an XYZCartesian stage configuration, which is
shown in Figure 2(c). Two tests were then performed with the
resulting robotic system: 1) deflection of the system under differ-
ent loads and 2) capability of hitting a target with a needle in a
phantom underMR guidance.

To evaluate the rigidity of the overall robot, forces were
applied at the end of Module 3 in different directions and its
deflection measured with a dial gauge. For small forces under
20 N (the robot will be in contact with patient soft tissue), the
deflection under load was always less than 1 mm.

A needle and a needle-firing stage were then rigidly attached
to the Cartesian robot and supported through a guide on a probe.
The system was then introduced into the scanner bore of a 1.5-T
SiemensMagnetomVision, and tests were performed to see if the
needle could be guided to hit a 6-mm target in a phantom under
MRI guidance, as displayed in Figure 6(a) and (b). The images
used for guidance were a gradient-echo sequence, and tests were
performed with the head coil and the body coil. By locating the
coordinates of the target in the images, the needle was driven to
the tip of the target numerous times. An image showing the void
created by the needle and the target is presented in Figure 6(c).

Discussion and Future Work in the Field of
MRI-Compatible Robotics
With this work, an important step toward decreasing the hard-
ware complexity of MR-compatible manipulators has been

achieved. No longer do the actuators need to be placed outside
the scanner bore and complicated transmission mechanisms put
into place to transmit motion to the end effector. These simple
modules can be modified and connected to form multi-DoF
structures, which are adapted and optimized for specific proce-
dures, reducing hardware-development time and research redun-
dancy. Small, compact, actuated systems located inside the
scanner bore are now a reality, while still ensuring MR compati-
bility and real-time image guidance. By selecting the correct
materials and design, deflection under load can be kept to accept-
able levels. The current embodiment of the modules reduces its
use to interventions that require only kinematic chains with linear
motion, although curved stages are under development, which
should allowmore procedures to be performed.

The validation of the use of these modules to create robot
structures capable of performing interventions should take
place in the near future in the form of clinical trials with a
transrectal prostate biopsy robot.

Although a number of compatible manipulators have been
developed, only a small number report clinical trials [7], [11],
[16]–[19] of any type, and two commercial systems are avail-
able [20], [21]. This shows that although some technical solu-
tions have been proposed for overcoming compatibility issues
and spatial constraints associated with the MR environment, a
number of clinical aspects still need to be addressed. MRI-
compatible manipulators have to be developed from a real

Small, compact, actuated systems located
inside the scanner bore are now a reality, while

still ensuring MR compatibility and real-time

image guidance.
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Fig. 5. (a) Quantification of the SNR variation at the isocenter for a control image, first with a phantom, then with a module
present with its motors only powered, and finally with motors actuated. The 1-DoF module presents a maximum reduction of 9.1%,
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interventional need and used in procedures where the benefit
will overcome the significant costs and complexity derived
from introducing such systems into the already expensive and
scarce MR suite. The enormous capabilities of MRI must be
used in a way that will facilitate the interventional task, and
the integration of this information with the control and motion
of the manipulator needs to be intuitive, well presented, and
effective, while not increasing in excess the workload of the
practitioner.

Another element to be addressed is the variety of scanners
available and the development of systems that can be used on
different scanner types and models. In this context, it is impor-
tant either to provide systems that do not need to interface
directly into the scanner software or to offer some other solu-
tion that is easily transferable from one platform to the next. In
addition, the current tendency in new cylindrical MRI scan-
ners is to increase the diameter of the scanner bore while
reducing its length (the Siemens Magnetom Espree has a bore
diameter of 70 cm and a bore length of 125 cm), which will
relieve some of the severe spatial constraints of traditional
scanners, changing the requirements of MR-compatible manip-
ulators, as free-hand intervention might then be possible. In this
context, manipulators will havemore of a function to help guide
the freehand intervention, shifting the research on the side of
navigation and computer-assisted intervention.
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S A Light Puncture Robot

for CT and MRI Interventions

I
n the field of interventional radiology, image-guided percu-
taneous interventions are common procedures that are used
for diagnostic or therapeutic purposes. Biopsies, abscess
drainages, or tumor ablations can be performed percutane-

ously. The clinical demand for such interventions is growing
as they are minimally invasive and as they are often able to
prevent the need for a surgical intervention.

The first step in interventional radiology is the puncture of a
target, which can be an anatomical structure or a tumor, and
whose diameter is generally 1 cm or greater, a dimension con-
sidered to be clinically significant. These percutaneous punc-
tures can be complicated procedures. The needle insertion is
most often controlled with computer tomography (CT), but
the planned trajectory can be particularly difficult to imple-
ment and to track by the radiologist on CT images when the
needle is not aligned with a simple direction of the image
plane. Indeed, tilted insertion paths are sometimes advised to
avoid organs or ribs. Several attempts may be necessary to
reach the target, causing a loss of time and more traumas than
expected to the patient. Moreover, both the radiologist and the
patient are exposed to X-rays when CT is used to guide the
puncture process in real time.

Compared with CT, magnetic resonance imaging (MRI) is
a promising nonirradiating imaging modality for the real-time
control of a puncture, but specific constraints apply in an MRI
environment, particularly, because of the magnetic field and
the limited access to the patient allowed by traditional closed
MRI devices. The diameter of the bore does not exceed 60 cm,
a space that is also occupied by the patient.

The use of robots for surgical interventions is an approach
that has been proven to increase the quality of operations and
to establish new types of surgical procedures [1]. In the con-
text of interventional radiology, puncture robots may be very
helpful. They have the potential to work within CT or MRI
and to decrease the intervention duration while providing opti-
mal accuracy and safety to patients.

These factors have motivated our research in the develop-
ment of a new lightweight robot, for abdominal and thoracic
percutaneous procedures, which is compatible with CT, open
MRI, and closed MRI. Our aim is to control, in real time, the

initial positioning of the needle and the puncture movement
itself. Thus, the robot has to be able to operate alone, but with
remote medical supervision, inside the CT or magnetic reso-
nance (MR) guidance imaging device.

This robot (Figure 1), named Light Puncture Robot
(LPR), has an original compact body-supported architecture,
which is naturally able to follow the patient’s body surface
respiratory movements. It is entirely made of plastic and
uses MR-compatible pneumatic actuators powered by com-
pressed air. It is localized via an image-based control using a
localization device that is totally integrated to the robot. The
physician is also included in the control loop, since he/she
selects the target and the entry point and supervises the
whole process.

Related Work
Since the early 1990s, more than 35 surgical robotic systems
have been developed [1]. In the field of MRI interventional
robotics, there exists, to our knowledge, only one commercial
MR-compatible system: the Innomotion robot for percutane-
ous interventions [23]. It is a six degrees of freedom (DoF)
fully MR-compatible pneumatic robot that has been optimized
for use in closed-bore MRI and CT scanners [2]. However, the
current version of the system provides only position guidance,
i.e., the robot indicates to the physician the insertion point and
the needle orientation. For closed-bore MRI interventions, it is
difficult to advance the needle manually inside the magnet
bore. The patient table has to be moved outside the bore to per-
form the puncture correctly.

However, if the robot is mounted to the table and not body
supported by the patient (which is the case of the Innomo-
tion system), any nonintentional movement of the patient
during the table displacement may make changes in the
planned needle trajectory with respect to the desired one.
Consequently, as we cannot have real time needle guidance
outside the MR bore, such robot architecture is not robust
with respect to patient movement and might cause injury to
the patient.

Other MRI interventional robots are currently available at
research laboratories. The major challenge for the develop-
ment of these systems is the MR compatibility [3]–[5]. For
further details about MR compatibility questions, see [24].
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Several research groups have developed MR-compatible
robots actuated by ultrasonic motors. Although these actuators
are not affected by the magnetic field, their encasings contain
conductive material that result in substantial image artefacts if
placed just near the MR magnet [6]. Shielding or placing these
motors inside a Faraday cage does not eliminate the artefacts [7].
Such actuators could be placed far away from theMRmagnet as
in [8] and [9], where MR-compatible robots were used for
biopsy and therapeutic interventions in the breast, and in [10],
where a novel MR-compatible manipulator design for prostate
intervention was detailed. One can note that, for such specific
clinical applications, it is possible to have long distance interac-
tion between the control unit (ultrasonic motors) outside the
MRI magnet and the patient inside the magnet. However, in the
general case, this configuration is not suitable since it decreases
the rigidity of the system, as has been emphasized in [11].

Electrostatic motors could also be used within an MR envi-
ronment. Compared with ultrasonic motors, they should inter-
fere less with MRI [12]. However, as the electrostatic motor is
driven by a three-phase ac high-voltage source, it still requires
developments on the power electronics to be used in the opera-
tion room.

Alternatively, a hydrostatic transmission approach is pro-
posed in [6]. The concept is based on a telemanipulator system
with a mechanical transmission between the master (conven-
tional actuator outside the magnet shield) and the slave made
from MR-compatible polymers. Another robot, named the
MrBot [2], was recently developed at the Johns Hopkins
University, which uses a new type of pneumatic step motor
(the PneuStep) specifically designed for MRI application.
This robot is highly specialized. It is customized for transperi-
neal needle insertion for the prostate gland under either open-
or closed-bore MRI scanners.

In [13], it is shown that the devices constructed using binary
polymer-based actuators, called electrostrictive polymer ac-
tuators, are able to function within the MRI without degrading
its imaging performance. The binary nature of these actuators
eliminates the need for feedback sensors for motion control.
Their construction is fundamentally inexpensive and simple.
They can be constructed essentially from plastic, making their
potential cost low enough to be disposable. This attractive
approach remains to be explored further.

The LPR Architectural Design: Answers
to CT/MRI Compatibility and Safety Issues
The LPR architecture is mainly based on the previous works
done at the Techniques de l’Ing�enierie M�edicale et de la Com-
plexit�e (TIMC) Laboratory on the Tele-Echography Robot [14]
and the Light Endoscopy Robot [15]. It is lightweight (1 kg),
compact (15 3 23 cm2), and its installation is particularly sim-
ple, so that the necessary setup time is greatly reduced.

As shown in Figure 1, the main feature of this robot is its
original body-supported architecture [16], which suppresses
the risk of accidental trauma on the patient’s body by robot or
needle parts. Indeed, since the robot follows the patient’s
abdomen/thorax surface, this concept provides an intrinsic
compensation for some physiological or unexpected move-
ments of the patient. Moreover, during the puncture step itself,
i.e., when the needle is moved toward its internal target, an
apnea identical to the one performed during the last image
acquisition is required from the patient. If not, external body
movements due to respiration may not be correlated with
internal organ breathing movements and may interfere with
the planned needle trajectory.

This concept of placing the robot on the patient has been
chosen also in [17] and [18] for endoscopic surgery (the
MC2E robot), in [19] for percutaneous cholecystostomy inter-
ventions (the UMI system), and in [20] for CT-guided percuta-
neous interventions (the CT-Bot system).

The LPR possesses five DoF and is composed of two parts.
The main part, the needle-holder that is laid directly on the

(a)

(b)

Fig. 1. The LPR. (a) The LPR on a patient during an MRI exami-
nation. (b) The entire LPR robot.

The robot has to be able to operate alone inside
the CT or MRI device.
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patient’s body, provides three DoF [Figure 2(a)]: a translation
d 2 ½0, 9 cm� along the needle axis, a rotation h 2 ½0, 2p�with
respect to the robot’s platform and around an axis normal to
the patient’s body, and an inclination / 2 ½�p=18, p=3� of the
needle holder with respect to the robot’s base.

The second part of the robot is composed of a support frame
and four actuators that provide the two remaining DoF, i.e.,
the translation over the patient’s body, which gives natural
standoff and orientation to the robot [Figure 1(b)]. This move-
ment is done with the help of four straps. Each strap is
bounded to the needle-holder platform on one side and to the
actuators on the other side. The architecture of the support
frame of LPR offers the possibility of making a height adjust-
ment of 10 cm to adapt the robot to the patient’s corpulence
and to the imaging system size.

The LPR is made of plastic materials (nylon, delrin, and
epoxy) that have been chosen to ensure MR compatibility and
a minimum of artefacts under the CT environment [3], [7]. The
LPR’s MR compatibility has been checked on a clinical MR
equipment (Achieva 1.5 T, Philips Medical Systems), initially,
without any patient and, then, while imaging the robot placed
over the abdomen of a volunteer [Figure 1(a)]. Various clinical
MR sequences, routinely used for abdominal imaging, have
been tested: standard (fast-field echo) and three-dimensional
(3-D) volume interpolated [T1W high-resolution isotropic
volume examination (THRIVE)] breath-hold gradient-echo
T1-weighted acquisitions as well as breath-hold and respira-
tory-triggered turbo spin-echo T2-weighted acquisitions. In
each case and as expected, LPR plastic components generated
no signal in the images and caused no artefacts on the adjacent
abdominal organs. As part of future work, this qualitative eval-
uation will be complemented by additional quantitative tests
including signal-to-noise ratio (SNR) measurements.

Contrary to other anthropomorphic robots with a plastic
long arm, in the case of a modular and very compact system
such as the LPR robot, the rigidity of the overall system is
guaranteed. To be totally compatible with the MR environ-
ment, compressed air is used as an energy source. The robot
controller and air compressor are linked to the actuators by
7-m-long plastic tubes, allowing them to be placed outside the
MR room, beyond the magnetic hazard zone.

A new and original way of using pneumatic actuators, based
on clock-making principles, was developed. Each actuator is
composed of two sets of pistons and cylinders, one for each
movement direction. On each side of the cylinder, one air inlet
brings the compressed air (four-bar pressure) to the piston. Air
is alternatively injected in each compartment. The first step
consists in moving the piston and pushing the associated
sprocket wheel by one increment. The second step consists in
making the piston return back without any action on the wheel
through the use of a passive joint (Figure 3). This incremental
movement is rated at a maximum frequency of three impulses
per second. This movement is possible only in one direction,
thus permitting the user to block the robot in a certain position.
A worm gear is assembled to the sprocket wheel axis and
works with its corresponding gear (Figure 4). For translation,
the actuators have a pulley that allows the straps to be
entangled or disentangled (Figure 5). The actuators can also
be disengaged to perform a manual prepositioning of the nee-
dle holder when the robot is installed on the patient.

The needle-holder puncture part [Figure 2(b)] includes
clamps used to grasp the needle and a translation unit (a fast

φ

θ

d

(a)

(b)

Clamps

Needle

Needle
Guide

Fig. 2. The LPR needle holder. (a) DoF of the needle holder.
(b) The needle-holder puncture part.

Sprocket Wheel 

Piston Rod

Step 1: The piston moves
and pushes on the sprocket
wheel.

Step 2: The piston goes
back with no action on
the wheel.

Passive Joint 

Fig. 3. The principle of the pneumatic actuator for control-
ling the LPR movement.
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linear pneumatic actuator), which is able to perform a fast
puncture in a single motion (above 9 cm/s) to perforate the skin
or organs walls. To guarantee that the puncture movement will
be straight, the needle is inserted through a guide (a small,
drilled ball) placed at the center of the robot base.

The puncture depth (i.e., the distance from the entry point to
the targeted point) is controlled via a thrust bearing that stops
the motion of the fast linear actuator. The locations of the
entry point and the target point have to be specified by the
physician during the path planning, thus defining the desired
position of the thrust bearing. This position can be precisely
controlled with a resolution of 0.16 mm using a slow pneu-
matic actuator based on clock-making principles running at
three impulses per second (piston + sprocket wheel).

If the target distance from the entry point is greater than the
needle-holder stroke (9 cm), the robot
can perform a deeper insertion by
releasing the needle and grasping it
higher. When it is released by the
clamps, the needle can follow the
movements of the patient’s target or-
gan, thus avoiding injuries. This ap-
proach also offers the possibility of
performing the needle insertion in
several steps, which is identical to the
way the physician would work man-
ually. Between each new motion step,
the physician has the opportunity to
check and, eventually, update the
desired needle trajectory.

Ideally, the robot might automati-
cally grasp the needle again after it has
been released. To do so, we can ask the
patient to reproduce identical apneas
before each needle regrasping, which is
supposed to replace the needle at the
same position where it was released just
before, i.e., at the center of the clamping
mechanism. However, in practice, one
cannot guarantee the success of this
operation. In fact, nonreproducible apnea
can occur, which results in the needle
moving away from the clampingmecha-
nism. Consequently, physician supervi-
sion is mandatory when performing
deeper insertions by releasing the needle
and grasping it higher.

Although the insertion velocity and
force cannot be controlled with the
current needle holder, this system is
clinically adequate for percutaneous

interventions, since it is possible to precisely control the nee-
dle penetration depth and to produce a sufficient insertion
force to safely penetrate the patient’s skin and tissues. The
force and velocity capabilities of the LPR insertion device
(80 N for the force and 9 cm/s for the velocity) are satisfactory
with regard to the stiffness of the patient skin and tissues and
also the duration of the patient apnea, which should not exceed
10 s for optimal patient comfort.

Finally, this method allows a very easily and precisely con-
trolled movement of the different parts of the robot. The over-
all robot specifications are summarized in Table 1.

Robot Position Control
An important issue for robot guidance is the precise localiza-
tion of the end effector in the intraoperative space. To do so,

Gear

Worm

Sprocket
Wheel

Actuator

Fig. 4. Needle-holder rotation actuator.

Pistons Sprocket Wheel

Worm

Pulley

Strap

Compressed Air Tubes

Fig. 5. The principle of the translating actuator.

Themain feature of this robot is its original
body-supported architecture.
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and as an alternative to conventional position encoders, local-
ization modules are usually placed on the robot or its end
effector [20], [21]. Here, we also designed a specific localiza-
tion device that can be used to compute the LPR planar posi-
tion and orientation (the three translational and rotational
DoF) according to the CT/MR reference. This localization
device is a square framemade of epoxy resin ensuring CT visi-
bility and is filled with oil for MR visibility (Figure 6). It is
rigidly fastened with screws to the proximal end of the rotating
base of the robot so that it is totally integrated into the needle
holder architecture. In the current robot design, this localiza-
tion device does not follow the inclination movement of the
needle holder, i.e., this fiducial does not give information
about the needle inclination. To do so, the alternative adopted
solution is to place the robot, at the beginning of each experi-
ment, in an initial configuration corresponding to a 90� incli-
nation of the needle with respect to the localization device in
the robot base. Then, the control system relies on this a priori
knowledge of the initial position to keep track of the current
needle inclination after each inclination movement command.

Each time we want to know the robot position to check if it
is correct, we have to acquire a set of images. Then, the images
are automatically processed to detect the localization device
and find the current orientation of the robot and the entry
point. These images also allow the radiologist to confirm the
adequate progression of the procedure.

LPR localization involves image-processing algorithms that
have been developed and previously validated on CT images.
CT acquisitions were performed on a four-slice Siemens CT
scanner, reconstructing 2-mm-wide slices over a volume of
4 cm or more to acquire images over at least two-thirds of the
localization device. The first step is a thresholding that leads to

a binary image. A mathematical morphology closing operation
comes next to fill in the holes in the image. Then, all the regions
of the image are labeled in connected components, and a priori
knowledge of the localization device geometry is applied to
conserve only the points of interest. The size of all the con-
nected objects is measured, and only objects whose area is
smaller than the area of the longest diagonal of the localization
device are kept. Furthermore, since the localization device is
made of bars, its slices in the CT images are rectangular-shaped.
We then use the ratio between the singular values of all object
inertia ellipses to detect and keep only rectangle-shaped
objects. These two treatments lead to images containing a large
majority of localization device points for a minority of points of
other objects [Figure 7(a) and (b)].

A Chamfer 3-D matching algorithm [22] is then used to
register the segmented cloud of points with a 3-D model of the
localization device [Figure 7(c)]. As a result, the registration
parameters (rotation and translation) give the position and ori-
entation of the localization device, i.e., the position of the
robot and of the needle, since the geometric relationships
between all these elements are precisely known.

Experimental Results
Initial experiments were performed on a plane surface in-
side a CT scan. They consisted in moving the robot to a par-
ticular position/inclination and measuring its positioning
accuracy with a CT acquisition control. These experiments
were performed 15 times. For each experience, the robot
was moved between different initial and final positions or
inclinations. For the robot base rotation and the needle-
holder inclination tests, the expected angles were obtained
with an angular error less than 1�.

Concerning the translation tests, we
have obtained a strap-based transla-
tion accuracy of 5% of the displace-
ment d; for instance, with d ¼ 20 mm
the maximum error was 1 mm.
Additionally, to evaluate the re-

peatability of the translation, each
move was achieved back and forth
four times; the same translation was
achieved almost identically with a
maximum variability of 0.5 mm.
Experiments on a phantom have

shown the capacity of LPR to extract
its exact position, using the localiza-
tion device and image-processing
algorithms, and to reach its target with
millimeter accuracy. These experi-
ments consisted in trying to reach a
target from an unknown position and
orientation of the robot, with a CT
images’ control. We used a 60 3
34 3 27 cm foam rubber block in
which we inserted a polyether-cetone
disc with a 1-cm hole as a target. Six
punctures (two vertical and four with
an arbitrary orientation) starting from
different initial positions were per-
formed; the depth for puncture varied
from 4 to 6 cm. For each experiment,
the robot was initially positioned

Rotating Base Center
(Needle Guide)

Localization
Frame

Fig. 6. The localization device.

Table 1. Robot specifications.

Description Value

Air pressure 4 bar
Needle driver maximum force capability 80 N
Needle penetration velocity (fast motion to reach
the thrust bearing position)

9 cm/s

Actuators max. frequency (impulses per second) 3 Hz
Translational resolution (patient body plan) 0.1414 mm/impulse
Needle penetration resolution (incremental
positioning of the thrust bearing)

0.15625 mm/impulse

Base rotation resolution 0.3�/impulse
Needle orientation resolution 0.375�/impulse
Base rotation range h 2 ½0, 2p�
Needle orientation range / 2 �p

18
,
p
3

h i
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manually on the phantom in the rough vicinity of the desired
puncture entry point. After a CT image acquisition, the LPR
located itself and moved automatically to the user-defined
position and orientation for puncture. This step was then
checked by the operator on a second CT acquisition. In one
case where the expected initial translation was large (5 cm),

(a)

(b)

(c)

Fig. 7. Localization device segmentation and registration.
(a) CT image acquired during animal experiments. (b) The
thresholding step extracts parts from the localization device
or from the rest of the robot and ribs. Geometric criteria suc-
ceed in selecting only parts from the localization device (in
gray). (c) Schematic representation of the final matching
step that registers the cloud of points extracted on CT
images (dark to white points in this 3-D view of CT data) with
a 3-D model of the localization device.

(a)

(b)

(c)

Fig. 8. Experimental results. (a) Puncture on phantom: the
needle tip has successfully reached the center of the tar-
get, following an oblique out-of-plane path. (b) Setting for
animal experiments. (c) Successful in vivo puncture of an
artificially created target in a pig liver.
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the first robot movement did not exactly reach the expected
entry point (translation error¼ 2 mm). Although such an inac-
curacy would probably not be clinically significant, a second
positioning command was given to the robot; the LPR then

reached its expected position. In the other five cases (transla-
tion on a phantom surface between 1.5 and 3.5 cm), the robot
position was judged to be satisfactory after the first step, and
the puncture command could be given to the robot without
further fine repositioning. In the final CT images acquired
after the puncture, we then measured the distance between the
tip of the needle and the target point (i.e., the center of the pol-
yether-cetone disc). In all six cases, this distance was smaller
than 2 mm (error range ¼ 0.3–1.8 mm) so that the clinically
significant 1-cm central hole target was correctly punctured
[Figure 8(a)].

Initial in vivo animal experiments on four pigs have been
conducted within a CT environment [Figure 8(b)]. Figure 9
depicts steps involved in the whole experimental setting.

These preliminary in vivo experiments have demonstrated the
feasibility of the LPR concept in clinical conditions. It should be
noted that the robot had no difficulty in getting a rather large
17-gauge needle to penetrate pig skin, even though tissue stiff-
ness is higher in pigs than that in humans. The resulting accura-
cies were measured within the range of 1 cm [Figure 8(c)]. This
range can be considered as clinically acceptable, since any
lesion measuring less than 1 cm in a patient is generally fol-
lowed up by imaging. A more invasive decision such as biopsy
or ablation is rarely taken unless the lesion gets larger than 1 cm.

Discussion and Conclusions
Translation accuracy of the robot over the patient’s body surface
has proved to be very satisfactory over small distances (less than
30 mm). Above this limit, the displacement is not as accurate;
this is the counterpart of the body-supported strap-based transla-
tion design, where the robot is partially free to adjust its motion
to the underlying surface. Nevertheless, since the loop is closed
by CT-MR image acquisition and supervised by the physician, it
is always possible to reach an excellent accuracy, as the physi-
cian can refine the robot position with an iterated translation.
Ultimately, the final translation can always be set to be less than
30mm.Under such conditions, experiments gave very promising
results. The accuracy for orientation and inclination proved to be
under 1�, and accuracy for the final puncture on a phantom with
a depth up to 6 cmwas less than 2mm.

Preliminary in vivo experiments also gave results compati-
ble with clinical applications, yet we can note that our in vivo
experimental setting was particularly challenging [Figure 8(b)
and (c)] for the following reasons:
1) Animal abdomens were significantly smaller than the usual

human body. The robot had to translate over a nonflat sur-
face with exaggerated curvature. Thus, the translation was
less predictable. In this context, additional iterations can be
useful to reach an optimized final puncture position.

2) The robot might also have been less stable in the small
animal abdomen than in a flatter surface, even though the
LPR weight, the strap tension, and the contact between
the skin surface and the robot base allowed no visually
detectable robot instability during positioning or puncture.

3) Last, but not least, it was not possible to obtain an apnea
from the animals during our in vivo experiments. Thus,
the larger part of the final puncture inaccuracy can be
assumed to be due to respiratory motion.
These points require further in vivo evaluations. Segmenta-

tion and registration algorithms are currently based on image
data acquired in a small volume that includes the localization
device with postmotion processing. Further work will be done

If necessary, this last step can be split and iterated: the 
radiologist can define intermediate puncture points and move 
the needle forward step by step to check the needle progres-

sion. Between each puncture step, the robot automatically 
adjusts the thrust–bearing position according to the user-

defined intermediate target and to the corresponding needle 
penetration depth.

(Thrust–bearing positioning usually takes around one minute, 
depending on the required depth adjustment.)

If necessary, 
these last three 

steps can be 
iterated to ensure 
optimal accuracy.

Initial injection of an artificial CT-visible target, simulating
the tumor to be punctured, in the liver of a pig

under general anesthesia.

Installation of the robot frame around the pig in the CT
table, with the needle-holder part approximately

located on the pig abdomen surface near the
expected puncture entry point. 

(Not more than one minute is needed to set the robot in
its initial position.)

CT images are used
1) by the radiologist to indicate the desired entry

and target points, and 
2) by the robot control software to segment and register

the localization device and, thus, to determine the
current robot position.

Computation of the commands to send to the pneumatic 
actuators and automated realization of the robot motion.

(This motion takes from a few seconds to a few minutes, 
depending on how far the final robot position compares 

to its initial position.)

Acquisition of a new set of CT images so that the 
radiologist can check, before the puncture, that the 
robot and needle have reached the desired position 

and orientation on the pig’s abdomen surface.

The radiologist gives the puncture 
movement command to the robot.

(This movement is achieved in less than 
one second.)

Robot clamps can release the needle once 
its movement has been completed

Acquisition of a first set of CT images.

Fig. 9. Steps involved in the whole experimental setting.
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to provide a fast closed-control loop, in real time during robot
motion, based on a single-slice image acquisition.

Algorithms used during the LPR localization process have ini-
tially been developed with CT images. However, thanks tomateri-
als employed to construct the robot, to its compact architecture,
and to the remote pneumatic energy source used to actuate it, LPR
is fully MR-compatible, and image acquisitions with LPR have
already been achieved in a clinical closed-boreMRI [Figure 1(a)].

An important point to considerwhendeveloping amedical device
is the possibility of sterilizing the device components in contact with
human body or protecting them with draping. The LPR is made of
materials that are expected to be compatible with sterilization con-
straints; this point will deserve further experimental assessment.

Let us note that manipulating and driving a needle inside a
closed MRI bore, and in the presence of a corpulent patient
inside the bore, imposes a drastic limitation of the workspace
[11]. Furthermore, this confined workspace is very dependent
on the needle orientation and the patient size and position.

Indeed, during the experiments with the LPR, we have first
measured the transversal workspace available between the
patient’s table and the innerMRI bore surface (a Philips Achieva,
60 cm Ø, 1.5 T) without any patient inside. At the midsagittal
plane of the bore, this workspace is maximal and equals�40 cm.
When placing a male subject (1.65 m height and 65 kg weight)
inside the MRI bore, the transversal workspace at the midsagittal
plane of the bore is reduced to �22 cm (the distance from the
abdomen surface to the inner surface of the MRI bore). Off this
midsagittal plane, due to the noncylindrical shape of patient’s
body, the workspace in an oblique plane can rapidly decrease to
become as small as�15 cm (see Figure 10).

However, if this workspace is able to contain the adequate nee-
dle chosen for the puncture, the intervention can also be per-
formed using our needle driver under the condition that this latter
presents a smaller (or equal) height than the chosen needle. The
current prototype almost verifies this condition (15 cm height),
and we are now working on the development of a smaller needle
driver in which the height (�10 cm) will be compatible with the
length of most existing biopsy needles. Presently, we are also
adapting the CT segmentation and registration algorithms for
MR images. This will allow the first LPR experiments with MRI

on healthy volunteers and will further demonstrate the possibility
with LPR to transform a simple CT or closedMR into a real-time
controlled interventional imaging device.
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Alpes and works on a software for synchronized multiple-
camera video playing and recording.

Frederic Dorandeu is the head of the
Experimental Pharmacology and Toxicol-
ogy Group within the Department of Tox-
icology, Centre de Recherches du Service
de Sant�e des Arm�ees (Military Medical
Research Institute) in La Tronche, France.
He received his pharmacy degree (Pharm.
D.) from the University of Lyon, France,

in 1990 and his Ph.D. degree in neurosciences from
Universit�e Joseph Fourier in 1998. He received two awards
from the French National Academy of Pharmacy. He is a
lieutenant-colonel in the French military health joint service.
His group is primarily in charge of research on the medical
countermeasures against the organophosphorus compound-
induced toxicity.

Philippe Cinquin is a professor of medi-
cal informatics at TIMC-IMAG, a re-
search unit of CNRS in Grenoble, France,
and at Universit�e Joseph Fourier. He
heads the Centre for Technological Inno-
vation of Grenoble’s University Hospital.
He holds a Ph.D. degree in applied mathe-
matics and is a medical doctor. In 1984, he

launched a research project on Computer Assisted Medical
Interventions (CAMI). This activity lead to an innovative
approach in surgical practice and to four industrial start-ups.
He received the Maurice E. Muller award for excellence in
computer-assisted orthopaedic surgery in 1999 and the
CNRS silver medal in 2003.

Address for Correspondence: Ivan Bricault, Laboratoire
TIMC, Equipe GMCAO, Institut d’Ing�enierie de l’Informa-
tion de Sant�e, Facult�e de M�edecine, 38706 La Tronche cedex,
France. E-mail: ivan.bricault@imag.fr.

References
[1] R. H. Taylor and D. Stoianovici, ‘‘Medical robotics in computer-integrated
surgery,’’ IEEE Trans. Robot. Automat., vol. 19, no. 5, pp. 765–781, Oct. 2003.

[2] K. Cleary, A. Melzer, V. Watson, G. Kronreif, and D. Stoianovici, ‘‘Inter-
ventional robotic systems: Applications and technology state-of-the-art,’’
Minim. Invasive Ther. Allied Technol., vol. 15, no. 2, pp. 101–113, Apr.
2006.
[3] J. F. Schenck, ‘‘The role of magnetic susceptibility in magnetic resonance
imaging: MRI magnetic compatibility of the first and second kinds,’’ Med. Phys.,
vol. 23, no. 6, pp. 815–850, June 1996.
[4] K. Chinzei, R. Kikinis, and A. Jolesz, ‘‘MR compatibility of mechatronic
devices: Design criteria,’’ in Proc. 2nd MICCAI, Cambridge, Sept. 1999,
pp. 1020–1031.
[5] K. Chinzei, K. Yoshinaka, and T. Washio, ‘‘Numerical simulations and lab
tests for design of MR-compatible robots,’’ in Proc. IEEE Int. Conf. Robotics and
Automation, 2006, pp. 3819–3824.
[6] R. Gassert, R. Moser, E. Burdet, and H. Bleuler, ‘‘MRI/fMRI-compatible
robotic system with force feedback for interaction with human motion,’’ IEEE/
ASME Trans. Mechatron., vol. 11, no. 2, pp. 216–224, Apr. 2006.
[7] N. V. Tsekos, A. Özcan, and E. Christoforou, ‘‘A prototype manipulator for
magnetic resonance-guided interventions inside standard cylindrical magnetic
resonance imaging scanners,’’ J. Biomech. Eng., vol. 127, no. 6, pp. 972–980,
Nov. 2005.
[8] B. T. Larson, N. V. Tsekos, A. G. Erdman, E. Yacoub, P. V. Tsekos, and I.
G. Koutlas, ‘‘Design of an MR-compatible robotic stereotactic device for mini-
mally invasive interventions in the breast,’’ J. Biomech. Eng., vol. 126, no. 4,
pp. 458–465, Aug. 2004.
[9] H. Fischer, S. Kutter, J. Vagner, A. Felden, S. O. R. Pfleiderer, and W.
A. Kaiser, ‘‘ROBITOM II: Robot for biopsy and therapy of the mamma,’’ in
Proc. IEEE Int. Conf. Systems, Man and Cybernetics, Oct. 2004, vol. 3.
pp. 2530–2534.
[10] A. Krieger, R. C. Susil, C. M�enard, J. A. Coleman, G. Fichtinger, E. Atalar,
and L. L. Whitcomb, ‘‘Design of a novel MR compatible manipulator for image
guided prostate interventions,’’ IEEE Trans. Biomed. Eng., vol. 52, no. 2,
pp. 306–313, Feb. 2005.
[11] K. Chinzei, N. Hata, A. Jolesz, and R. Kikinis, ‘‘Surgical assist robot for the
active navigation in the intraoperative MRI: Hardware design issues,’’ in Proc.
IEEE/RSJ Int. Conf. Intelligent Robots and Systems, Takamatsu, Japan, 2000,
vol. 1. pp. 727–732.
[12] Yamamoto, K. Ichiyanagi, T. Higuchi, H. Imamizu, R. Gassert, M. Ingold,
L. Sache, and H. Bleuler, ‘‘Evaluation of MR-compatibility of electrostatic linear
motor,’’ in Proc. IEEE Int. Conf. Robotics and Automation, Barcelona, Spain,
Apr. 2005, pp. 3658–3663.
[13] J. Vogan, A. Wingert, J. S. Plante, S. Dubowsky, M. Hafez,
D. Kacher, and F. Jolesz, ‘‘Manipulation in MRI devices using electrostric-
tive polymer actuators: With an application to reconfigurable imaging
coils,’’ in Proc. IEEE Int. Conf. Robotics and Automation, May 2004,
vol. 3. pp. 2498–2504.
[14] V. Gonzales, J. Troccaz, Ph. Cinquin, A. Guerraz, F. Pellisier, P. Thorel,
B. Tondu, F. Courreges, G. Poisson, M. Althuser, and J.-M. Ayoubi, ‘‘Experi-
ments with the TER tele-echography robot,’’ in Proc. 5th Int. Conf. Medical
Image Computing and Computer-Assisted Intervention, London, UK, 2002,
vol. 2488. pp. 138–146.
[15] P. Berkelman, P. Cinquin, J. Troccaz, J. Ayoubi, C. Letoublon, and
F. Bouchard, ‘‘A compact, compliant laparoscopic endoscope manipulator,’’ in
Proc. IEEE Int. Conf. Robotics and Automation, Washington, DC, May 2002,
vol. 2. pp. 1870–1875.
[16] P. Cinquin, P. Berkelman, A. Jacquet, and J. Arnault, ‘‘System for position-
ing on a patient an observation and/or intervention device,’’ International Patent
BF 02/05848, May 13, 2002.
[17] N. Zemiti, G. Morel, T. Ortmaier, and N. Bonnet, ‘‘Mechatronic design of a
new robot for force control in minimally invasive surgery,’’ IEEE/ASME Trans.
Mechatron., vol. 12, no. 2, pp. 143–153, Apr. 2007.
[18] N. Zemiti, T. Ortmaier, M. Vitrani, and G. Morel, ‘‘A force controlled lapa-
roscopic surgical robot without distal force sensing,’’ in Proc. 9th Int. Symp.
Experimental Robotics, Singapore, June 2004, pp. 153–163.
[19] J. Hong, T. Dohi, M. Hashizume, K. Konishi, and N. Hata, ‘‘An ultrasound-
driven needle-insertion robot for percutaneous cholecystostomy,’’ Phys. Med.
Biol., vol. 49, no. 3, pp. 441–455, 2004.
[20] B. Maurin, O. Piccin, B. Bayle, J. Gangloff, M. de Mathelin, L. Soler, and
A. Gangi, ‘‘A new robotic system for CT-guided percutaneous procedures with
haptic feedback,’’ in Proc. Computer Assisted Radiology and Surgery Congress,
Chicago, June 2004, pp. 515–520.
[21] R. C. Susil, J. H. Anderson, and R. H. Taylor, ‘‘A single image registration
method for ct guided interventions,’’ in Proc. 2nd Int. Conf. Medical Image Com-
puting and Computer-Assisted Intervention, Cambridge, England, Sept. 1999,
LNCS 1679, vol. 1679. pp. 798–808.
[22] G. Borgefors, ‘‘Hierarchical chamfer matching: A parametric edge matching
algorithm,’’ IEEE Trans. Pattern Anal. Machine Intell., vol. 10, no. 6, pp. 849–
865, Nov. 1988.
[23] Innomedic, Germany. (2008). INNOMOTION: CT- and MR-compatible
assistance system for interventional radiology. [Online]. Available: www.innomedic.de
[24] R. Gassert, E. Burdet, and K. Chinzei, IEEE Eng. Med. Biol. Mag., vol. 27,
no. 3, pp. 15–22, 2008.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE MAY/JUNE 200850



©PROJECT NEUROARM,
UNIVERSITY OF CALGARY,
CALGARY, ALBERTA

A General-Purpose
MR-Compatible Robotic
System

M
agnetic resonance imaging (MRI) is a versatile
imaging modality and an indispensable tool in
modern diagnostic medicine, with a wide range of
applications in clinical and basic science research.

As a result of its broad applicability and noninvasive nature, it is
being developed for diagnostic and therapeutic image-guided
interventions (IGIs) [1]–[4]. An impediment to this advance-
ment, however, is the limited access to the patient, especially
with the high-field cylindrical magnetic resonance (MR) scan-
ners. To address the limited patient accessibility and facilitate
real-time guidance of IGI, remotely actuated and controlled
MR-compatible manipulators have been introduced. The con-
cept of MR compatibility is discussed in the guest editorial of
this special issue [29]. Several examples ofMR-compatible ma-
nipulators have been developed, including a system for brain
biopsies [5], two systems for breast interventions [6]–[8], one
system for general use with the special ‘‘double-donut’’ scan-
ners [9], [10], an endoscope positioner [11], two systems for
prostate procedures [10], [12], and two general-purpose devices
for use with standard cylindrical MR scanners [13], [14]. We
review the development of a general-purpose robotic system at
the Washington University for performing minimally invasive
interventions with real-timeMR guidance [14]–[17].

Our motivation for this work originates from the essential fea-
tures of MRI that both compliment and improve current diagnos-
tic and therapeutic IGIs that use X-ray fluoroscopy, computed
tomography, or ultrasound. A major advantage of MRI is that it
is minimally invasive, both for the patient and the medical staff.
Another advantage is that MRI offers a wide range of soft-tissue
contrast mechanisms (e.g., standard T1/T2 contrast, perfusion,
angiography, and diffusion), which can be used to both delineate
the target and characterize the effects of the intervention. MRI is
also the only true three-dimensional (3-D) modality that allows
oblique 3-D or multislice imaging. This property, combined with
the capability of the modern MR scanners for on-the-fly adjust-
ment of the imaging planes, offers some highly promising
approaches for performing real-time IGIs.

In the following sections, we first present the criteria upon
which the system was based, and an overview of its compo-
nents, the design, and prototyping of the robotic manipulator

are also discussed. Then, we present its control components
and their general integration and logic. The human–machine
interface and the practice of performing MR-guided interven-
tions are described later. Finally, certain perspectives of this
technology will be discussed.

Design Criteria and Overview of the System
The development of our system adhered to five primary design
criteria. First, the robot must be compatible with the MR envi-
ronment both in that its operation is not affected by the MR
scanner and that it does not deteriorate the MR images such
that they are inappropriate for real-time MR-guided proce-
dures. Second, the robot must operate safely with regard to the
subject inside the confined spaces of a standard 60-cm hori-
zontal bore magnet and the vertically limited space between
the poles of an open MR scanner (with a distance of 40 cm).
Third, the robotic device should be for general purpose, i.e., it
is not anatomy or application specific, and is suitable for use
with both cylindrical and open scanners. Fourth, the robotic
device must have sufficient degrees of freedom (DoF) to
maneuver a probe to set an insertion path for a defined proce-
dure. Finally, the MRI-based operation of the device should
be as simple and intuitive as possible.

Based on optimizing the above design criteria, the system
evolved through several versions to its current form (Figure 1).
The complete system integrates the hardware and software
components necessary for an MR-guided intervention. The
main hardware components are a 7-DoF robot and its associated
actuators, controllers, and wiring shielded with a Faraday cage
residing inside the scanner room, two control computers that
reside outside the scanner room, and a manual master/slave
control handle that can be used either in the scanner room or in
the MR operator room. The system is interfaced to the MR
scanner via a transmission control protocol/internet protocol
(TCP/IP) for receiving MR images or raw MR data (unrecon-
structed images) and for sending commands to the MR scanner
for on-the-fly control of the image acquisition parameters.

The main software components include routines for
manipulator-driven control of the MR scanner and safety checks
to prevent collisions of the robot with the subject. All software
was developed in the Simulink (The Mathworks Inc., Natick,
MA)-based xPC Target real-time environment and uses two
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dedicated personal computers (PCs). All calculations (image
reconstruction, IGI planning, preparatory processing for the
safety check component) are executed on the Host PC (Dual
Pentium IV Xeon 3.06-GHz system with 2-GB memory, NVI-
DIA Quadro FX 3000 graphics card), which receives image
data from the scanner through a 100-Mb Ethernet connection.
The Host PC provides means for manual control, through a
graphical user interface (GUI) or the master/slave handle. The
Host PC generates and sends control instructions to the Target
PC (Pentium III 450-MHz system with 512-MB RAM) via a
dedicated Ethernet network card (1 Gb/s) on each side and the
communication is accomplished via a TCP/IP. The Target PC
runs the real-time xPC Target operating system (Mathworks),
and its function is the real-time control of the manipulator and
imaging planes. The Target PC uses counters (PCI-6602,
National Instruments, TX) to read the optical encoder values
and digital input/output cards (PCI-6503, National Instruments)
to send control signals to the motors.

Design and Physical Prototyping of the Robot

The Kinematic Structure of the Robot
The limited space inside a cylindrical MR scanner was addressed
by performing a series of studies to analyze the available space

above the human volunteers in the supine and prone position
[14], [18]. Multislice sets of transverse and sagittal MR images
were collected, and the available space was extracted with edge
detection processing. Subsequently, we used 3-D solid modeling
(using software by SolidWorks Corporation, Concord, MA) to
investigate different sizes of end effector and kinematic configu-
rations to identify suitable approaches.

On the basis of the above space analysis studies and the
design criteria for a general-purpose robot with sufficient
maneuverability, we used a kinematic configuration that
incorporates three orthogonal DoF (X, Y, and Z) for global
positioning of an arm that carries an end effector and three
rotational DoF for setting the Euler angles of access to a target
[14], [15]. The end effector has an additional linear DoF (D)
for the insertion of an interventional tool such as biopsy nee-
dles or thermal ablators. For higher flexibility, we selected an
arrangement with two redundant DoF, h1 and h2, along the
axis of the arm and a third, h3, orthogonal to it [14]. This
design is compatible for operation in both the widely used
cylindrical scanners and the open scanners (i.e., it is not scan-
ner specific). In the case of cylindrical scanners, the manipu-
lation system can be placed either at the front or at the back
entrance of the gantry, depending on the requirements of a
specific application. In open scanners, the system can be

placed along any direction
allowed by the support struc-
ture of the two poles (C-arm
or all around open).

Construction Materials
For MR compatibility, the
manipulator was constructed
primarily of nonmagnetic and
nonconductive materials such
as plastic (Delrin, Teflon, and
polycarbonate) and fiberglass.
Certain small parts of the robot
associated with the motion
transmission mechanism (such
as gears and support pins) were
made of stainless steel, brass,
or aluminum for strength. Such
small parts were kept to amini-
mum and at least 15 cm away
from the end effector, i.e., the
area of operation and imaging.

Actuators
All six computer-controlled
DoF are actuated with com-
mercial ultrasonic motors
(USR-60-E3, Shinsei Corpo-
ration, Tokyo, Japan), which
are commonly used in many
MR-compatible mechatronic
assemblies, e.g., [5], [7]–[9],
[11], [14]. Although the oper-
ation of those motors is not
affected by magnetic fields,
their conductive cases can in-
duce severe signal artifacts to
the MR images. In addition,
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Fig. 1. Overview of the architecture of the interventional system. The photographs depict: (a) the
Host PC with its two monitors at the MR operator room. Components and lines shaded in light gray
are shielded (Faraday cage and connections to and from the manipulator and the Target PC),
(b) the robot in place in front the gantry of an cylindrical 1.5 Tesla MR scanner, (c) the master/slave
handle for manual control of the robot, and (d) the power supply, motion controllers and wiring
boxes that reside inside the Faraday cages. Dashed lines represent video connections (one passes
through the filter plate to a projector for viewing the MR console output inside the scanner room).
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they are bulky and thus inappropriate for direct coupling on the
actuated joints. For these reasons, the motors were placed out-
side the scanner at the proximal end of the arm and coupled to
the actuated joints with through-joint transmission lines [15].
This approach proved efficient for both the robot presented here
and a robotic system we developed previously for MRI-guided
interventions in the breast [7], [8] However, one should con-
sider the performance limitations of such transmission systems
that typically suffer from friction, backlash, and elasticity [15],
[18]. In this system, the linear DoF showed negligible backlash
and joint flexibility due to dynamic loading [18]. The joints of
the h1, h2, and h3 rotational DoF have backlashes of �2�,
�1.25�, and �3�, and flexibilities of 1.2, 2.6, and 11.5�/Nm,
respectively [18]. The seventh linear (D) DoF used for insertion
is actuated manually using a cable-driven mechanism and a
hand-held actuation device. Because the step of inserting a
probe is preferentially performed with the operator by the side
of the subject, this option provided the simplest mechanism that
performed effectively in all studies [14], [17], [19].

The End effector
We have constructed and evaluated several versions of end
effectors for carrying different tools and for being able to exe-
cute certain tasks associated with IGI. All versions have three
common elements: a linear DoF for the insertion of interven-
tional tools, actuated with the aforementioned cable-driven
actuator, MRI markers for the visualization of its motion, and
two-dimensional (2-D) or 3-D cross-shaped markers for the
registration of the robot to the MR scanner. Figure 2(a) shows
a version of the end effector designed for needle targeting
applications (e.g., biopsies,
thermal ablations, and local-
ized delivery of contrast or
therapeutic agents). Figures
2(b) and (c) show another end
effector equipped with a
remotely controlled mechani-
cal subassembly that facili-
tates both the delivery of an
interventional tool at a target
and its release. This end
effector is currently used for
MR-guided radiofrequency
ablation applications and cer-
tain cardiovascular applications.

All end effectors were con-
structed of Delrin and Teflon.
Because the end effector is
the part of the robot that oper-
ates directly inside the im-
aged volume, the use of MR

inert materials is absolutely necessary. As a result, the end
effector is not visible in the MR images. To visualize the end
effector, we used compartments filled with dilute solution
of gadolinium (Gd)-based T1-shortening contrast agent.
These markers appear hyperintense in T1-weighted MR
images, which are most often used in our studies because of
their high soft-tissue contrast. We have evaluated different
configurations of those compartments and have attached them
on the tip of the end effector or on the actuated moving holder of
the interventional tool. The zoomed photograph insert in Fig-
ure 2(c) shows the markers of this particular end effector, which
are two 3-mm diameter cylindrical compartments attached to the
distal tip of the end effector. This very simple implementation
was found highly efficient for visualizing the maneuvering and
targeting of the end effector, especially with the manual control.
In our work, we used passive-visualization with Gd-filled mark-
ers, when compared with active visualization with fiducial
markers based on miniature RF coils, for simplicity. It should be
emphasized that these markers were used only for the optical
delineation of the MR-inert end effector and visualization of its
maneuvering in the MR images. The temporal spatial position
(localization) of the end effector was calculated from the forward
kinematics using the optical encoder signals as discussed below.

Control Components and Integration
Control of the robot is based on three distinct software ele-
ments that operate in synergy (Figure 3). First, at the begin-
ning of each study, a procedure registers the manipulator,
patient, and gantry relative to the coordinate system of the MR
scanner. During a study, a forward kinematics algorithm

θ2

θ3

Δ

(a) (b) (c)

Fig. 2. (a) One of the implemented end effectors loaded with an MR-compatible needle on
the insertion mechanism. The h2, h3, and D DoF are identified with the gray arrows. (b) and
(c) An end effector that has a remotely actuated mechanism for releasing an interventional
tool after it was placed at the target. (b) The end effector has inserted an introducer sheath
through the openings of a radiofrequency coil. (c) The sheath has been released and the
end effector rotated (actuation of h3). The white arrows in the zoomed insert photograph
point to the two Gd-filled tubular markers used for the visualization of the end effector in the
MR images [as shown in Figures 5(c), (d), and 6].

The system implements IGI with a novel method

that exploits the true 3-D capabilities of

MR scanners.
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performs calculations for controlling the manipulator and
updating the position and orientation of the imaging plane.
The third element is a safety routine that continuously checks
for potential collision with the gantry or subject. Pulse sequen-
ces and protocols were also modified appropriately to facili-
tate the interfacing of the scanner with the robot.

Registration
Control of the robot, MR scanner, and safety check compo-
nent require registration of the robot to the same coordinate
system as the MR images, which is defined by the gradient
coils. For this purpose, we use a 2-D, and recently 3-D, cross-
shaped MR-visible marker (made of 3% Gd-filled 3.1-mm
diameter tubes), attached to a specific position on the end
effector. At the beginning of a session, the end effector is
advanced close to the isocenter of the scanner to minimize
spatial image distortion (at the isocenter, gradient nonlinear-
ities are minimal compared with main magnetic field inhomo-
geneity). First, a set of multislice scout images were acquired
to localize the cross-shaped marker and then three high-
resolution orthogonal slices centered on the marker were
acquired from which the coordinates of the marker were deter-
mined. The panel of images in Figure 3(b) shows examples of
the high-resolution images used for marker registration,
underscoring the high image quality visualization of the

marker. Because the manipulator is at the same default config-
uration (same position of the base relative to the scanner, and
all DoF zeroed), this process always registers the robot accu-
rately relative to the MR scanner. The registration procedure
is performed once at the beginning of a study and in all subse-
quent maneuvering the forward kinematics use the initial
coordinates of the end effector.

Safety Check Component
Since our early virtual prototyping studies, it was evident
that we needed a safety check procedure to ensure that the
robot did not collide with the subject or the gantry of the
scanner. Therefore, we implemented an MR-image-based
safety check software component [14], [17]. At the begin-
ning of a session, a set of transverse slices are also acquired
to extract the boundaries of the subject via an edge detection
algorithm based on the Canny method [20] and generate a
3-D mask of the subject’s volume. The safety routine uses
this 3-D mask and programmed gantry coordinates to define
an allowable maneuvering zone for the manipulator. Figure
3(a) shows an example of the generated mask, gantry, and
example trajectories of the robot. The safety component
compares the solution of the forward kinematics to the allow-
able maneuvering zone. If the motion will result in a colli-
sion, it is rejected [Figure 3(c)].

Manipulator-Driven
Control of the MR
Scanner
The system implements IGI
with a novel method that
exploits the true 3-D capabil-
ities of MR scanners. The
method updates the scanner
in real-time such that the
position and orientation of
the imaging locus follow the
maneuvering of the end
effector [17], [21]. For this
manipulator-driven control,
the forward kinematic algo-
rithm calculates the position
and orientation of the plane
on which the needle of the
end effector will reside at
the end of each step. If the
motion is authorized by the
safety control component,
then the end effector position
information is sent over a
TCP/IP to theMR scanner for
on-the-fly adjustment of the
position and orientation of
the imaging plane to always
image the end effector. The
operator can always select a
preferred plane orientation,
which can be transverse, sag-
ittal, or coronal. As discussed
in more detail in [17], both
computer- and operator-
managed control are available.
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Fig. 3. Block flowchart showing the flow of information and processes in the control software.
The input parameters are shaded in gray. The operator enters the Control Command through
the GUI (Figure 4) or with the master/slave handle (Figure 5). Initially, the software extracts
from multislice MR images the Allowable Space inside the MR scanner (a) for use by the Colli-
sion and Safety Check routine. Subsequently, the robot is registered relative to the MR scan-
ner by measuring the coordinates of a 2-D or a 3-D cross-shaped MR visible marker from MR
images (b). (b) The transverse and sagittal images centered on a 2-D cross-shaped marker
(white circle; also pointed by the white notched arrow in the zoomed images). The forward
kinematics are then solved to determine the coordinates of the requested final position,
which are then tested for compliance with the safety and collision avoidance routine. If they
are within the allowable space the motion is executed otherwise the motion is rejected. The
operation (c) shows the commanded (solid line) and the executed (dashed line) motion;
when a motion is not allowed, the safety routine prevents its execution.
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Human–Machine Interface
The operator could interface with the robot with either a GUI
or a manual master/slave device.

Graphical User Interface
Figure 4 shows the GUI interface, which is used primarily for
stereotactic control of the robot. In this mode of operation,
raw MR data are transferred to the Host PC (Figure 1), recon-
structed by fast Fourier transform, and then presented at the
three viewing windows of the GUI. The upper two windows
(slice windows) present two
slices (parallel or oblique to
each other) selected by the
user from an acquired multi-
slice set. The slices are also
reconstructed in 3-D and
presented in the third window
(virtual scene window) and,
if desired, together with a
virtual presentation of the
robot. The slice windows
have two graphical markers
that can be moved with the
mouse on the imaged plane,
while their position on the
window is translated to MR
coordinates. Their markers
are used for stereotactic plan-
ning [16], as discussed in
more detail below. The GUI
also offers the option for
stepwise maneuvering of the
robot using the control but-
tons and/or the text fields
provided for each DoF. For
testing purposes, the GUI also
presents numerical values of
the slice positions and orienta-
tions, positions of the two
marker, and positions of the
joint variables of the physical
and virtual robots.

Master/Slave Manual
Handle
The master/slave control
device is used for manual
freehand control and is com-
posed of two pieces [Figures
5(a) and (b)]: an articulated
handle, which resembles the
geometry of the arm with
joints that correspond to the
three rotational DoF, and a
desktop piece with three
dials, which correspond to
the three orthogonal DoF.
The joints of the articulated
device and the dials of the
desktop piece are equipped
with optical encoders, whose
readings are converted to

motion instructions and enter into the control processes shown
in Figure 3. Movements of this device, which is the master
manipulator, are replicated by the robot, which is the slave
manipulator. The operator can visualize the maneuvering of
the end effector with dynamic MRI [like the examples in Fig-
ures 5(c), (d), and 6] and adjust as necessary. The control han-
dle presented herein is a preliminary version and lacks certain
features. It does not incorporate any active actuation mecha-
nism, and therefore, the operator cannot sense backlash or the
motion constraints imposed by the safety check component. In
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Fig. 4. The graphical user interface used for stereotactic performance of IGI with this system.
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Fig. 5. (a) and (b) Two frames depicting the motion of the master/slave handle with the robot
following the instructed motions. (c) A photograph of the screen projected with a projector
(Figure 1) inside the MR scanner room when the operator resides by the patient couch. The
insert (d) shows a zoomed view of the real-time reconstruction window of the scanner console
with the oval line delineating the MR-visible markers on the end effector.
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its current form, with freehand control, the safety check soft-
ware shows a warning on the GUI when a motion is not allow-
able. Work is currently directed toward developing and testing
a haptic manual control device that will address these issues.
Manual control of the robot can also be performed with a sim-
ple GUI using the mouse pointer to activate its buttons to per-
form stepwise motions with user-defined steps of 0.1–5 mm
for the linear DoF and 1–5� for the rotational DoF.

MR-Guided Interventions

Stereotactic Control
The stereotactic controlled IGI use the GUI described above
and entails three steps [16]. First, the operator defines a path
of insertion, based on preoperative MR images. Second, if this
path is allowed by the safety control checks, the system
maneuvers the robot and aligns the end effector to this path.
Third, the operator inserts the interventional tool by manual
actuation of the translational DoF (D). For the definition of the
path of insertion, the operator adjusts with the mouse the two
graphical markers provided on the two slice windows. Specifi-
cally, the first slice window is used for setting the entry point
and the second slice window for setting the target point. Dur-
ing this task, the 3-D window is continuously updated by
refreshing the position of the markers, the insertion path that
connects them and the virtual robot. Setting the insertion path
is straightforward. This 3-D virtual environment provides a
comfortable visualization framework for executing the inter-
vention: as the calculations are finished rapidly and the
graphics are updated quickly, visualization of the procedure
has the feeling of a movie.

Freehand/Manual Control
This mode allows the operator to maneuver the end effector
above the area of interest while scanning the anatomy. A
phantom study demonstrating this method is shown in Figure
6. In this study, dynamic imaging was performed with a True
Fast Imaging with Steady Precession (TrueFISP) sequence
(with TR/TE/a ¼ 4.3 ms/2.15 ms/308; slice thickness ¼ 8
mm; acquisition matrix ¼ 128 3 256; field of view (FOV) ¼
2603 260 mm2; pixel size ¼ 1.53 1.5 mm2). The two bright
lines are Gd-filled markers attached on each side of a biopsy
needle. The operator is provided a forward-looking view of
the anatomy and moves the manipulator by either control
commands issued through the GUI or the master/slave control
handle. The graphical interface shows the end effector cen-
tered relative to the field of view with the anatomy or phantom
moving relative to it. After the needle is properly aligned with
the insertion path, the insertion DoF is activated. The advance-
ment of the needle is monitored with dynamic MRI to confirm
its placement. This method has been used successfully in MR-
guided access to the spinal canal in the lumbar area on pig
cadavers (Figure 7) [19].

The freehand man-in-the-loop direct control of the interven-
tional tool, combined with on-the-fly manipulator-driven update
of the imaging plane, provides simple and intuitive image guid-
ance comparable to that which is currently used with ultra-
sound-guided interventions. The operator can easily scout the
subject, identify a target, and set the insertion path. This capabil-
ity may also provide the means for compensation of needle
bending, a major source of error [12], [22]–[24], because the
operator can use dynamic imaging and direct maneuvering to
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Fig. 6. Selected frames from a target acquisition study using
the manipulator-driven control of the MR scanner. The end
effector is visible with the MR markers attached on the mov-
ing component of the end effector (for visualization of the
D DoF). Note how the end effector remains at the center of
the FOV during maneuvering. (a)–(c) Motion of the robot
along the z axis of the scanner (scouting to identify the tar-
get, pointed with the white cross, and the insertion path
identified with the white triangle), (d)–(f) translation of the
robot along the x axis of the scanner (to the left when look-
ing toward the gantry), (g)–(i) rotation of the h3 DoF, and
( j)–( l ) insertion of the needle to the aimed target.

(a) (b)

Fig. 7. Results from an MR-guided intervention in the spine of
a pig cadaver with the robotic device inside a cylindrical 1.5-
T MR scanner. Selected slices show (a) an oblique sagittal
view of the pig’s abdomen and (b) an oblique transverse
slice. The white box in (a) indicates the position of the slice
shown in (b), and the box in (b) the position of the slice shown
in (a).
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appropriately react and correct the bending. The feature of hav-
ing the tool always at the same position and orientation relative
to the FOV provides a straightforward way of directing the tool,
while a simple software routine can place a line of sight on any
frame without additional image processing. In these studies, the
system demonstrated an accuracy of�1.6 mm and in-plane path
orientation of�2.5� relative to the line of sight [17].

Looking into the Future
Performance of IGIs with MR-compatible manipulators is an
emerging and exciting area that requires expertise from a wide
range of engineering, basic science, and clinical fields. The
introduction and development of such systems has been
prompted primarily by the wide range of soft-tissue contrasts
available to guide diagnostic (i.e., biopsies) and therapeutic
interventions and to address the limited patient accessibility of
MRI, especially with the high-field cylindrical MR scanners.
The contrast ability of MRI allows IGI procedures to be per-
formed with excellent visualization not only of the target tissue
but also of the neighboring tissues and along the trajectory of
the interventional tool. This is potentially a great advantage
because the trajectory of the tool may need to be adjusted to
avoid passing through other organs where injury can be
inflicted, such as blood vessels, isolated nerves or nerve plex-
uses, and solid organs [25]–[27]. In addition, in the case of pro-
cedures in which an injection is to be made in a certain area of
the body, the spread of the injected liquid could also be visual-
ized [4], [13], [28]. MRI technology also offers excellent
oblique 3-D or multislice visualizations and no radiation expo-
sure for the patient or physician. Therefore, even though MR-
compatible interventional systems are not yet proven, it is
worthwhile pursuing further development in this area, as the
potential benefits can be substantial.

Another aspect we believe to be of paramount importance is
the effective integration of imaging modality with the opera-
tion and control of the manipulator. In our work, we have
implemented methods for stereotactic and freehand guidance
of a procedure, with the maneuvering constraint by continuous
safety checks to avoid collisions. Our preliminary studies indi-
cate that both methods are suitable and may have different
applications. Stereotactic approaches can take advantage of
the fact that MRI offers unparallel 3-D and multislice capabil-
ities and a wide range of contrast mechanisms. However,
sometimes too much information may not serve in favor of
guiding a procedure because it may increase the workload and
distract the operator. Depending on the physician and the
procedure, freehand may be far more intuitive because it
resembles the performance of a procedure with the gold
standard ultrasound imaging. In pilot studies, the manipulator-
driven on-the-fly control of the MR scanner proved an effi-
cient way for guiding the maneuvering of the manipulator, by

offering ‘‘forward-looking’’ capabilities and at-will scouting
of the target [17], [19], [21]. Together with the development of
the mechatronic technology, it is important to focus research
on fast imaging protocols, image processing, and displays
that simplify the workload of the operator. Previous studies
have illustrated that MRI with different contrast can be seg-
mented and overlaid to define pathways and avoid sensitive
structures (such as vessels) and healthy tissue [1]–[4]. Always
the end user being the primary determinant of a design, an
additional aspect that needs careful evaluation is the human–
machine interface.

Although the contrast ability, 3-D visualization, and nonin-
vasive nature of MRI are clinically relevant, other factors will
affect the clinical merit of this technology. The first is whether
MRI-guided and robot-assisted procedures indeed offer
substantial benefits to patient management compared with
current interventional practices and whether they can facilitate
new procedures not possible with the available modalities.
Identification of clinically viable applications for MR-
compatible interventional robotic systems has already started
with clinical studies in the breast [23], [24], spine [13], and
prostate [22]. Only extensive multicenter trials can assess this.
The second is cost-effectiveness. In an era of managed health
care and limited financial resources, high-cost and high-
technology systems will be highly scrutinized. The financial
aspect encompasses different levels: acquisition of a robotic
system, training of personnel, maintenance and upgrade of the
devices, operation and, especially, mechanisms of reimburse-
ment. When looking into the cost-effectiveness of MR-
compatible systems, one cannot ignore the fact that MRI is
among the most expensive imaging modalities to acquire and
operate. As a result, the cost of the personnel and time the
scanner room is occupied, including setting up the system and
performing the procedure, must be considered.
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Integrating an Image-Guided
Robot with Intraoperative MRI

P
rogress in neurosurgery has depended on advances in
lesion localization. Microsurgical techniques, together
with the introduction of intraoperative magnetic reso-
nance imaging (MRI), established the need and the

environment for the integration of robotics with surgery. In this
article, we summarize our experience with intraoperative MRI
on 781 neurosurgical patients. Intraoperative MRI demon-
strated unsuspected residual pathology in up to 20% of patients.
To take full advantage of the imaging environment, an mag-
netic resonance (MR)-compatible image-guided robot capable
of both microsurgery and stereotaxy was designed and con-
structed. Unique features of the system include the use of non-
ferromagnetic materials, an end effector that actuates standard
surgical instrumentation, automated tool exchange, and haptic
feedback. Safety-oriented software architecture allows for no-
go zones. A multisensory (sight, sound, and touch) workstation
immerses the surgeon into not only the operative field but also
the MRI and virtual environments. Surgeons may be able to
perform skillfully at a spatial resolution of 100 lm, instead of a
few micrometers, through motion scaling, tremor filtering, and
precision robotics. The combined technologies will further
enhance the ability to improve patient outcome.

History of Imaging Techniques
Throughout history, advances in neurosurgery have been
linked to technology progress, in particular, the ones
enhancing lesion localization. The milestone discovery of
X-rays in 1895 was followed by the development of pneu-
moencephalography, or air injection, to show brain shift
through the displacement of ventricles [1]. Pneumoencepha-
lography remained the principal observation method from
1917 to the mid-1950s. In 1927, contrast angiography was
introduced to allow the visualization of brain arteries and
their displacement. The technique was, however, not widely
adopted until the development of less toxic iodinated con-
trast agents, which were required [2]. In 1972, computerized
tomographic (CT) imaging was introduced, shortly fol-
lowed, in 1978, by MRI [3]–[6]. In addition to providing
accurate lesion localization, CT and MRI also showed the
effect of pathology on anatomical and vascular structures.

Later, functional and fiber-tracking MRI further revealed the
impact of pathology on brain function and interconnections
[7], [8]. Parallel to these developments, the microscope was
introduced to neurosurgery in the 1960s to provide increased
magnification and illumination of the surgical site [9]. This
inauspicious introduction of the surgical microscope led to a
revolution in neurosurgery. Coupled with technologies pro-
viding accurate lesion localization, increased magnification
led to smaller tools and narrower surgical corridors, thus push-
ing surgeons toward the limits of their precision, accuracy,
dexterity, and stamina.

Although of considerable benefit for diagnosis, preoper-
ative CT and MRI do not provide up-to-date images
obtained at the time of surgery, when the patient is anesthe-
tized and positioned. Also, the act of surgery itself shifts
structures with manipulation of the lesion and brain. This
renders preoperatively obtained spatial relationships inac-
curate. To overcome this, CT and MRI were incorporated
into the operating room (OR).

CT was introduced into ORs in 1982, but concerns related to
X-ray exposure and imaging artefacts precluded wide accep-
tance [10]. As MRI uses magnetism and radio frequency (RF)
energy, and provides superior soft tissue contrast, it has found
wider application in surgery [11]–[14]. Increasing the strength
of the magnetic field allowed better and faster imaging. How-
ever, moving a patient during surgery remains problematic.
Therefore, designs in which the magnet is moved relative to the
patient have hastened the utility and acceptance of this technol-
ogy. Together, these advances facilitate the acceptance of intrao-
perativeMRI (iMRI) as a standard OR technology.

At the University of Calgary, an iMRI system based on a
movable 1.5-T magnet was developed in collaboration with
the National Research Council Canada/Institute for Biodiag-
nostics [13], [15]. Imaging interrupts surgical rhythm and pro-
longs OR time, and therefore the number of imaging studies
performed during any given case has been limited to two or
three. To take full advantage of such an imaging environ-
ment inside the OR, an MR-compatible robotic system has
been designed, patented, manufactured, and integrated with
iMRI [16], [17]. The robotic interface spatially registered to
images acquired during surgery provides near real-time imag-
ing during biopsy as well as orientation relative to the surgical
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dissection during microsurgery. For further details about the con-
cept ofMR compatibility, see [27].

Intraoperative MRI

Technology

Magnet and Gradients
In general, signal-to-noise ratio (SNR) varies as a function of
magnetic-field strength. Higher-field magnets provide supe-
rior image resolution and shorter acquisition time. Therefore,
the iMRI system developed at the University of Calgary was
based on a ceiling-mounted 1.5-T magnet (Figure 1).

The magnet, together with relatively high-performance
gradients (22 mT/m in 350 ms), allows the full spectrum of
imaging sequences including diffusion, perfusion, and func-
tional imaging. The gradients were custom designed to
provide a large working aperture (68 cm) to accommodate
patient positioning and surgical apparatus, in particular, the
four-pin head-holder and fiducial array for registration and
surgical navigation. Moving the magnet ensures a patient-
focused environment with minimal impact on the established
anesthetic techniques. As the magnet can be moved readily
to an adjacent room, when not needed for surgery, the

technology is able to be shared, i.e., between surgery and
diagnostic imaging (Figure 2).

RF Coil and OR Table
A unique RF coil, which can be disassembled, was developed
and incorporated into the head holder. This provided free
access to the surgical site between iMRI studies. The OR table
was specifically designed to optimally integrate surgery with
the iMRI. The MR-compatible table was made of stainless
steel and composites, could be moved using hydraulics to
accommodate any patient position, and included versatile
head fixation. Local RF shielding was provided by a cop-
per-impregnated plexiglass screen placed over the patient
for imaging and attached to the magnet by a silver-impreg-
nated mesh.

Imaging Sequences
Imaging procedures were carried out based on variable imag-
ing sequences (T1, T2, FLAIR, MR angiograpy, and diffusion-
imagperfusion). T1 images, with and without the contrast
agent gadolinium, localized pathology and determined wheth-
er or not the blood-brain barrier was compromised. Gadolin-
ium was used to define unsuspected residual tumor at various
times during surgical dissection. If administered during the
planning stage prior to surgery, it may diffuse into normal tis-
sue, making the identification of residual tumor problematic.
T2 and FLAIR images showed the extent of brain edema,
whereas MR angiography showed the cerebral vasculature
and related pathology. Diffusion-perfusion MRI provided the
ability to define brain regions at risk for ischemic injury. For
example, aneurysm clip placement could be associated with
vascular occlusion and result in both decreased diffusion coeffi-
cient and impaired blood flow [18]. In the presence of such
changes, iMRI-acquired images allow the repositioning of the
clip, thereby reversing the changes.

Although functional MRI (fMRI) may localize the cortical
regions involved in speech, movement, and vision, the
patient needs to be awake and cooperative. Therefore, fMRI
is performed prior to and following surgery (Figure 3).
Other investigators have used anatomical landmarks to fuse
fMRI data with iMRI [19]. Fiber tracking shows intercon-
nections within the brain. The interconnections or white
matter tracks are important, as they may be displaced or

Fig. 1. Intraoperative MRI OR showing the University of Cal-
gary’s 1.5-T prototype ceiling-mounted magnet located in its
alcove between imaging studies.

(a) (b)

Fig. 3. (a) Preoperative and (b) postoperative 3-T fMR
images showing the bilateral representation of motor
speech cortex (red) and the relationship to a large left
hemisphere glioma.

Fig. 2. Intraoperative MRI two-room concept in Wilkes Barre,
Pennsylvania, showing technology sharing between surgery
and diagnostics.
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transected by pathology [20]. During surgery, iMRI has
shown shifting of the white matter tracks and their relation-
ship to the dissecting plane.

Clinical Material and Impact
The 781 patients, in whom iMRI was used as an adjunct to
surgery, included the full spectrum of intracranial and upper
cervical spine pathology. The largest number of patients had
primary central nervous system (CNS) neoplasia (n ¼ 451), fol-
lowed by epilepsy (n¼ 136), cerebrovascular (n¼ 80) and upper
cervical spine pathology (n ¼ 28). Patients with the three most
common primary CNS neoplasms are presented in Table 1. For
patients with glioma, iMRI augmented surgery in 14–25% of
cases. This was primarily related to unsuspected residual tumor
that was removed prior to wound closure (Figure 4).

For patients with pituitary adenoma, unsuspected residual
tumor was found in over 40% of the cases. In 200 patients,
iMRI, coupled with surgical navigation (BrainLAB, Germany),
obtained after anesthesia and patient positioning optimized
craniotomy placement and, for deep lesions, the trajectory to the
target. In five patients with suspected neoplasia, iMRI obtained
after the induction of anesthesia and positioning showed near or
complete resolution of the pathology observed on diagnostic
imaging. In all cases, anesthesia was reversed, and the patient
was discharged. Follow-up imaging has not shown recurrence in
any of the five patients.

In patients with epilepsy, unsuspected residual epileptogenic
cortex was found in 18% of the cases. The majority of epileptic
patients had intractable temporal lobe epilepsy. In these
patients, mesial temporal lobe structures were
approached through a small, midtemporal gyro-
tomy, making identification of the amygdala
problematic. This resulted in the relatively high
percentage of patients with residual tissue.
Among patients with upper cervical spine
lesions, 16 were degenerative and 12 neoplastic.
Unsuspected residual tumor or incomplete
decompression was observed at 18% of the
patients. For all patients, iMRI following wound
closure provided quality assurance, expediting
postoperative care. In two patients, hemorrhage
was observed at the surgical site. In both
cases, the wound was reopened, and the clot
was removed.

MR-Compatible Robotic System
To develop an MR-compatible image-guided
robotic system, a collaboration was established
between the University of Calgary andMacDon-
ald Dettwiler Associates (MDA, Canada), who
designed and constructed the CanadArm, for the

National Aeronautics and Space Administration (NASA), and
the Special Purpose Dextrous Manipulator, for the International
Space Station.

The system includes a multisensory workstation, a system
control cabinet, and two remote slave-manipulators on a
moveable base (Figure 5). The two arms have seven degrees
of freedom (DoF), are MR compatible, and designed to hold a
variety of surgical tools. The arms are manufactured primarily
of titanium and polyetheretherketone (PEEK) to allow com-
patibility with the intraoperative 1.5-T magnetic field. MR
compatibility ensures that the robot does not significantly
degrade image quality and that the robotic arms are not
adversely affected by the magnetic field or gradients. The
speed and payload requirements were determined based on the
maximum amount of time allowable during surgery to per-
form a tool exchange with the heaviest tool expected. This

Table 1. Impact of iMRI on brain tumor surgery.

Tumor Type
Number of
Cases

Unsuspected
Residual Tumor

Glioma
Grade I–II 111 16
Grade III 70 15
Grade IV 52 13

Meningioma 70 2
Pituitary adenoma 47 20

(a)

(b)

Fig. 4. Intraoperative T1-weighted Gd MR images (a) after the induction of
anesthesia and patient positioning. (b) Unsuspected residual tumor is observed
as enhancement within the resection cavity.

Progress in neurosurgery has depended on
advances in lesion localization.
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was quantified as accelerating to 200 mm/s during tool
exchange while carrying a 500-g payload.

MR compatibility could have been achieved using hydraulic
systems. This technology was excluded primarily because of

potential fluid contamination at the operative site. Ultrasonic
piezoelectric motors were ultimately chosen, as they displayed
good performance characteristics including MR compatibility,
20,000-h lifetime, 1-nm resolution, and inherent braking

characteristics if power was
lost. Their bandwidth and tor-
que output determined the
required gear ratios. Heat con-
duction to the titanium hous-
ings and additional heat sinks
allowed adequate dissipation
of heat during prolonged use.
Sine/cosine rotary electric en-
coders were used on the input
and output of each joint, pro-
viding fault detection in the
event that one encoder should
fail. These small, 16-b abso-
lute encoders allow 0.01 de-
gree accuracy and are capable
of retaining positional infor-
mation when powered off for
MRI. All gears were high-

precision manufactured from titanium, which is not a trivial
undertaking as titanium is difficult to machine. Antibacklash
mechanics ensure smooth motion when reversing direction,
thereby reducing the possibility of inadvertent tissue injury.
Satisfying the neurosurgical requirements of fast motion,
heavy payloads, precision, and accuracy, all in an MRI envi-
ronment, was a considerable engineering challenge.

Titanium multiaxis force/torque sensors were custom built
to provide feedback of tool tip forces in three DoF within an
iMRI environment. Each end effector incorporates two of
these high-resolution strain gauges, providing high-fidelity
haptics to the hand controllers. The use of two sensors allows
better separation of forces resulting from tool actuation versus
gravity. The forces associated with tool roll are mechanically
eliminated using a flexible union between the end effector and
the tool roll gear.

The end effector accommodates a variety of MR-
compatible tools within a standardized interface, allowing
tool roll and actuation. The mechanical design provides rapid
tool exchange in 2–5 s and enables draping to ensure sterility.
Tool exchange has been partially automated to mimic a
surgeon-nurse interface. The design also enhances safety
through tool-free manual extraction of the surgical instruments
in the event of system failure.

The mobile base supports the manipulator arms, the regis-
tration arm, and the field camera. For stereotaxy, the base
facilitates the transfer of one of the manipulators to an exten-
sion board inserted into the OR table (Figure 6). A counter-
balance mechanism, similar to the elevator design, minimizes
the power required to adjust the base height.

Modern surgery operates through narrowing surgical corri-
dors. Advanced imaging technologies and microsurgery have
constrained the surgeon’s field of view. The workstation not
only recreates the sight of surgery but removes the blindfold
imposed by these advances by integrating two-dimensional
(2-D) and three-dimensional (3-D) MR images. In addition,
the sound and touch of surgery has been recreated, thereby
facilitating the integration of surgeonswith robotics (Figure 7).
The workstation, or user interface, comprises four monitors

(a) (b)

Fig. 5. (a) Both manipulators are mounted on a mobile base in position for microsurgery. Also
included are the operating microscope, digitizing arm, and field camera. (b) Left neuroArm
manipulator with a detachable Codman ISOCOOL bipolar forcep attached to the end effector.

Fig. 6. The right manipulator of neuroArm liberated onto the
extension board for stereotaxy. Also shown is the multichan-
nel RF coil, and MR-compatible field cameras.

Fig. 7. The neuroArm workstation that recreates the sight,
sound, and touch of surgery.
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relaying 1) visual information from the OR; 2) the status of
neuroArm, position, and commands; 3) a view of the surgical
site; and 4) intraoperative MR images. The interface also
includes binoculars displaying the images from the surgical
microscope, two modified haptic handcontrollers, and a
microphone for communication with the OR personnel.

One monitor displays a view of the surgical site as recorded
by the field camera. Another monitor displays a single-channel
image relayed from the surgical microscope. A touch screen
displays images acquired with the intraoperative MRI that
can be reconstructed in 3-D. The images can be manipulated
by the surgeon in an interactive way and can include a virtual
representation of tool overlay, allowing exposure of the lesion
in relation to the tools. Another touch screen provides a
virtual representation of the robotic arms and tools as posi-
tioned in the OR and allows the interactive visualization of
the 3-D image, giving a spatial perspective. This enables the
visualization of the manipulators from any chosen angle. This
interface allows the surgeon to modify robot settings such as
motion and force scaling to enable or disable the tremor filter
and to prerecord automated motion. It also displays error mes-
sages and updates the user on system status. Images from the
surgical microscope are relayed to the surgeon via two high-
definition cameras mounted on the microscope and are dis-
played on high-quality monitors inserted in the binoculars.
This recreates the familiar view and environment of microsur-
gery for the surgeon.

The neuroArm has been designed to replace the main
surgeon in the intraoperative MRI suite, allowing the same
positioning of OR personnel and the use of standard equip-
ment. The location of the nurses, neurosurgical residents, and
the anesthesiologist relative to the patient remains the same.
Tool exchange is performed by the scrub nurse in the usual
fashion and at a similar speed, with the nurse manually
exchanging neuroArm tools as requested. For stereotactic pro-
cedures, images can be acquired in near real time while the
procedure is being performed inside the magnet bore. An
MR-compatible video camera attached to the extension board
provides patient monitoring. For microsurgery, intraoperative
imaging can be performed at any desired time during the
surgery after moving neuroArm outside of the 5-G line. Dur-
ing development, the decision was made to decouple micro-
surgery from stereotaxy and perform microsurgery outside the
magnet bore. The gradient aperture of only 68 cm was not suf-
ficient to accommodate both arms. It was then not necessary
for the mobile base to be entirely MR compatible.

Registration of the system is completed using the combina-
tion of a physical and an image-based process. For microsur-
gery, surgical planning images are acquired after the patient is
anesthetized and positioned for surgery. Rigidly fixed MRI
visible fiducials in the imaging volume are selected at the
workstation using the touch screen interface. After imaging,
the robot is positioned for microsurgery, and a digitizing arm is
used to select touch points that are in a fixed relationship to the
MRI-visible fiducials. By merging the coordinate frames of the
robot with the MR images, tool overlay on the 3-D images is
shown, providing the operator with image guidance.

An estimate of the registration accuracy is calculated
based on the chosen fiducials and touch point locations. At
the time of writing this article, the neuroArm system was
undergoing final tuning and integration with the intraopera-
tive OR suite in preparation for upcoming preclinical trials.

As such, accuracy can be estimated based only on the specifi-
cations of the selected components. Once the system is opti-
mized, it is expected that relative accuracy will be on the
order of 0.1 mm. In addition to this, the MR image quality,
resolution, and slice thickness have a direct impact on the
end-to-end system accuracy.

Two PHANTOM haptic hand controllers were fitted with a
modified stylus to better mimic conventional surgeon-tool
motion and actuation. The stylus allows six DoF position and
orientation. The stylus has a finger-activated lever for tool
actuation and a strain-gauge switch for enabling or disabling
the arms. Wireless two-way audio communication between
the OR personnel and the surgeon is provided. A microphone
positioned adjacent to the surgical field provides the surgeon
with the acoustics of surgical dissection.

Software has four main applications running on separate
computers, which are as follows: 1) the command status dis-
play provides the main graphical control interface with a 3-D
virtual scene of the arms relative to potential obstacles such as
the RF coil and magnet bore; 2) 3-DMRI reconstruction of the
patient’s anatomy with virtual tool overlay; 3) hand-controller
interface; and 4) controller interfaces to the manipulator arms
and other required hardware.

Safety-critical software actions such as turning on power or
enabling arm motion always require an additional hardware
action as confirmation. The surgeon is able to define a virtual
geometrical region, which includes the surgical corridor and
the anatomical structures to be avoided. When the surgeon
reaches this predefined boundary, force feedback is relayed to
the surgeon’s hand, creating no-go zones.

Safety was designed into the neuroArm software by using
statemachines as fundamental building blocks. Software objects
were considered to be in a specific state at all times, with states
ranked by safety level and transitions between states tightly con-
trolled. In this way, the software can only enter the state inwhich
motion occurs through a known predictable sequence of events.
All threads are safety-checked by transmitting a continuous
stream of heartbeat messages to a central health monitoring
agent. If heartbeats are lost at any time, the system flags an error
and stops motion. Complete error handling has been adopted in
the software design so that an error at any location in the soft-
ware will be detected and reported.

OpenGL is used along with VRMLmodels based on actual
engineering drawings to produce precise 3-D mathematical
renderings. The user has the ability to pan, rotate, and zoom
in to high-magnification levels, creating an immersive visual
environment. A special volume accelerator card on the MRI
Display provides true 3-D volumetric rendering of the
patient’s latest MRI scan. The position of the arms and tools
on the command status and the MRI displays are updated in
real time based on telemetry from the manipulator encoders,
providing an accurate dynamic view of motion being made
by the surgeon. Plane cuts and sections may be applied at
arbitrary positions and angles (multiplanar reconstruction)
tied to the tip of an accurate representation of either the left
or right tool, with an optional linear tool-tip extension. By
combining rendered and real video displays, neuroArm
allows surgeons to function within both real and virtual envi-
ronments (Figure 8).

Local RF shielding was used in the development of the
iMRI system at the University of Calgary and includes a cop-
per mesh-impregnated plexiglass plate at one end of the
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magnet and a transparent plexiglass dome covering the patient
[6]. Wave guides allow fluid and gas lines to penetrate the
shielding. The neuroArm is electrically coupled to the main
system controller located outside the OR. A filtered penetra-
tion panel is used to connect cables from the system controller
to cables inside the MRI environment. The cables are shielded
to prevent RF interference, and the penetration panel is filtered
to inhibit RFs from transferring between the outside environ-
ment and the imaging space.

Discussion
Intraoperative MRI updated diagnostic imaging, showing, in
many cases, lesion progression and, in a few, virtual resolution
of the suspected pathology. As imaging was performed after
the induction of anesthesia and patient positioning, and, often
coupled to surgical navigation technology, craniotomy size
and placement was optimized. The smaller cranial openings
resulted in narrower operative corridors. The limited surgical
exposure may well account for the relatively high percentage
of patients with unsuspected residual pathology. Working
within such confined spaces makes spatial relationships
between the pathology and adjacent brain problematic. These
limitations would be decreased considerably through the
incorporation of the image-guided robotic system capable of
working within the confined surgical corridors made possible
by iMRI.

Although iMRI has been shown to be of considerable bene-
fit, image acquisition interrupts surgery and prolongs OR
time. Between imaging studies, surgery proceeds as usual,
relying predominantly on hand-eye coordination and opera-
tive landmarks.

Although a large number of robotic systems have been, or
are being, developed for surgery [21], neuroArm has been
specifically designed to allow integration into the iMRI envi-
ronment. The unique features of this system include MR com-
patibility, image guidance, end effectors incorporating standard
neurosurgical instrumentation, automated tool exchange, haptic
feedback, safety-oriented software architecture, and a multisen-
sory workstation. The robotic system is able to take full advant-
age of the images created by iMRI. The surgeon is provided not
only preoperative imaging data but intraoperative images as
well, with colocalization of the robotic system within the imag-
ing space. This allows the surgeon to interact within the imag-
ing, the real, and the virtual environment.

Haptics was included in the system not only to guide
biopsy but, in particular, to enhance the integration of
robotics with microsurgery. It is well known that haptics
increases efficiency and reduces errors. As brain tissue is
delicate, dissection of tissue planes requires both visual and
other sensory cues, in particular, touch and, to a lesser extent,
sound. In addition, the provision of haptics may provide the
ability to quantify surgery. Knowledge of such forces would
not only be important for the practicing surgeon but could
also enhance surgical training, as the understanding of tissue
manipulation remains the most difficult aspect of surgery
to master.

Over the past two decades, surgery has evolved toward
implantation. For example, much of invasive vascular neuro-
surgeries have been replaced by endovascular intervention.
Image-guided surgical robotics represent the ideal platform
for the implantation of stem cells [22], replicating vectors con-
taining the genetic sequence of interest [23], nanobiovehicles
[24], and electrostimulators for either inhibition or stimulation
of a neuronal pathway [25] into specific regions. Effort is
ongoing to develop cell-specific probes for the multimodal
imaging of pathological tissue [26]. For example, bimodal
nanoprobes based on superparamagnetic nanoparticles, cou-
pled to a fluorescent compound, can be conjugated to an anti-
body directed to a defined tumor cell marker. Such compounds
would optimize diagnosis, treatment, and monitoring. Accu-
rate, specific cell identification would augment biopsy, en-
hance tumor removal, and, further, integrate robotics with
surgery and imaging.

The ability to spatially register neuroArm allows the sys-
tem to take full advantage of the iMRI environment. Image
updates during stereotaxy will correct for brain shift, con-
firm biopsy location, and exclude acute surgical com-
plication. During microsurgery, despite limited surgical
corridors, surgeons will be more knowledgeable about the sur-
rounding structures. The increased precision and accuracy
of neuroArm, together with improved cell visualization,
could shift surgery from the present organ level toward the
cellular level.

Although iMRI at 1.5 T provides satisfactory imaging of
most lesions, molecular imaging of smaller targets or those
with low cell marker expression may require increased SNR
such as that provided by 3.0 T. Robotics, coupled to automated
tool exchange, would remove contamination and allow

surgery to take place in
inhospitable environments.

As an adjunct to microsur-
gery, neuroArm may stand-
ardize microsurgery and
reduce intersurgeon variabil-
ity. With increasing numbers
of surgeons, experience with
particular complex cases has
become limited for each
individual surgeon. For ex-
ample, very few neurosur-
geons perform extracranial
to intracranial bypass. Anas-
tomosis of 1–2-mm diameter
vessels requires considerable
practice. NeuroArm-assisted
anastomosis provides both

(a) (b)

Fig. 8. (a) 3-D MRI reconstruction with tool overlay. (b) Control status display showing the two
manipulators and control functions.

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE MAY/JUNE 200864



tremor filtering and motion scaling, possibly enhancing the
ability to perform such procedures. Given the nature of the
technology, a recording of the surgical procedure is made
accessible for future review and analysis.

The integration of robotics with surgery could prolong
surgical careers by decreasing tremor and improving accu-
racy, precision, and stamina. As neuroArm includes a haptic
interface, deformation forces will be obtained in both the nor-
mal and pathological states. Such data would augment the
development of a virtual deformable brain. Being linked to
patient-specific imaging, surgeons would be able to rehearse
procedures and develop recipes for specific surgery. As neuro-
Arm is telecapable, both telesurgery and telementoring can be
explored.
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RI
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BO
TI
C
S INNOMOTION for

Percutaneous Image-Guided
Interventions

M
agnetic resonance (MR) guided percutaneous
interventions, such as biopsies, drainage, and
insertion of energetic probes for tumor ablation,
have been developed and clinically demonstrated

with open-bore, low-field MR systems [1], [2]. MRI-guided
treatment of spine diseases was achieved with a 0.2-T open
magnet [3]. In comparison, closed-bore, high-field MR imag-
ing (MRI) scanners � 1 T have better spatial and temporal
resolution, but patient access is more limited, and, hence, they
are less feasible for interventions and demanding for robotics.

Various image-compatible robotics have been developed,
such as fluoroscopy and computed tomography (CT) image-
guided kidney biopsies [4]. Chinzei et al. have introduced a
robotic assistance system dedicated for the General Electric
Signa SP double doughnut open MRI [5], and Gassert et al.
report on MRI-compatible robotics for interaction with human
arm motions [6]. Hitherto, no dedicated telemanipulator for
high-fieldMRI- or CT-guided intervention has been published.
Our system emanated from the lack of robotic instrumentation
designed for the environment and unique ergonomics of a
high-field close-bore magnet. The development of a fully MR-
compatible robotic system started in 1998 at the Forschungs-
zentrum Karlsruhe (FZK) in collaboration with the University
of Applied Sciences Gelsenkirchen, and, in 2001, the German
Cancer Research Center also joined. The final product devel-
opment was performed by the start-up company Innomedic.

The work shown in this report describes the development of a
robotic assistance system that provides precise and reproducible
instrument positioning inside the MRI or CT gantry on the basis
of processed imagery. For the solutions developed, neither the
MRI nor the CT systems were altered to any extent [7]. Percuta-
neous interventions such as MRI-guided insertion of cannulae
and probes for biopsy, drainage, drug delivery, and energetic
tumor destruction were primary drivers in the robotic design.
Applications involving the central nervous system have been
excluded because of the demanding medical device regulations
and approval process. The developed system received the Con-
formité Européenne (CE) mark in 2005 and is marketed under
the brand name INNOMOTION. It is currently in clinical use for
MRI-guided sciatic pain and facet joint treatments, biopsies,

drainages, and CT-guided osteosynthesis. This article reviews
the development and evaluation of the system.

History of Development

First Generation: MIRA Manipulator
for Interventional Radiology
The initial design concept was derived from a telemanipulator
project for endoscopic surgery [8]. Exploration of standard
robotics and commercially available robotic platforms and
surgical manipulators revealed the need for newMRI-compatible
components. The demands of full electromagnetic compatibil-
ity led to the use of new plastic materials, ceramics, and the
development of new sensors and drives. Preliminary studies on
the process of interventional MRI and evaluation of workspace
(movements, forces, required target precision, etc.) identified
the need for a nonconventional kinematic design that is spe-
cific to close-boreMRI scanners and CT units.

The kinematics consists of a main robotic arm with 6 degrees
of freedom (DoF) [7] that is attached to a stable orbital ring of
580/490 mm (outer/inner) diameter, which is made of glass
fiber-reinforced polyester. The orbit ring is mounted to the MRI
patient bed with specially made clamps that are designed to fit
mostMRI and CT platforms. Studies with volunteers and involv-
ing a design team have provided a better understanding of the
system’s environment. Working process, work space dimensions
and geometry, measures of links, and range of articulation were
evaluated and approvedwith a 1:1 mock-upmodel (Figure 1).

A detailed list of specifications was established by means of
analyzing the conventional MRI- and CT-guided procedures
in terms of the clinical process, devices used for handling and
placement of the patient, use of imaging sequences, communi-
cation protocols for exchange of images, coordinates systems,
coordinates transfer, supplying lines, and safety regulations.

The first prototype was driven by piezoelectric motors and
was designed to provide continuous positioning of the main
arm at the orbit ring through a friction-based drive. However,
this version was discarded because of technological problems
with the drives. Piezoelectric drives induced signal noise dur-
ing theMRI scanning process, and the electric power lines cre-
ated the risk of inductive heating. In addition, backlash due to
gear play led to kinematic inconsistencies (Figure 2).
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Second Generation: MRI- and CT-Compatible
Assistance System
The current kinematics (Figure 3) consists of an arm that is pneu-
matically driven in 5 DoF [4]. The robot arm is attached to a 180�-
orbiting ring that is mounted to the patient table of the scanner, and
can be manually prepositioned into the orbit region, at the angles
0�,�35�,�67�, on either side of the orbit ring, depending on the
region of interest (e.g., spine, liver, kidney, breast). The arm is
fixedwith a spring-loaded bolt and securedwith a screw.

Sensor-Actuator System
This kinematic design allows to be driven only by MRI-
compatible pneumatic linear cylinders. The desired design
characteristic for the pneumatic cylinder, to function over its
entire piston range with a particular force that was dependent on
the pressure, was solvedwith newly developed slow-motion con-
trol of<0.1 mm/s, 146 mm range, and 295 N at 6 bar. The same
type of cylinder drives all five axes (Figure 4). Conventional
pneumatic drives are nonlinear and difficult to control. A special
design of the cylinders resulted in high dynamic friction (about
40 N), avoiding collapse of the system from sudden pressure loss
caused by leakage or other hardware failure. The design also
results in a static friction that is less than the dynamic friction,
thus avoiding slip-stick effects of the actuators.

Active positioning measurements can be achieved via fiber-
optic limit switches, rotational encoder (0.0088� resolution),
and linear encoder (2-lm resolution) (Figures 5 and 6).

The actuators are controlled by an industrial controller
board with a Super Harvard Architecture Single-Chip
Computer Digital Signal Processor in the control PC and for
external data acquisition in the system cart. An optical net-
work (Info@SynqNet.org) transfers the data between both. A

standard proportional-integral-derivative (PID) controller is
used for movement of the axes.

The control algorithm consists of an internal position loop
and an outer velocity loop. To adapt the control algorithm to
the needs of a pneumatic actuator, the actuating variable is
asymmetrically split to control two digital-analog convert-
ers, one for each servo valve. The standard PID control
proves to be sufficient to handle potential nonlinearities of
the pneumatic axes.

Application Module
The applicationmodule for guidance of coaxial probes (e.g., can-
nulae for biopsies, radio frequency or laser probes, endoscopes,

Fig. 1. Design model of the first-generation MR-compatible
robotic telemanipulator system (courtesy Forschungszen-
trum Karlsruhe (FZK), Germany, 2000).

Fig. 2. The prototype MIRA driven by piezoelectric motor
was built at FZK, Germany.

Fig. 3. Schematic view of the INNOMOTION assistance sys-
tem with five pneumatically driven DoF and two manual
adjustments for prepositioning at the orbit (red arrow) and
at the patient bed (green arrow).

Fig. 4. MR-safe pneumatic cylinders without metallic compo-
nents in various lengths.

Fig. 5. MR-compatible rotational encoder hasbeendeveloped
by using polymers, ceramic materials, and optic components
(courtesy Innomedic).
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etc.) provides 2 DoF. This design assures stable positioning of
the instrument within a tool center point that is keeping the invar-
iant point of insertion through the skin (Figure 7).

In conjunction with the two axes for movements in the tool
center point (�40� rotation in transversal and, typically,
�23�/þ70� in sagittal direction depending on the inclination
of the preceding axes), the instrument trajectory can be changed
to other targets without moving the robot arm or repositioning
the arm at the orbit. A pneumatic drive has been developed to
insert the cannula in incremental steps of 1–20 mm, but it
remained in experimental stage for future systems application
[Figure 8(a) and (b)].

The application module (Figure 7) for clinical use provides
manual translation and rotation of the cannula. Because of
safety reasons, any new position of the insertion trajectory or a
new insertion point requires new planning of the puncture.

Human-Machine Interface
The concept of telemanipulation with haptic feedback was
examined with an experimental setup using conventional
servo motors and force feedback. Trained and untrained vol-
unteers were using a master control device for puncture of
various materials and tissues with conventional 18-G cannulae.

The master control device (MDC) trans-
mitted the movements through a belt to
an incremental sensor and to an electric
motor-driven cannula [9]. The haptic
feedback system must not be MRI-
compatible because it is planned to be
used outside the MR suite (Figure 9).
The master–slave concept for inserting

cannulae and probes under image guidance
included the use of the pneumatic drive of
the instrument. Because of regulatory
issues, liability problems, and high cost,
this approach is currently not implemented
in the first current product, but it will be
developed further for MRI-guided surgical
applications and implemented if required.

The current human–machine interface comprises a flat
screen. Graphical user interface (GUI) for planning of target
and insertion point on a screen via mouse pad. Initial use of a
touch screen was discarded because of problems in precise
handling of the graphic components on the screen (Figure 10).

MRI and CT images are sent via Digital Imaging and Com-
munication in Medicine (DICOM) protocol to the INNOMO-
TION PC, and planning of insertion and target point can be
performed throughout the imaging for double angulations of
the insertion trajectory. The coordinates are sent to the system,
and it moves the application module to the insertion point at
the patient.

Functional System Safety
The system consists of highly redundant safety features accord-
ing to the European Union standards EN 61508/SIL2. The main
features are as listed:
� external watchdog with time slice
� pressure and voltage monitoring
� internal watchdogs for input/output (I/O data) and con-

troller boards
� monitoring of axis state by the controller board
� monitoring of encoder state by the controller board
� monitoring of signal quality of the optical encoders by

microcontrollers.
Furthermore, different software measures are used to

guarantee the integrity of internal data storage and data
communication.

In case of an error, the system goes into a safe state, i.e., the
air supply is interrupted by closing the valves, and each axis is
stopped by the emergency stop feature of the controller board.
The friction keeps the system stable. During imaging, the can-
nula-guiding sleeve can be mechanically disconnected to avoid
inadvertent displacement of the probe.

Decontamination and Sterility
The system allows swab disinfection according to European
Union standards. For the procedures, a specially made sterile
polyethylene cover is placed over the front end. Subsequent to
the final images, the large ring surface coil is placed on the area
of insertion point and fixedwith a prefabricated sterile drapewith
a central opening of approximately 6 cm in diameter.

The arm of INNOMOTION can be lifted up to ease cover-
ing the arm of the system with the sterile polyethylene cover,
and square opening at the front provides insertion of a steri-
lized reusable polyether ether ketone (PEEK) bracket that

Lin. Sensors Rot. Sensors Actuators

Fig. 6. Schematic view of the arrangement of MR-compatible optical sensors and
pneumatic actuators.

Fig. 7. The kinematics of the AMO provides a stable position
of the insertion point (red). Spherical marker gadolinium
contrast agent (blue) filled for localization on MRI (courtesy
Innomedic).
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holds the sterile sleeve that is premounted to the cannula (see
Figure 11). The free area of skin is disinfected twice with
standard disinfectant. The arm is pneu-
matically driven back to the insertion
point, sleeve and cannula are attached,
and the cannula then inserted through
the skin.

The sterile cover and the sleeves for
guiding the cannulae are disposable
ones. Both bracket and sleeve holder
have to be cleaned, sealed in an appro-
priate pouch, and sterilized after use.

Interventional Procedure
The patient can be placed in the pre-
determined position suitable for the
intervention (supine, prone, or lat-
eral). According to the preinterven-
tional images and according to the
anatomic regions of interest, the table
and INNOMOTION are positioned
according to the projection of the
laser light of the MRI. The system is
prepositioned and firmly attached to
the table with clamps. The laser light is
switched off, and the table is moved
into the MRI bore until the position of
the laser line matched with 0 of the z axis of the MRI. Planning
of interventions is performed by using fast gradient-echo
sequences in transverse, sagittal, or coronal orientation; e.g.,
TrueFISP or fast field echo. Suitable slices are selected and sent
via the network in DICOM format to the computer of the assis-
tance system. Insertion site and a target point are selected on the
GUI monitor, and the coordinates are sent to the control unit.
The armmoves into a close position to the predetermined inser-
tion site (15-mm distance). Because the INNOMOTION sys-
tem is always fixed parallel to the MR table by rails, the only
transformation between the coordinate systems of the MR and
INNOMOTION is a linear translation but no rotation. Thus, the
described technique for registration of INNOMOTION in the
image space is based onMRI of the contrast-filled marker at the
application module (Figure 7). The INNOMOTION system is
prepositioned by coarsely aligning the application module with
the laser light of the MRI system. Then, the system is refer-
enced with the coordinate system of MR scanner using four
spherical markers at the application module (AMO) and a spe-
cific sequence three-dimensional gradient echo [flip angle
(FA): 50, time of repetition (TR): 13, time of echo (TE): 6] in
transverse 40-mm and coronal 20-mm orientation. The position
of the markers in image space is evaluated by the system’s soft-
ware by means of image processing algorithms [median filter-
ing, segmentation by adaptive thresholds, calculation of object
features of the segmented markers (i.e., perimeter and area)].
The segmented object features are compared with the expected
features to validate the quality and reliability of the markers.
This position is transferred into the INNOMOTION coordinate
system and compared with the expected position of the markers
calculated by a forward transform using the known joint posi-
tions of the axis. Any residual deviation less than 1 mm is
accepted and used for an offset compensation. After marker
detection, the application module moves the tool center point to
the insertion site on the skin and adjusts the insertion trajectory

to the planning. The cannula can be inserted through a guiding
sleeve or an open angle (Figure 11).

Fig. 9. Master-slave control device for remote-handled can-
nula insertion with force feedback for tissue discrimination
[9] (courtesy Forschungszentrum Karlsruhe [9]).

Fig. 10. The GUI (first generation) provides planning of inser-
tion on the MR images sent via DICOM.
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Fig. 8. (a) Application module with the prototype of a pneumatic gripping and advanc-
ing mechanism. (b) An experimental trial with the insertion of a 19-G stainless steel can-
nula through fresh porcine abdominal wall revealed a target precision of �0.53 mm
(courtesy Forschungszentrum Karlsruhe 2002).
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Interventional Instruments
A variety of cannulae and other instruments of different
lengths and sizes have been developed [10] and are now avail-
able with premounted guiding sleeve.

The application module is suitable for the majority of MRI-
compatible coaxial instruments and probes by using custom-
made sleeves provided by Innomedic.

Experimental Evaluation
MRI compatibility has been achieved through testing of
all components and the complete operating system in

different field strengths: 1.5-T MR scanner (Magnetom
Symphony and Espree) and 1.0-T Gyroscan and 1.5-T
Intera [11] (Figure 12).

Mechanical targeting precision has been determined
according to DIN EN ISO 9282:1998 with a stereo optic sys-
tem over 100-mm target distance (mean deviation < 0.5 mm/
maximum deviation < �1.5 mm for each coordinates). By
contrast to any experimental device, INNOMOTION
achieves this precision in serial production according to
ISO 9000. The histograms [Figure 13(a) and (b)] show an ex-
ample for a calibration measurement.

The deviation is defined as the difference between the nom-
inal position (i.e., the commanded position in space with
respect to the basis coordinate system of INNOMOTION) and
the actual position (i.e., the measured position in space). The
tool tip point is defined as the tip of a virtual instrument at
100-mm distance from the tool center point.

The process chain MRI adds approximately �0.5–1 mm
systematic error because of pixel size, B-field inhomogeneity,
and gradient deviation depending on theMRI system used.

The MRI procedures were performed with a 1.5-T Siemens
Magnetom Symphony, 1.0-T Gyroscan, and 1.5-T Intera on
ex vivo organ models with fresh porcine kidney embedded in
gelatin (Figure 14).

The evaluation of target precision has been proven during
MRI-guided percutaneous interventions in a porcine model
approved by the institutional review board of the University of

Heidelberg. The animals (four 3-month-
old domestic pigs 30–40 kg) were
placed under general anesthesia (iso-
flurane) in prone position on the patient
table, and a surface coil was fixed
around the planned insertion site lateral
to the spine. On T1- and T2-weighted
planning images, the appropriate region
of trajectory was defined on the GUI of
the INNOMOTION control computer,
and the robot arm then moved and
oriented the needle holder to the inser-
tion point accordingly. MR-compatible
titanium Grade 4 cannulae (20 and
22 G)were thenmanually inserted. Sub-
sequent to an initial insertion of ap-
proximately 10 mm, the table was
repositioned into the MRI bore and con-
trol images were acquired. The interven-
tion was completed within the magnet
from the rear opening, where an MR-
compatible in-room monitor was
placed. During insertion of the needle,
real-time MR images were acquired to

Patient

System Trolley

Pneumatic Supply
MRI Console and Graphic User Interface (GUI)

System at MRI Patient Bed

Fig. 12. Setup for MRI-guided procedures as it has been evaluated for Siemens and
Philips MRI platforms.

Fig. 11. Varieties of cannulae and a biopsy gun with
assembled sleeve and guiding elements for clinical use.

The applicationmodule for guidance of coaxial
probes provides 2 DoF and assures stable

positioning of the instrument within a

tool center point.
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control the insertion. To visualize advancement of the cannula
in the tissue, fast gradient-echoes sequences (TR ¼ 4.4 ms,
TE ¼ 2.2 ms, FA ¼ 70�, TA¼ 0.7 s) were used. At the desired
region of interest (nerve root, celiac plexus), spin echo images
were acquired for verification of the cannula position through a
test bolus of Gadolinium-based contrast agent solution (1 mmol/
l sterile physiological saline solution). The injection was done

Intervention
0,5 mm, 0,5°

Fig. 15. Overlay image on the INNOMOTION screen for eval-
uation of target precision of 20-G cannula insertion at the
porcine celiac plexus (GUI first generation).

Fig. 14. Target-precision of MRI-guided insertion of 20-G tita-
nium cannula (Daum) into a porcine kidney embedded in
gelatin.
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Fig. 13. (a) Mechanical target precision of tool center point
at the skin insertion site. (b) Target precision of the tool tip
point, which is defined as the tip of a virtual instrument at
100-mm distance from the tool center point.

Fig. 16. Bilateral facet joint treatment with 40 mg triamcino-
lone and 10 ml mepivacain. Overlay of the planning image
reveals target precision [20-G Daum titanium cannula (GUI
second generation)].

INNOMOTION has received CEmark and is
currently in clinical use for MRI-guided sciatic

pain and facet joint treatments, biopsies,

drainage, tumor ablation or embolization, and

CT-guided osteosynthesis.
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under real-timeMRI (TR¼ 1.8ms, TE¼ 4.3ms, TA¼ 0.5–0.8 s,
FA¼ 20�) to visualize the drug distribution.

Final therapeutic injection of 10–25 ml with contrast-dotted
Mepivacainhydrochlorid (Scandicain, 1%) was performed.
Precision of insertion point and insertion angle has been deter-
mined by using overlays of the preinterventional images with
the newMRI image (Figure 15).

All procedures were then completed successfully; e.g.,
injection at sympathetic chain, sciatic nerve, and coeliac
plexus. The direct MRI control with fast sequences techniques
allows correction of the insertion path in case of deterioration
due to anatomic structures. The insertion site and the insertion
angle have been evaluated by manual measurement on over-
lays of the planning image of INNOMOTION and the subse-
quent MR control image (Figures 15 and 16). Position and
orientation of all cannula insertions were appropriately visual-
ized on axial MRI images. Precision of insertion site in axial
plane was �1 mm (minimum of 0.5 mm and maximum of
3 mm). Angular deviation in the transverse plane of the cannu-
lae shows�1�with minimum of 0.5� and maximum of 3�.

On the basis of these results the system received a CE mark
for image-guided percutaneous interventions, except for the
central nervous system, in 2005.

First Clinical Trial
TheMRI procedures were performed with a 1.5-T Intera. Clini-
cal evaluation of target precision and safety has been conducted
during MRI-guided percutaneous interventions on 16 patients
(four females and 12males) with informed consent.

All patients had previous MRI scans of the spine and have
been treated via CT guidance at the same segment. MR-
compatible titanium Grade 4 cannulae (20 and 22 G) were
then manually inserted to a depth of 4.8–6.7 cm. Gradient-
echoes sequences (TR ¼ 4.4 ms, TE ¼ 2.2 ms, FA ¼ 70�,
TA ¼ 0.7 s) were used for cannula guidance and drug instilla-
tion of 5 ml mepivacain and 40 mg triamcinolone. Precision of
insertion point and insertion angle has been determined by
using image overlays (Figure 16).

All interventions were successfully completed. Position
and orientation of all cannula insertions were appropriately
visualized on axial 3-mmMRI images. MR on table time was
45 s to 11 min, and the last five procedures could be per-
formed in less than 15 min. Apart from minor side effects of
increased sweating in one patient after two procedures and

prolonged menstruation in one patient after
two procedures, no major adverse events
have been noted.

Conclusion and Outlook
Cross-platformMRI compatibility of mecha-
tronic systems for MRI-guided cannula in-
sertion can be achieved by using polymers,
ceramics, pneumatic drives, and optoelec-
tronic sensors. Because the cannula is cur-
rently to be advanced manually, the access is
difficult if insertion is done inside the mag-
net. Thus, the direct control of the insertion
under real-time MRI is recommended as to
be able to correct insertion in case of deterio-
ration of the cannula and to precisely posi-
tion the tip of the cannula in the volume of
interest. To ease the procedure, tip-tracking

techniques have been evaluated [12] (Figure 17).
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Comparing
Mammographic
Images

C
omputer-aided detection (CAD) schemes have been widely used
by researchers to detect and enhance mammographic findings
for aiding in the hard task of evaluating structures of interest in
mammograms.

Among the techniques for aiming the detection of clustered microcalcifica-
tions [1]–[4] and suspicious masses [5]–[7], preprocessing procedures intended
to improve the image contrast are of relevance [8], [9].

Texture analysis of a mammogram provides knowledge of several types of
lesions. Shape and contour are important features in the characterization of
mammographic lesions [10] for diagnosing breast cancer. Furthermore, tex-
ture analysis can be important in diagnosing complex cases. In this sense,
quantifying the intensity is useful for predicting the mammographic image
density [11], an item evaluated by the breast imaging reporting and data sys-
tem (BI-RADS) [12].

Studies have been carried out [13]–[17] for checking the results from CAD
schemes [12]–[16] used for the digital mammographic images obtained from
full-field digital mammography (FFDM). Other works have compared the effi-
cacy of the direct digital systems to the corresponding analogical mammography
units (film reading). Lewin et al. [18] have compared the FFDM and screen-film
mammography (SFM) for breast cancer detection for women aged 40 years or
older; they have concluded that there is no significant difference in the detection
from the analysis performed by experienced radiologists. The Digital Mammo-
graphic Imaging Screening Trial (DMIST) project [19], [20], which evaluated
almost 5,000 volunteers, has concluded that the direct digital mammography and
the analogical mammography yield similar results for screening purposes, but
the first would be superior in sensibility for the detection of lesions in dense
breasts. The impact of the study on radiology, as well as the information pro-
vided for the analysis of cost-benefit ratio regarding the technologies selection in
mammography, is indeed relevant. However, the improvement in the detection
of lesions and characterization is not completely proved yet.

The main motivation in using intensity attributes to analyze and compare the tech-
nologies of mammography images acquisition is that such images are intrinsically of
low contrast, which hinders the lesions detection and interpretation [11], [22].

According to previous works [13]–[20], a considerable concern is revealed in
evaluating the FFDM performance in comparison with conventional SFM in
detecting breast cancers by visual analysis as well as by CAD schemes analysis
because the FFDM is a relatively new technology with high costs. Thus, this work
aims to study the intensity variation observed in some regions of phantom images
obtained from an FFDM system, two computed radiography (CR) systems, and a
conventional (analogical) mammography unit. The study is performed by using a
technique of intensity features extraction for comparing each system’s behavior.
The attempt is to provide a comparison among the results from an image process-
ing procedure applied to the same phantom images regions. In addition to such
comparisons, this work intends to evaluate the intensity variation in actual digital
mammograms obtained from a conventional analogical unit and from an FFDM
unit to compare the behavior of both technologies.Digital Object Identifier 10.1109/MEMB.2008.919024
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Materials and Methods
Tests were performed by imaging an anthropomorphic breast
phantom (Victoreen, model 226) with four mammographic
systems: 1) a GE senographe 2000D FFDM unit, referred to
as FFDM; 2) a Fuji Profect CS50 CR system, referred to as
CR-F; 3) a Kodak model 975CR system, referred to as CR-K;
4) a trek medical contour 2000 analogical system, referred to
as AN-T.

Actual mammograms were acquired with the FFDM unit
and with the GE senographe 600t analogical unit, referred
as AN-G. The mammographic films acquired in the analog-
ical systems were digitized by a Lumiscan (Lumisys, now
Eastman Kodak) laser digitizer. All images are 12 b of con-
trast resolution.

Previously, for the image processing, an algorithm was
implemented to convert the Digital Imaging and Communica-
tions inMedicine (DICOM) standard into TIFF file format.

Intensity features were extracted from some regions of
interest (ROIs) determined on such images to investigate the
intensity variation along the phantom images. The ROIs were
selected and extracted from four different phantom image
locations (Figure 1).

For determining the intensity (gray level) variation along an
ROI, an algorithm for scanning the image pixel by pixel was
developed. This allows finding the lowest and highest
intensity pixels on the ROI. The low-intensity pixels are gener-
ally associated with fatty tissue [21], whereas the high-intensity
pixels are associated with denser tissues (fibers) or lesions.

The features extracted from these images were (Figure 2)
1) intensity-average histogram, 2) highest-intensity-value his-
togram, 3) lowest intensity-value histogram, 4) intensity value
of the histogram peak, 5) number of gray levels, and 6) local
intensity variation index integrated density (ID) [22]–[24],
which integrates the differences (subtraction) between the
intensity local variations and the average variation, providing
a measurement for quantifying the contrast between the
clearer regions in the image and in the adjacent area.

The images were also modified to enhance some structures
(masses, densities, and fibers) by following the described
criteria below to improve the ROI sharpness. Thus, consider-
ing the histogram peak value and
the average value, the following
adjustments are made:
� for images of average values

larger than the peak values,
the lower-values pixels are
decremented by the image
correction mean shift, that is,
1.98% of its intensity values
is decreased; values in the
range of the peak and the
average values are increased
by 1.98% of their original
values; and larger values pix-
els than the average should be
increased by the initial correc-
tion standard deviation�2.58%

� for images of average values
smaller than the peak value,
pixels corresponding to val-
ues lower than the average
are decreased by the histogram

mean variation; the values between the average and the
peak are increased by the histogram mean variation; and
the values between the peak and the maximum are
increased by 2.58% of their values, which correspond to
the initial correction standard deviation.
This correction is based on linear conversion between optical

density (OD) and pixel intensity [21], although this is not a com-
mon occurrence in practice. Thus, empirical tests were performed
to determine errors fits to be used in the histogram’smodification.

R1 

R3 R2

R4

Fig. 1. Extraction pattern regarding four ROIs selected to be
investigated from the phantom image.
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These two image modification rules were experimentally
determined. Then, the features extracted from the four ROIs
selected (Figure 1) were evaluated. The analysis was made on

the four ROIs of the phantom images obtained from the previ-
ously described mammography systems. From the direct radi-
ography (DR) system, images were obtained taking into

consideration three different
operational modes, totaling
12 ROIs. The same proce-
dure was performed for each
one of the CR systems, lead-
ing to an additional 24 ROIs
(12 from each CR equip-
ment). For the analogical
mammography system, two
operating modes were used
during the image acquisition,
which provided eight addi-
tional ROIs. The operational
modes from each mammog-
raphy system are presented
in Table 1.

The features were ana-
lyzed on 40 digital actual
mammograms from FFDM
and 40 digitized actual mam-
mograms. Both sets have
half images with suspicious
masses and half normal.
The aim of this analysis
was to check the influence
of intensity variation on the
sensibility of detection for
the image processing tech-
nique used for similar
regions, obtained from dif-
ferent technologies.

Results and Discussions
We have performed compari-
sons between the intensity
features for the phantom im-
ages obtained in four systems
(FFDM, CR-F, CR-K, and
AN-T) and actual mammo-
grams (FFDMandAN-G).

Step 1: Analysis of
Phantom Images
Figure 3 presents examples
of ROI R3, which are high-
lighted in Figure 1. The R3
examples are presented as
pairs: the left side corre-
sponds to the original image
and the right side corresponds
to the modified image, ac-
quired from the four units
under investigation.

The examples illustrated
in Figure 3 show that R3 has
a sharp intensity variation,
since this region was ex-
tracted from a phantom
area composed by fibers, as
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described by the phantom documentation. This region is there-
fore quite different from the other three selected ROIs (R1,
R2, and R4) where the intensity is more uniform.

The R3 obtained from the analogical unit and subsequently
digitized [Figure 3(a)] presented a larger-intensity variation
when compared with the others equipments. Such a variation
can be noted visually as well as by the analysis of the corre-
sponding histograms from the original R3.

The differences among the histograms illustrated in Figure 3
are explained by the effect of the low sensibility to OD on the
acquisition process corresponding to the DR and CR systems
and the large-intensity variation of the images from the analog-
ical unit. The difference on the gray-level distribution on the
histograms can also be associated to the amount of noise intro-
duced along the acquisition process, from the X-ray source up
to the digitization procedures.

By extracting the features from all phantom image regions, the
features average of each region was calculated for every equip-
ment; that is, for the values extracted from all the regions R1
selected from the three different operating modes of the FFDM
system, the average regarding features 1 to 6 was determined.
This same procedure was applied to regions R2, R3, and R4 of
the images obtained from this equipment, and then the process
continued for the regions selected from the images obtained from
the other systems.When evaluating such values, a great variation
could be observed among them. Such results can be better illus-
trated by the graphs from Figures 4–7, where the x-axis corre-
sponds to features 1–6, as described in the previous section, and
the y-axis corresponds to their respective values.

Region 1: Intensity Attributes Analysis
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of R1 extracted from phantom images obtained from
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FFDM).

Region 2: Intensity Attributes Analysis
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R2 extracted from phantom images obtained by the four
mammography units (AN-T, CR-F, CR-K, and FFDM).

Table 1. Operational modes from each
mammography system.

Mode kVp mAs

FFMD
Image 1 STD—standard 31 76
Image 2 DOSE—low dose 32 64
Image 3 CNT—contrast 31 76

CR-F
Image 1 STD—standard 27 100
Image 2 DOSE—low dose 29 62
Image 3 CNT—contrast 25 193

CR-K
Image 1 STD—standard 27 95
Image 2 DOSE—low dose 29 58
Image 3 CNT—contrast 25 175

AN-T
Image 1 Contrast 30 82
Image 2 AEC 28 100

Texture analysis of a mammogram provides

knowledge of several types of lesions.
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From the analysis of all the regions shown in Figures 4–7, a
larger-intensity variation was verified in those extracted from
the digitized images when compared with those extracted from
the digital systems. The features curve corresponding to the

digitized regions is very different from the same curves corre-
sponding to the other images set, which are similar among them.

By investigating the ROI R1 and R4 of all the images, a
slight increase in the representative range of gray levels, gray
levels quantity, in these regions can be noticed relative to the
other two (R2 and R3). The main reason is that R1 and R4 are
located where there is a more uniform texture in the phantom,
and they are far from the radiation field center, which changes
and decreases the contrast because of the heel effect. Such a
characteristic is represented in the graphs by feature 5 (gray-
scale range), which can also contribute to the contrast varia-
tion given by feature 6 (ID), with a larger gray-scale range in
the digitized images. The R2 regions are more uniform
because they are closer to the center of the field (under negli-
gible influence of the heel effect). This does not happen with
the other ROIs (R1, R3, and R4) for all the mammography
equipment under investigation. For images from the analogi-
cal system, this value has demonstrated to be larger than the
value of the images from the other three systems, about 20%
larger compared with the CR images and three times larger
compared to the FFDM images (Figure 5).

The analysis of features 1 to 3 for all the regions from the same
graphs in Figures 4–7 shows that the ODs sensibility was higher
than the digital ones, although with smaller difference relative to
the CR images than to the FFDM ones. This means that the ODs
regarding the digital systems are smaller than those for the ana-
logical one. Information from features 1 to 3 allows evaluation of
the pixels’ intensity range in each ROI since these features are
associated with the image latitude.

In digital images, pixel intensity is analog to the OD in film (or
analogical) image, which means that this feature analysis can
provide important conclusions about image density. The varia-
tion in pixel intensity can be related to the contrast variation
because in digital images, contrast is defined by the difference
between the pixel intensity (in gray scale) and the adjacent ones
relative to the adjacent pixels’ intensity. Thus, the higher the
number of bits in the analog-to-digital conversion, the larger the
gray scale and hence the contrast range.

Figure 4 shows that the standard deviation regarding the
intensity features average in the R1 regions is low except for
the digitized images obtained from the analogical mammog-
raphy system. This could be a consequence from the larger-
range gray scale presented in theses ROIs. The smallest
standard deviations were observed among the features corre-
sponding to the images obtained from the FFDM system, which
can be explained by the small variation shown in the features
analysis for the R1 regions. For the R2 region—which corre-
sponds to a location close to the radiation field center—in addi-
tion to its intrinsic characteristic of simulating fatty tissues, a
smaller OD variation was verified. Hence, the standard devia-
tions regarding the intensity features extracted from the R2
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Fig. 7. Features values average of R4 extracted from
phantom images obtained by the four mammography units
(AN-T, CR-F, CR-K, and FFDM).

Region 3: Intensity Attributes Analysis
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Fig. 6. Features values average and standard deviation of
R3 extracted from phantom images obtained by the four
mammography units (AN-T, CR-F, CR-K, and FFDM).

Behavior of the conventional system curve

relative to feature 6 (ID) can also be determined

from the analyses of graphs.
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regions were also smaller when compared with those corre-
sponding to the other regions. For the R3 regions, the standard
deviation for feature 6 (ID), according to Figure 6, was quite
different from that determined
for the conventional analogi-
cal system. This is due to the
larger sensibility of the ana-
logical technique to the pixel
intensity variation. In the R4
regions, the standard devia-
tion for the same feature 6
was low (Figure 7), and, as
for the R3 regions, it was
remarkable considering the
images obtained from the
analogical system.

Step 2: Analysis of Actual
Mammograms
The images illustrated in Fig-
ure 8 show the results of the
preprocessing technique de-
scribed previously in regions
with and without suspect
masses and their histograms.

The regions acquired from
the analogical mammography
unit and digitized by the laser
scanner [Figure 8(a) and (c)]
have shown a larger intensity
variation when compared with
the regions from the FFDM
unit [Figure 8(b) and (d)]. Such
a variation can also be seen by
the histograms. For example,
from the histograms in Figure
8, the digitized region has the
largest intensity variation, and
therefore the image modifica-
tion is very pronounced.

Figures 9 and 10 show
the features values compar-
ing the intensity differences
between the direct digital
and digitized images for
regions with and without
suspect masses.

The variation between
digital and digitized regions
shown in Figures 9 and 10
guarantees that the regions
with suspect masses as well
as the regions without mass,
from the mammograms ac-
quired from the FFDM, have
OD values lower than the
digitized mammograms.

Discussion
Investigating the behavior of
features 2 (the highest histo-
gram intensity) and 3 (the

lowest histogram intensity) in Figures 4–7, we could observe
that the greatest gray-scale variation was presented by the con-
ventional, analogical equipment. It has provided a smaller
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variation only for R2 region compared with the other three
equipment. This is due to the location of R2 region, closer to the
field center, which leads to a greater uniformity in the gray
scale. Among the digital systems, both CRs have presented
larger gray-scale variation for all the studied regions than the
FFDM system.

Behavior of the conventional system curve relative to fea-
ture 6 (ID) can also be determined from the analyses of graphs.
Such a feature integrates the differences of the local intensity
variations and the average variation, providing a measure-
ment, which computes the contrast between clearer parts of
the image and its surrounding area. The graph corresponding
to R3 region (Figure 6) shows a high ID value as that region is
composed by fibers and therefore presents a larger intensity
variation, as shown by feature 5. For R4, the parameter ID is
also high, which can be explained by this area location, since
it corresponds to the region most affected by the X-rays
spreading, which should lead to a high variation among the
pixels. For R1 and R2, this feature was significantly smaller
compared with the values determined for regions R3 and R4

because of their larger uniformity. Another remarkable attrib-
ute that elucidates this feature variation for R1 region is its
positioning in the image, which is least affected by distortions
due to the exposure geometry.

Analyzing the phantom images it was possible to establish a
standardization to provide a better evaluation of the effect of the
different mammographic imaging technologies considered in
this work. For this evaluation, the intensity features extraction
was essential because only the visual analysis does not show the
subtle differences on the contrast variation among the images
obtained from the CR and the FFDM systems. However, the
contrast variation is visually remarkable when comparing the
digitized and the FFDM mammograms regions.

The intensity variation is closely related to the contrast
because it is related to the OD sensitivity during the image
acquisition process. Therefore, the average of feature values
was used to provide a more objective analysis because the con-
trast is altered according to the equipment operational parame-
ters during the image acquisition. Figures 4–7 show the values
of the features’ standard deviation for the same regions for the
images obtained with different operational conditions. This
allows us to conclude that those values were very low.

The tests performed herewith the phantom images corroborate
the results of those obtained with actual breast images, as speci-
fied in a previous work [16], since the analysis of the features
extracted from those images has indicated a larger intensity vari-
ation for the digitized images compared with the digital ones.

The contrast differences can be affected by a failure in the
standardization of protocols for image acquisition as well as
an inadequate calibration systems, in practice, mainly for the
digital ones, considering all the steps from the physical param-
eters of the mammography system to the different characteris-
tics related to several types of breasts. Many parameters can
influence the image quality and, hence, the software fine-
tuning should be made according to the acquisition conditions.

Conclusions
Considering the viewing conditions, the study is under develop-
ment to validate the influence of the contrast variation of many
types of equipment on the radiologist’s diagnosis. However, for
the image processing, the contrast variation can be considered a
problem affecting the detection of important structures. A
large-intensity variation in a digitized image can be manipu-
lated by image-processing techniques and aid in lesion detec-
tion. However, low-intensity variation, as observed in the
images of FFDM systems, can impede the detection of some
lesions types, as masses are structures of low contrast.

Therefore, the new technologies should be tested and vali-
dated for an adequate calibration according to the procedures
adjacent to the image acquisition itself. For the digitized images,
the scanner used in this work was extensively studied in detail to
operate with the maximum capability and the best quality assur-
ance [25]. However, the calibration and validation procedures
for the technologies corresponding to the FFDM and CR sys-
tems are not well defined yet, since they are recent.
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Patents

the case of the tiny royalty

C
an a court allow an infringer
to use a patent simply by
paying an ongoing royalty,
or should there by an injunc-

tion to stop future use? That was the
question before the Court of Appeals
for the Federal Circuit (CAFC) in the
recent case of Paice v. Toyota [1].

The case involved Toyota’s Prius,
Highlander, and Lexus hybrid cars. The
plaintiff, the Paice company, was a
patent-licensing organization run by
former executives of Ford, GM, and
other automotive companies, who saw
an opportunity to capitalize on the new
technologies needed by hybrid cars.
Paice put together a portfolio of rele-
vant patents and sought to license the
entire hybrid industry. Its first target
was the industry leader—Toyota.

To show it was serious, Paice brought
a patent-infringement suit against Toyota
in the Eastern District of Texas, known
to be friendly to patent owners. In its suit,
Paice claimed that Toyota willfully
infringed ten claims of three patents and
asked for large damages and an injunc-
tion. A jury heard the case and was
barely convinced that Toyota had done
anything wrong. The jury found that only
two claims were infringed under the doc-
trine of equivalents and that Toyota had
not actedwillfully.

As to damages, the jury concluded
that a reasonable royalty for past in-
fringement would be just US$25 per car
or 0.125% for a US$20,000 Prius,
0.08% for a US$33,000 Highlander, and
0.06% for a US$42,000 Lexus RX400h.
Although reasonable royalties awarded in
patent cases vary greatly (e.g., from 1% to
30%), the rates this Texas jury found were
tiny by any standard.

Although disappointed with the
jury’s damage award, Paice still ex-

pected a big payday going forward
because, with the jury’s finding of
infringement, it felt confident that the
Texas court would enter an injunction.
Faced with an injunction, Toyota could
be expected to pay a substantial sum to
avoid an interruption of its hybrid busi-
ness. Paice’s belief that it would obtain
an injunction was well founded because,
historically, patent owners essentially
alwayswere granted an injunction against
future infringement.

Looming in the background, however,
was an appeal before the U.S. Supreme
Court (the eBay case [2]), which ques-
tioned the knee-jerk granting of injunc-
tions in patent cases. Less than a month
after Paice asked for its injunction, the
Supreme Court handed down its eBay
decision, and that changed everything.
No longer would patent owners auto-
matically receive an injunction to stop
future infringement, but, now, they
would have to satisfy the generally rec-
ognized standards for an injunction,
including showing that the payment of
money by the defendant would not be
sufficient tomake the plaintiff whole.

Even though Paice had asked for an
injunction before eBay was decided, its
request was subject to the new
standards. Being a licensing company,
as opposed to a manufacturing com-
pany, Paice’s goal was to collect
money, and, thus, it could not show that
the payment of money would not make
it whole. The Texas court, therefore,
denied Paice an injunction and instead
ruled that the reasonable royalty found
by the jury for past infringement, i.e.,
US$25 per car, would apply to future
infringement (ongoing infringement)
by Toyota.

Paice appealed to the CAFC. There,
it argued that the award of an ongoing

royalty was illegal under the Patent
Statute. After a detailed analysis of the
statute, the CAFC concluded that the
Texas court had the power to permit
Toyota to continue to infringe in ex-
change for an ongoing royalty. However,
the CAFC did question the US$25-per-
car royalty rate because the Texas court’s
decision had not explained why the roy-
alty for past infringement should apply to
future infringement. It, therefore, sent the
case back to the Texas court for a consid-
eration of this point.

Paice, thus, has a chance of getting a
somewhat larger royalty for future in-
fringement, but it will be surprising if that
royalty is as large as what Toyota would
have paid if facedwith an injunction stop-
ping the sale of its hybrid cars. More
globally, the Paice v. Toyota case opens a
new era in patent litigation because the
remedy of an ongoing royalty for future
infringement has been blessed now by
the CAFC. Only time will tell if this is
good or bad for the patent system.
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Retrospectroscope

medicine, the borrower

A
n interesting perspective on how
medicine reaches its three goals,
1) curing a disease or arrest-
ing its progress, 2) providing

relief from pain and suffering, and
3) rehabilitating with the minimum need
of a caregiver, was presented by Oliver
Wendell Holmes (1801–1891).

Holmes entered Harvard Law
School, graduated as a lawyer, and
then entered Harvard Medical School
and graduated with the M.D. degree in
1836, after which he became professor
of anatomy and physiology at Harvard.
He did not practice law, but he did prac-
tice medicine while pursuing his aca-
demic career.

Holmes wrote, ‘‘Medicine appropri-
ates everything from every source that
can be the slightest use to anybody who
is ailing in any way or likely to be ailing
from any cause. It learned from a monk
how to use antimony, from a Jesuit how
to cure the ague, from a friar how to cut
for stone, from a soldier how to treat
gout, from a sailor how to keep off
scurvy, from a postmaster how to sound
the Eustachian tube, from a dairy maid
how to prevent smallpox, and from an
old market woman how to catch the itch
insect. It borrowed acupuncture and the
moxa from the Japanese heathen, and
was taught the use of lobelia by the
American savage.’’

It is now appropriate to identify the
uses to which these appropriated items
were put. Antimony was reported to have
been fed to hogs in the 15th century by
Basil Valentine, a monk who noted that
they fattened and showed astonishing
vigor. Monks tried it on themselves with
disastrous results, hence the name anti-
moine (antimonk). Its use nonetheless per-
sisted and was being endorsed by Louis
XIV, whowas cured of a fever by it. Anti-
mony, as tartar-emetic, was prescribed as
an emetic at the onset of a fever.

The ague, or malarial fever, was
cured by the Peruvian Indians using a
tea made from the bark of a tree that
was named cinchona. A Jesuit father
working among the Incas was cured
of Malaria by this tea, which was
administered by a medicine man. The
Jesuit smuggled some of the bark
back to Europe, where it found its
way into clinical use, later becoming
known as quinine.

The friar who showed medicine how
to cut for stone was Frere Jacques de

Beaulieu, who wandered throughout
France removing bladder stones by the
ingenious surgical procedure he had
devised, which is now known as lateral
lithotomy. The unique feature of his
procedure was that it protected struc-
tures near the bladder from surgical
damage. He had nomedical training, lit-
tle education, and performed his opera-
tions only in the presence of a physician
or surgeon. As a reward for his services,
he took only what was offered, and if it
was excessive, he gave it to the poor.

The gout, an excruciatingly painful
disease affecting the joints of extremities
and, in particular, those of the great
toes, was treated by Thomas Sydenham,
a physician-soldier in Cromwell’s army,
who himself suffered from the disease.
Recognizing that the disease ‘‘affected
the rich more frequently than the poor
and rarely attacked fools,’’ he recom-
mended rest, fresh air, and moderation
in all things, particularly in diet and
drinking habits.

Scurvy, caused by a deficiency of
vitamin C, is a disease that used to deci-
mate the crews of ships on long voy-
ages. James Lind, a British naval
surgeon, recognized that a lack of fresh
fruits, which we now know to be rich in
the vitamin, was the origin of the dis-
ease in sailors. Subsequently, the juice
of lemons and limes was ordered and
served on British ships and, hence, the
name Limey for British sailors.

The Eustachian tube, connecting the
oral cavity with the middle ear, equal-
izes the pressure across the eardrum.
The postmaster who sounded it—and
placed a tube in it—was Edme-Giles
Guyot, of Versailles. He suffered from
a chronic upper respiratory infection,
which had entered the Eustachian tube
and obstructed it with mucus. Physi-
cians gave him no hope of relief from
the pain, and then progressive deafness
produced by the inequality of pressure
developed across the eardrum. Devis-
ing a small tube covered with leather
and attached to a hand-operated pump,
he succeeded in scouring his own
Eustachian tube and soon recovered
his hearing.

The dairy maid who taught medicine
how to prevent smallpox was Sarah
Nelmes of Berkeley, United Kingdom.
Jenner noted that a milkmaid who de-
veloped a pustular eruption from milk-
ing a cow infected with cowpox was
immune from smallpox. Hemade vaccine
(vaccameaning cow) from the pustules of
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Sarah Nelmes and injected it into a
small boy, James Phipps, who suffered
only mild discomfort. A few months
later, he transferred virulent infection to
the boy from a subject with smallpox.
No disease followed, even after a sec-
ond injection a few months later.

The old market-woman who taught
medicine about the itch insect was an
unknown woman in Corsica, who
showed Dr. Renucci that an insect was
responsible for scabies, an intensely
itchy disease of the skin characterized
by short dark wavy lines accompanied
by reddening and eruptions. The
unknown Corsican woman had appa-
rently opened several pustules and
extracted the tiny, red itch mite.

Acupuncture is an ancient oriental
procedure for treating disease. The
technique consists of inserting (hot or
cold) needles of various metals into one
or more of the 365 specified points on
the body. The aim of the treatment is to
enter, at an appropriate site, one or
another of the 12 vital invisible chan-
nels that carry the Yang (the active or
male element) and the Yin (passive or
female element). In health, these ele-
ments or humors are supposed to be in
equilibrium; their imbalance is the
cause of disease. Acupuncture permits
the escape of the element in excess and
restores the balance. Now, of course,
acupuncture is used for pain-killing
properties.

The moxa is also an ancient oriental
treatment consisting of burning pow-
dered leaves on various portions of the
skin to produce blistering. Advocated
for a variety of diseases, it acted as a
counterirritant or a cautery and was sup-
posed to extract or repel the vital hu-
mors, much like acupuncture.

Lobelia, the contribution of Native
Americans, is Indian tobacco. From
its dried leaves, a drug was made and
used in the 19th century as an emetic,
nauseant, expectorant, and antiasth-
matic. It was occasionally used as a
respiratory stimulant, and because of
the dangers and the appearance of
superior drugs, its use for this purpose
has been abandoned. Interestingly
enough, the use of lobelia has been
proposed for the control of the to-
bacco habit, another gift of the Amer-
ican Indian.

The modern biomedical engineer sits
on a three-legged stool, the legs being
biology, medicine, and engineering. He
or she must be knowledgeable in these
subjects to recognize problems that can
be solved by tools or techniques that
can be borrowed to solve a medical
problem.
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Cellular/Tissue Engineering

genetic engineering and stemcells:
combinatorial approaches for cardiac cell therapy

E
very year, almost 1million people
in the United States suffer a myo-
cardial infarction, and those who
survive are likely to join the

nearly 5.3 million people living with con-
gestive heart failure [1]. The irreplaceable
loss of cardiomyocytes during infarction
creates an electromechanically dysfunc-
tional tissue substrate that is incapable of
supporting a healthy body and prone to
life-threatening arrhythmias. Although
recent studies have proved that the heart
has endogenous repair mechanisms, in-
cluding the recruitment and maturation of
resident stem cells [2], the natural regener-
ative ability of cardiac tissue is apparently
insufficient to prevent the occurrence of
heart failure [3], [4]. Therefore, the
transplantation of exogenous cells into
the damaged myocardium (cellular car-
diomyoplasty) has been actively pursued
as a method to improve compromised
heart function.

A large number of animal studies and
recent clinical trials have shown that the
implantation of adult stem cells (including
myoblasts [5], bone marrow [6], mesen-
chymal or marrow stromal [7], and resi-
dent cardiac stem cells [8]) as well as
embryonic stem cells [9] into the infarcted
heart can yield significant functional ben-
efits. However, obstacles inherent to the
multipotent and proliferative nature of
stem cells and the potential risks associ-
ated with the application of exogenous
cells into the heart may reduce the transla-
tional potential of this research. The use
of genetic engineering to induce or alter
specific protein expression in stem cells
has already facilitated research in this
field and may, additionally, offer a poten-
tial route for designing more efficient cell
sources for cardiac repair. As the feasibil-
ity of stem cell genetic manipulation has
already been proved and as genetic tech-
niques continue to advance [10]–[13], the
combinatorial approach for cardiac cell

therapy is promising. This review will
thus describe the applications of genetic
engineering to improve the isolation,
selection, and differentiation of stem cells
prior to implantation as well as strategies
to promote the retention, mobilization,
survival, integration, and tracking of stem
cells after implantation.

Enhancing the Selection of
Cardiogenic Stem Cells
Although the pluripotent nature of stem
cells enables diverse regenerative capa-
bilities, specific applications of these
cells require defined differentiation. For
example, bone marrow-derived mesen-
chymal stem cells (MSCs) possess the
capability to become muscle, fat, bone,
or cartilage, but only the first of these
four cell types repopulating the injured
heart would be beneficial [14]. Further-
more, the injection of highly prolifera-
tive uncommitted embryonic stem cells
may lead to tumor formation [15]. Thus,
selecting and isolating a pure population
of stem cells exhibiting cardiogenic
characteristics is crucial to the efficacy
and safety of cardiac cell therapies. Cur-
rently, the stem cells committed to myo-
cardial lineage are genetically selected
using different reporter systems linked
to the endogenous activation and expres-
sion of cardiogenic or myogenic genes.

Cardiomyocytes from human embry-
onic stem cell-derived embryoid bodies
account for less than 10% of the total cell
population [16]. Strategies to link the
expression of fluorescent proteins to cardi-
omyogenic promoters delivered as geneti-
cally engineered vectors into stem cells
have facilitated the successful purification
of cardiomyocytes (>95%) through fluo-
rescence-activated cell-sorting (FACS)
techniques [17]. Importantly, genetically
engineered expression of fluorescent pro-
teins, such as enhanced green fluorescent
proteins (EGFPs), typically does not
impair the proliferation, differentiation, or
cardiac regeneration capabilities of stem

cells [18]. In addition to the use of fluores-
cent reporters, selection based on geneti-
cally acquired resistance to antibiotics
driven by the activation of cardiogenic
promoters has enabled up to 99% in vitro
purification of mouse embryonic stem
cell-derived cardiomyocytes [19], [20].
Reporter expression also can be custom-
ized through the selection of the associated
promoter such that genetically engineered
stem cells become selectable at early
cardiogenic transcription stages [21]–[25]
during cardiomyogenic activation [26]–
[28] or throughout the entire life of the cell
[10]. For example, selection for earlymes-
odermal (Brachyury or T) and cardiovas-
cular transcription factors (Isl1 andNkx2-5)
in mouse embryonic stem cells enables
the simultaneous derivation of multiple
heart cell types, including cardiomyocytes
and smoothmuscle cells [23] or cardiomy-
ocytes, smooth muscle, and endothelial
cells [21], [22]. Specific cardiac muscle
cells, such as ventricular myocytes, can be
isolated using vectors incorporating the
myosin light chain-2v promoter [26],
whereas atrial and nodal cellsmay be pref-
erentially isolated under the control of the
ubiquitous cardiac alpha myosin heavy
chain promoter [29].

Promoting Cardiogenic
Differentiation of Donor Cells
Although genetic selection procedures
are instrumental for the isolation of
cardiogenic cells as well as the removal
of potentially tumorigenic undifferenti-
ated stem cells, the use of selection
alone to obtain a sufficient quantity of
cells for implantation would initially
require a very large amount of stem
cells. Therefore, new genetic engineer-
ing strategies are being pursued to
actively increase the efficiency of stem
cell differentiation into cardiac cells or
to introduce cardiogenic potential in
noncardiac cells. For example, human
MSCs genetically engineered to express
myocardin, a dynamic cardiomyogenic
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transcription factor, attained a cardiac
phenotype with an efficiency of 90–
100% when implanted into infarcted
mouse heart. As a result, left ventricular
function was increased, and detrimental
ventricular remodeling was reduced,
when compared with the use of control
MSCs [30]. Furthermore, human myo-
cardial scar fibroblasts engineered to
overexpress the myocardin gene attained
cardiac gap junctions and became capa-
ble of transmitting action potentials and
repairing conduction blocks within car-
diac cocultures [31]. Similarly, forced
expression of the muscle-specific tran-
scription factor, MyoD, in primary rat
cardiac fibroblasts resulted in the forma-
tion of multinucleated myotubes, yield-
ing a potentially abundant myogenic
source for cardiac cell therapies [32].

Facilitating Identification,
Retention, and Mobilization
of Implanted Cells
The ability to assess the structural and
functional integration as well as differ-
entiation of implanted cells in the heart
requires both in vivo and ex vivo track-
ing of the location and the fate of the
injected cells. Genetic engineering of
stem cells to express fluorescent [33],
luminescent [34], or colorimetric [35]
proteins permits the localization and
imaging of live implanted cells in animal
studies and the assessment of cell devel-
opmental state when the reporter is
driven by a differentiation-dependent
promoter. For example, in the experi-
ments by Rota et al., bone marrow cells
were isolated from genetically engi-
neered mice, and, after implantation
into an infarcted mouse myocardium,
the donor cells were tracked for their
ability to undergo transdifferentiation
into functional cardiomyocytes [36].
Specifically, enzymatically dissociated
transdifferentiated bone marrow cells
were identified by their EGFP label and
shown to exhibit cardiac function
including shortening upon electrical
stimulation, calcium transients, and
action potentials. In addition, implanted
bone marrow stem cells identified by the
expression of EGFP or a c-myc nuclear
tag driven by a cardiac specific promoter

were shown to couple to host cardiomy-
ocytes by gap junction immunostaining,
dye transfer, and coordinated calcium
transients.

The lack of cell retention at the site of
injection [37] and the tendency of intra-
coronary or intraveneously delivered
cells to travel to the liver or spleen rather
than mobilize at the infarction site [38]
have been recognized as important
obstacles to successful cardiac cell ther-
apy. Recently, the retention of rat MSCs
at the site of injection was improved
threefold when the cells were genetically
engineered to express tissue transgluta-
minase (tTG), a fibronectin receptor that
promotes integrin-mediated cell adhe-
sion [39]. The resulting improvement of
cardiac function highlighted the fact that

cell implantation therapies are unlikely
to succeed if the donor cells fail to
remain at the injury site. Similarly, the
migration of MSCs from an intravenous
rat tail injection to the site of myocardial
infarction was increasedmore than twice
when cells were retrovirally infected to
overexpress CXCR4, a stromal-derived
factor-1 (SDF-1) receptor [40]. The re-
lease of SDF-1 from ischemic myocar-
dial tissue has been shown to attract the
circulating progenitor cells expressing
CXCR4 to migrate to the injury site and,
after binding to SDF-1, participate in
endogenous tissue repair [41]. As a re-

sult, the accumulation of genetically
engineered MSCs within the infarct site
translated into significant recovery of
left ventricular function, whereas the rats
injected with control MSCs exhibited no
functional improvement.

Encouraging Survival of
Implanted Cells and
Regeneration of Host Tissue
Even if the implanted cells are success-
fully delivered to the site of cardiac
injury, their survival within the hostile
ischemic and/or inflamed microenviron-
ment is found to be relatively low and
unpredictable [42]. Overexpressing anti-
apoptotic and proangiogenic genes has
had the dual benefit of directly promot-
ing the survival of implanted cells as well
as the paracrine factor-induced recovery
and regeneration of the host myocardium
[43]. In particular, the genetically engi-
neered expression of Akt [44], hypoxia
inducible factor 1� (HIF-1�) [45], fibro-
blast growth factor-2 (FGF-2) [46], or
heme oxygenase-1 (HO-1) [47] within
implanted bone marrow-derived stem
cells has yielded up to fivefold greater
survival relative to that of control cells.
Similarly, rat MSCs genetically engi-
neered to express the vasodilator peptide,
adrenomedullin, exhibited increased sur-
vival upon implantation and induced
microvessel formation within the host
myocardium [48]. Antiapoptotic and
proangiogenic characteristics were
also genetically engineered into mouse
embryonic stem cells [49] and bonemar-
row-derived MSCs [50] through the
forced expression of the vascular endo-
thelial growth factor (VEGF). In most of
the cell implantation studies, the com-
bined efforts of selecting purified stem
cell sources for injection and ensuring
their safe arrival and survival at the
injury site directly correlated with the
enhanced recovery of cardiac function.

Directly Improving Myocardial
Function by Promoting
Stem Cell Integration
Although functional improvements
within an infarcted heart following stem
cell injection may be correlated with
the broad spectrum of paracrine factors
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secreted by the donor cells [51], the
importance of host–donor electrome-
chanical coupling is undeniable [52].
Ideally, for safe and efficient repair,
exogenously implanted cells should be
both myogenic and able to architectur-
ally and functionally integrate within
the heart syncytium [53]. Initial clinical
trials involving the implantation of auto-
logous skeletal myoblasts were associ-
ated with arrhythmias, possibly owing to
the lack of gap junction formation
between differentiated myotubes and
host tissue [54]. Implanting skeletal
myoblasts derived from transgenic mice
that express connexin-43 via a skeletal
muscle promoter eliminated the arrhyth-
mias associated with the implantation of
wild-type cells [55]. On the other hand,
MSCs, which endogenously express gap
junctions and functionally couple to host
cardiomyocytes, exhibited significantly
reduced arrhythmogenesis when com-
pared with skeletal myoblasts [56].

In addition to reconnecting electrical
gaps within the diseased myocardium,
genetically engineered stem cells hold
promise as biological pacemakers for reg-
ulating abnormal heart rhythm [57].
Unlike traditional electronic pacemakers,
biological pacemakers are expected to
retain their responsiveness to endogenous
endocrine signaling or pharmacological
interventions. Recently, implanted green
fluorescent protein-labeled human embry-
onic stem cell-derived cardiomyocytes
were shown to functionally integrate
within the myocardium and actively pace
guinea pig ventricles after cryoablation of
the atrioventricular (AV) node [18]. Simi-
larly, implanted human MSCs genetically
engineered to express ‘‘funny’’ current
(HCN2 gene) were able to pace, in a cate-
cholamine-responsive manner, canine
ventricles after AV node ablation [58].
Mechanistically, the HCN2 expressing
MSCs were not able to actively generate
action potentials, but they produced a
depolarizing current, which spread to
coupled cardiomyocytes, bringing them
to the excitation threshold. Customized
pacemaking function in the future could
be accomplished by engineering targeted
mutations within the ion channel genes
expressed in the implanted cells [59].

Future Perspectives
The implantation of stem cells to
restore lost or impaired heart function is
an exciting and promising frontier in bio-
medical and clinical research. The search
for the ideal cell source for cardiac repair
has significantly advanced throughout
the past decade, but the perfect cell may
be one that is genetically designed rather
than discovered. As described in this
review, genetic engineering is a viable
strategy for overcoming potential lim-
itations inherent in stem cell experi-
mentation as well as exogenous cell
implantation. With the recent discovery
that adult human fibroblasts can be genet-
ically engineered to attain stem cell-like

properties (induced pluripotent stem
cells) [60], [61], the future of cardiac cell
therapy may involve the reprogramming
of autologous adult cells into stem cells
suitable for cardiogenic differentiation
and implantation [62]. Success of this
new approach may eliminate the ethical
and immunogenic complications intrinsic
to the use of embryonic stem cells while
providing an abundant cell source for
implantation therapies. Nevertheless,
while combined efforts in genetic engi-
neering and stem cell biology may create
the most effective treatments for heart
disease, it is imperative that extensive
preimplantation and postimplantation
studies be used to establish the associated

risks of these technologies. As an alterna-
tive, the identification of soluble factors
that would produce phenotypic changes
similar to those induced by genetic
manipulation is currently under pursuit
by several research groups.

In conclusion, the current efforts to
characterize and improve the effective-
ness of stem cells for the treatment of
myocardial infarction and heart failure
are promising. Further understanding of
the genetic mechanisms that govern
cardiogenic stem cell differentiation as
well as the cellular properties that lead
to safe host–donor integration and suc-
cessful functional repair of damaged
heart tissue will provide future opportu-
nities for the use of genetic manipula-
tions in cardiac stem cell research. The
studies that use genetic engineering to
enhance the selection, survival, and
integration of stem cells in cardiac
implantation therapies will be vital to
the forward momentum of this field.
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A Look at . . .

moment-based approaches in imaging
part 3: computational considerations

M
oment functions have been
defined in part one of this
series [1] while important
properties such as invari-

ance and robustness to noise have been
reviewed in part two [2]. Before ad-
dressing the applications of moments,
another feature that has to be discussed
is the computational load. The com-
plexity of image analysis methods, in
other words, the number of operations
that are required to achieve a given task,
iteratively or not, may lead to practical
limitations when dealing with large
datasets [two-dimensional (2-D) or three-
dimensional (3-D) image sequences] and
time constraints. This issue is also of con-
cern for moments, in particular, when
high orders have to be computed. There-
fore, special attention must be paid to fast
computation. The continuous-to-discrete
transform may also affect the analytical
properties (i.e., invariance and orthogon-
ality), by the introduction of numerical
errors. Thus, the problem of accurate
computation of moments should be ad-
dressed, and these two aspects are exam-
ined in this third part of the series.

Accurate Computations
Most of the moment functions are
defined in continuous form. The double
integration (refer to [1]) is usually
approximated by a double summation.
To increase the accuracy, Liao and
Pawlak [3] proposed an improved ver-
sion of the approximation formula for
geometric and Legendre moments,
which was further applied to Zernike
moments [4]. More recently, Pawlak
and his collaborators reported a novel
scheme for the high-precision computa-
tion of Zernike moments in a polar
coordinate system [5]. Kotoulas and
Andreadis [6] used a piecewise polyno-
mial interpolation to get a more precise
calculation of geometric moments. Jacob

et al. [7] developed a method for the
exact computation of the geometric
moments of a region bounded by a curve,
which is represented by smooth basis
functions such as B-splines and other

scaling functions. Sheynin and Tuzikov
[8] proposed an algorithm for computing
the geometric moments of a 2-D object
that was described by a spline curve
boundary, and explicit formulas were
derived by their method.

It is worth noting that discrete mo-
ments such as Tchebichef, Krawtchouk,
Racah, and dual Hahn moments do not
undergo discrete approximation in their
numerical implementation.

Fast Algorithms
A significant amount of computation is
required to generate moment values
from images. Several options can be
considered to accelerate the process by
1) proposing new theoretical formula-
tions, 2) reducing the complexity, and
3) designing innovative implementa-
tions, and the first two will be mainly
addressed in this article. Because the
problem of fast computation of geo-
metric moments has been extensively
investigated, oneway of efficiently com-
puting other kinds of moments, such as
Legendre and Zernike moments, is to
express them as a linear combination of
geometric moments. Although such a
strategy was adopted by several re-

search groups [6], [9]–[11], it should
be noted that most of the fast algo-
rithms were focused on the use of poly-
nomial properties.

Fast Computation
of Geometric Moments
Many algorithms have been reported in
the literature as either generic, which
deals with all types of images and
object descriptions, or specific to well-
defined situations (binary data or piece-
wise boundaries for instance). In an
early work, Hatamian [12] used a causal,
spatial filter requiring only O(N2) addi-
tions for 2-D images with size N 	 N.
Zakaria et al. [13] proposed the so-called
delta method for binary images. This
method is suitable for images repre-
sented by y-lines and was later improved
by Dai et al. [14] and Li [15]. Note that
Li’s algorithm needs only O(N ) addi-
tions and multiplications for a convex
object, whereas some fast algorithms
make use of corner points of the object
boundary [16]–[18]. Such approaches,
limited to binary images, require O(K)
additions and multiplications, where K
denotes the number of corner points. By
extending Jiang’s algorithm, Li [19] sug-
gested a fast algorithm for computing the
3-D image moments of polyhedra. Shey-
nin and Tuzikov [20] derived explicit
formulas for this problem. Tuzikov et
al. [21] presented a general and effi-
cient approach for calculating the sur-
face moments of arbitrary-dimensional
polytopes.

Another class of fast algorithms is
based on the use of Green’s theorem,
which evaluates the double integral over
a region by a single integration along
the boundary of the region. Li and Shen
[22] described a fast method that
requires O(N) additions and multiplica-
tions. Their method, although efficient,
relies on an approximation of Green’s
theorem. Using a discrete version of
Green’s theorem, Philips [23] suggested
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an exact calculation of image moments,
which was less efficient. On the basis of
a new version of the discrete Green’s
theorem, Yang and Albregtsen [24] pro-
posed a novel and exact algorithm for
binary and gray-level images, and their
method was then extended to 3-D mo-
ment computation [25]. Spiliotis and
Mertzios [26] developed an efficient
solution for binary images represented
by blocks, which was later improved by
Flusser [27] and generalized for gray-
level images by Chung and Chen [28].
Local, geometric moment computation
has been analyzed by Martinez and
Thomas [29], and an efficient discrete
cosine transform has been reported by
Chung et al. [30].

Most of the aforementioned algo-
rithms were designed for a cascade sys-
tem (parallel implementation being
addressed by Chen [31]), and it should
be noted that the solutions proposed by
Chan et al. [32] and Liu et al. [33]
require additions only for the fast com-
putation of 2-D and 3-D gray-level
image moments, respectively, which can
also be implemented in a parallel mode.

Fast Computation
of Orthogonal Moments
As mentioned earlier, one way of com-
puting the orthogonal moments is to ex-
press them as a linear combination of
the geometric moments and, then, de-
rive the benefit of the fast algorithms
discussed previously. However, another
approach relies on the properties of
orthogonal polynomials. Mukundan and
Ramakrishnan [34] first used a Green’s
theorem and, then, proposed a recursive
scheme for computing the Legendre and
Zernike polynomials. Shu et al. [35]
derived an improved version for Legen-
dre moments and, later on, extended it
to 3-D Legendre moments of polyhedra
[36] in which the number of arithmetic
operations depends only on I and J,
where I and J represent the boundary
surface number and the edge number of
the polyhedra, respectively. Legendre
moments of objects represented by
y-lines have also been addressed by
Zhou et al. [37]. Wang and Wang [38]
described a recursive algorithm for the

fast computation of the inverse Legen-
dre moments.

Zernike moments have been investi-
gated extensively in the past decades.
Mukundan and Ramakrishnan [34] pro-
posed a square to circular image trans-
formation to simplify their computation.
Belkasim et al. [39] used the radial and
angular expansions of Zernike polyno-
mials to speed up the algorithm. Gu
et al. [40] suggested an iterative method,
where higher-order polynomials are
expressed as a function of lower-order
ones. Since the recent comparative analy-
sis provided by Chong et al. [41], addi-
tional contributions have been reported.
Wee et al. [42] suggested a hybrid algo-

rithm to derive the subset of Zernike
moments. Using the symmetry or anti-
symmetry property of Zernike basis
functions, Hwang and Kim [43] pro-
posed a fast and accurate method.
Chong et al. [44] developed a p-
recursive method that uses a combina-
tion of lower-order polynomials to
derive higher-order polynomials with
the same repetition of q to improve the
computation efficiency.

Recently, attention has also been paid
to the fast computation of other orthogo-
nal moments. On the basis of the
symmetry property of Tchebichef poly-
nomials, Mukundan [45] improved the
computation of Tchebichef moments.
Using Clenshaw’s recurrence formula,

Wang and Wang [46] proposed a recur-
sive algorithm for computing the Tche-
bichef moments suitable for very large
scale integration (VLSI) implementa-
tion. Kotoulas and Andreadis [47] pre-
sented a novel architecture suitable for
Tchebichef moments. Nakagaki and
Mukundan [48] developed an algorithm
for the fast computation of 4 	 4
discrete Tchebichef transform blocks.

Conclusions
Active research has been devoted to
improve both the accuracy and the ef-
ficiency of the computation of moments.
It is difficult to provide an exhaustive
view and to precisely set the latest
achievements in terms of the number of
operations because of the many situa-
tions to be handled, according to the
nature of the images, the object descrip-
tions, and the specific objectives that are
pursued. As it has been shown, multiple
options have been explored for reducing
the computational complexity and de-
signing sound architectures. There is no
doubt that faster algorithms are still
needed to address more demanding
applications in a real-time environment,
which will be discussed in the next part
of this series.
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Book Reviews

Cantor’s Dilemma
Carl Djerassi, Doubleday, 1989. ISBN
9780140143591, 230 pages, US$15
paperback.

Intuition
Allegra Goodman, The Dial Press, 2006.
ISBN9780385336123, 344 pages, US$25.

If there were no grants to write, no
classes to teach, and no meetings to
attend, and you had time to organize your
thoughts, imagine what you might say to
your new graduate student as he or she
enters your lab. You’d want to prepare
them for the extraordinary pressure of
the work when deadlines are looming
and also counsel them against cutting
any corners. You’d want to explain that
they will be expected to work independ-
ently, but as you have already laid the
groundwork for them, youwill be a coau-
thor on every article. You’d want to tell
them that working fast and publishing
early is good for one’s career, but pub-
lishing too early can be fatal. You’d
stress the centrality of the lab book and
good record-keeping in lab culture.
Above all, you’d preach the importance
of safeguarding trust and openness
among collaborators: that science is
based on trust. We must all be able to
trust the published literature as we must
be able to trust the work of our immedi-
ate colleagues, and that includes graduate
students.Without trust, there is nothing.

Now imagine how such a speech
would be received. The ‘‘Far-Side’’ car-
toon of what a master says to his dog,
‘‘Now Ginger, don’t eat the daisies . . . ,’’
and what the dog hears, ‘‘Blah, Ginger,
blah, blah, blah, blah . . . ,’’ comes tomind.

There may be a more enjoyable and
more effective way to broach these and
other important ethical issues: give each
entering student copies of Cantor’s
Dilemma (1989) by Carl Djerassi and
Intuition (2006) by Allegra Goodman.

Encourage students to read them and
talk about what they’ve read.

The two books, both novels that
revolve around possible instances of
scientific fraud, cover a host of ethics-in-
science issues that every student, and
every principal investigator (PI), should
consider. Cantor’s Dilemma, the less lit-
erary of the two (it was Djerassi’s first
effort in what has since become a tetral-
ogy of science in fiction novels), is no less
enjoyable and no less a valuable teaching
tool than Intuition. The dialogue in the
older book is a bit stilted, but Djerassi’s
story may pack the higher ethical-issues-
per-page quotient over Goodman’s.

As the story opens, Isidore Cantor, a
well-known cell biologist, is proposing
a new theory of tumorigenesis in a guest
seminar at Harvard. His Harvard-based
rival and sometimes tormentor, Krauss,
acknowledges that Cantor’s talk ‘‘will
go down in history.’’ First, Cantor must
devise an experiment to support the
theory, and now that the theory has been
stated in public, time is of the essence.
When he comes up with a very compli-
cated experiment to prove his idea, he
hands off the difficult bench-work to
his most promising postdoc, Jerry Staf-
ford, with the heavy-handed admoni-
tion, ‘‘it’s an experiment that’s going to
work. I feel it in my bones.’’ From there,
it’s off to the races: races for proof,
publication, publicity, and prizes. In the
first 60 pages, Djerassi manages to
weave together not only the overbearing
expectations of the PI on his underling
but also the questions of authorship,
priority, intellectual property, gender
discrimination, superfluous publishing,
mentorship, and questionable romantic
relationships between unequals (read,
students, and faculty). One of Jerry’s
roommates, Leah, an English major, is
charming in her irrreverence and plays
the important role of foil to the cast of
scientists. As a nonscientist, she can ask
the naı̈ve questions (that your graduate

student may want answered). Learning
that a third roommate’s article would be
coauthored by the student and her fac-
ulty adviser, Leah confronts the adviser,
Jean Ardley, directly,

‘‘Why does your name even
appear on the paper?’’ She con-
tinued full steam. ‘‘Wasn’t Celly
the one who did all the work? My
adviser suggested the topic for
my Ph.D. thesis, but she isn’t
going to put her name on my
articles. Why do you people do
that in science?’’

Perhaps, the reader has had the same con-
versation and will be interested to com-
pare responses with the one given by the
fictional professor Ardley. Although the
story is fictional, the author, an accom-
plished chemist and recipient of many
national awards for science and technol-
ogy, salts it throughout with real science
and real scientists: many of whom are his
personal friends and acquaintances.

Goodman’s first foray into the world
of science is not her first novel. An
accomplished author and the recipient of
many national awards for fiction, her
novel is inspired by a real event: the so-
called Baltimore case, named or mis-
named, for the Nobel-winning coauthor
on an article published in Cell in the
1980s, whose contents were questioned
by a postdoc working in the lab of the
senior author, Imanishi-Kari. Good-
man’s story is not historical fiction, per
se, but it retains some of the more notori-
ous aspects of the real event, particularly
the ultimate involvement of the National
Institutes of Health (NIH) Office of
Scientific Integrity in the inquiry.

Unlike Djerassi’s work, whose main
purpose is to construct hypotheticals
with ethical implications, Goodman
tries to bore into each of her characters’
backgrounds and uncover the motiva-
tion for their actions. She fills in a com-
plete and compelling back-story to
what the reader may know from pressDigital Object Identifier 10.1109/MEMB.2008.922341
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accounts of the real case. After an accu-
sation of wrongdoing has been made
against Cliff Banaker, a hotshot post-
doc, the PI asks a trusted senior postdoc,
Feng, to comment on the quality of
Cliff’s work. When Feng, who also hap-
pens to be a Chinese national, replies
simply, ‘‘He worked very hard,’’ his
reticence is mistaken by the PI for a
statement of support. But thanks to the
author’s full exploration of the charac-
ters, we learn what the PI does not.
Feng, ‘‘had a well-earned abhorrence of
this scenario—one researcher pulled
out to inform on another. His father had
been denounced by his own colleagues
and forced to wear a dunce cap painted
with his crimes. His father had been
paraded up and down and forced to
recapitulate the errors of his ways. At
that time, Feng’s mother had taught him
to lie . . . The two of them practiced until
the lies were second nature.’’

The Intuition of the title refers to the gut
feeling on the part of the accuser that a
prominent publication presents a selective
(and thus fraudulent) representation of the
experimental results. As in the real affair,
the accusation, willingly helped along by
the lay press, unleashes a Pandora’s box of
reactions that reverberate beyond science
into politics and back again. The climactic
confrontation between politician and
scientist is worthy of the courtroom con-
frontation between Tom Cruise and Jack
Nicolson inAFewGoodMen (‘‘You can’t
handle the truth!’’). In Intuition, Goodman
shows the reader each issue from many
people’s perspectives, but, in the end, she
takes a definite stand as to who are the vil-
lains and who are merely flawed human
beings. You’ll have to read the book to
find out who is who. Along the way,
she captures the culture and the mind-
set of research surprisingly well for a
nonscientist. As most of us will admit,
sometimes, the mindset is one of pure
despair, as Cliff laments,

Research, which had once been
dreary, and then addictive, now
seemed a tragic enterprise, one
false hope yielding to another,
progress shattered by bad luck,
and the greatest expectations
doomed to disappointment.

What both novels do quite successfully
is to bring to life the intense pressures
on scientists to produce positive results.
Good results are needed to power high-

profile papers and grant proposals.
Without these things, funding cannot be

(continued on page 103)
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GOLD

EMBS approves and encouragesmentoring

A
major benefit associated with
your IEEE membership is the
opportunity to participate in
the IEEE Mentoring Con-

nection, a Web-based program that
seeks to foster mentoring relationships
between IEEE members. Launched in
2006, the IEEE Mentoring Connection
(known from this point onward as the
Program) seeks to help with career plan-
ning and professional development. As
of February 2008 (when this article was
written), the Program includes 1,665
member participants from IEEERegions
1–10, with more than 250 active partner-
ships between 1,139 mentees and 526
mentors. (The IEEE specifies that each
mentor should have not more than two
mentoring partnerships at one time [3].)

According to Karen Sorenson, ‘‘if
you’ve never mentored or had a mentor,
try it out. Be honest and say that you’re
new to it. The rewards are so much
greater than the anxiety of not knowing
what it’s about’’ [1].

Mentoring is the action of advising or
training another person, especially a less-
experienced colleague [2]. A good men-
toring partnership is always a two-way
relationship between the mentor and the
mentee [3]. The Program defines amentor
as ‘‘someone who has experience, has
gained wisdom and knowledge from their
experiences, and can offer insight, guid-
ance, and inspiration to another person’’
and amentee as ‘‘someone who has a pas-
sion for learning.’’ More complete de-
scriptions are found in the introductory
and FAQ pages of the Program’s official
Web site (see later). Prospective mentors
and mentees must be IEEE members
above the Student Member grade, includ-
ing Graduate Student Members (GSMs),
or belong to theMember, Senior Member,
Fellow, and LifeMember grades. Mentors
and mentees can learn from each other
during their partnership and can take on

the role of the other mentoring partner.
Age should not qualify or disqualify some-
one from being amentor; e.g., recent grad-
uates often look toward other recent
graduates for advice [3]. Prospective par-
ticipants must be willing to commit a
minimum of two hours of their time per
month and devote their efforts to develop-
ing thementoring relationship and uphold-
ing the Program’s values. The mentoring
partnership lasts for one year, but it is flex-
ible enough such that the relationship can
be closed early if not progressing, and
partners may look for other partnerships.
In addition, the Web site offers step-by-
step instructions on the mentor–mentee
matching process and the expectations
associated with Program participation.
Overall, the Programprovides an excellent
opportunity for IEEEmembers around the
world to get connected. Interaction may
be local or long distance via e-mail, phone
calls, or face-to-facemeetings.

How Can EMBS Members
Best Utilize This Program?
By participating, of course! As part of
the signing-up process, there is an
opportunity to check off technical back-
ground and interest based on the IEEE
technical societies. For example, in Feb-
ruary 2008, 142mentees and 58mentors
checked off the IEEE Engineering in
Medicine and Biology Society (EMBS)
as their technical area of knowledge.
Thus, there is a possibility that a mentor-
ing relationship may bloom between
EMBS members (or at least those inter-
ested in engineering in medicine and
biology). Mentoring has many advan-
tages for both parties involved, and the
goals of entering into a mentoring rela-
tionship differ for everyone. For exam-
ple, some mentors participate to give
back to their profession by sharing their
experiences with their partner, while
others want to learn about current indus-
try trends from their mentee [3]. Some
mentees participate to discuss the pros

and cons of further graduate education,
whereas others look for advice on career
planning from an objective mentor.
Developing a mentoring relationship is
not complicated and is made simple,
especially, through the Program’s on-
line process. Our EMBS community is
strong, knowledgeable, and friendly.
Become a mentor or mentee today!

For further information, visit http://
www.ieee.org/mentoring and http://www.
ieee.org/gold or contact Cathy Downer at
c.downer@ieee.org.

A Note for the Reader
If you are an IEEE Member who grad-
uated with your first professional de-
gree within the last ten years, you are
automatically part of the IEEE Gradu-
ates Of the Last Decade (GOLD). Last,
the details of the third installment of the
EMBS-GOLD Networking Reception
for EMBC’08 in Vancouver, Canada,
may be found at http://www.embc2008.
com/. As ever, your ideas, comments,
and constructive criticisms regarding
what EMBS can do for you are most
welcome. Please contact your GOLD
coordinator Lisa Lazareck (lisa.lazareck@
eng.ox.ac.uk), as she would love to hear
from you!

Lisa Lazareck is currently studying
for a doctorate of philosophy in electri-
cal engineering at the Engineering Sci-
ence Department of the University of
Oxford. She is a member of the Signal
Processing and Artificial Neural Net-
works Engineering Research (SPANNER)
Group and St. John’s College, University
of Oxford.
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Government Affairs

professional responsibility: politics, culture,
and religion versus science and technology

C
olleagues, greetings from
the U.S. Capital! The topic I
chose for this column re-
lates to ethics, morality, and

our professional or intellectual duties. I
believe that many of us choose not to
address, at least publicly, issues related
to what I would like to name public
information censorship. Whatever we
individually choose to do can and will
have very serious consequences for this
and future generations. In a world where
population growth and life expectancy
are steadily increasing and straining
resources, we need to create a conscien-
tious and rational society, where key
national policies are not formulated on
the basis of misinformation and false-
hoods in which reason and evidence do
not see the light of day. Such actions have
only exacerbated the persistent and the
resilient nature of societal problems. This
may be easier said than done, particu-
larly, because rejection of religious
dogma (as an example) could be consid-
ered heresy andmay lead to the expulsion
of individuals from the religious group.

Introduction
The IEEE Engineering in Medicine and
Biology Society (EMBS) is part of a
larger organization. Both the EMBS
and the IEEE, at this higher umbrella
level, have members that represent prac-
tically every nation in the world. These
nations have as well as represent a vari-
ety and range of cultures, education, reli-
gions, economies, politics, and even
legal systems. Having said this, I wonder
who defines our respective personal
ethics and morality when it comes to
informing the public.What is our collec-
tive code of ethics and morality, when it
comes to informing the public and see-
ing to it that they receive factual, timely,
and necessary information responsibly?
Who should determine such a code?

Should this be our respective community
leadership, governments, professional
societies, or groups? Should we (EMBS
or IEEE) have a voice of our own?

I believe that our profession is capable
of providing a much needed, professio-
nal, and balanced perspective. Through
the ages, society’s perceptions of contri-
butions by science and scientists have
also changed. In spite of significant
advances, much remains to be done. In
the past, many scientists paid with their
lives for claiming ideas that went against
the central authority of the Church.
Today, professional organizations still

fear addressing topics that are not pop-
ular among all of its membership. Gov-
ernments, on the other hand, may
censure scientific thought if the scien-
tific conclusions are not aligned with
their mainstream political agendas. In
either case, the general public may not
receive the benefit of a total scientific
or technological education that they
deserve from us.

The question is then what are we
supposed to do? How are we supposed
to advance our careers for the benefit
of mankind? How do we educate the

human race? Perhaps, despite these
differences (political, religious, cultural,
etc.), we could strive, using our profes-
sional organization, to provide the
global public a more sensible and accu-
rate perspective of the impact of science
and technology in their lives.

Back in History
Regardless of the country where you live
in, the political system, religion, culture,
and even the economic system of your
country will affect the way you are edu-
cated and the way you think. For exam-
ple, political and/or spiritual leaders may
prohibit publications or public dissemi-
nation of scientific information.

In the field of astronomy, undoubt-
edly one of its founding fathers and eas-
ily one of the most recognized names in
the history of the field was Copernicus
[1], who lived in the 16th century and
was the first astronomer in recent times
to write a major work suggesting that
the earth revolves around the sun. This
idea of a solar system [2] was his great-
est contribution, and it provides the
basis for our present day concept of the
universe. ‘‘Opposition was first raised
against the Copernican system by prot-
estant theologians for biblical reasons
and, strange to say, it has continued, at
least sporadically, to our own days. On
the Catholic side, opposition com-
menced only 73 years later, when it was
occasioned by Galileo. On 5 March
1616, the work of Copernicus was for-
bidden by the Congregation of the
Index ‘until corrected,’ and, in 1620,
these corrections were indicated. Nine
sentences, by which the heliocentric
system was represented as certain, had
to be either omitted or changed. This
done, the reading of the book was
allowed. In 1758, the book of Coperni-
cus disappeared from the revised Index
of Benedict XIV. Copernicus’s genius
appears in the fact that he grasped the
truth centuries before it could be
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proved. What is most significant in his
character is that while he did not shrink
from demolishing a scientific system
consecrated by a thousand years’ uni-
versal acceptance, he set his face
against the reformers of religion’’ [3].
Galileo’s championing of Copernican-
ism was controversial within his life-
time [4]. The geocentric view had been
dominant since the time of Aristotle,
and the controversy engendered by Gal-
ileo’s opposition to this view resulted in
the Catholic Church’s prohibiting the
advocacy of heliocentrism as poten-
tially factual, because that theory had
no decisive proof and was contrary to
the literal meaning of the Scriptures.
Galileo was eventually forced to recant
his heliocentrism, and he spent the last
years of his life under house arrest on
orders of the Inquisition.

Pontifical Pardon
‘‘Even though Polish astronomer Nico-
laus Copernicus died the very day he
received his copy of his work De Revo-
lutionibus Orbium Coelestium (On the
Revolutions of the Celestial Spheres) in
1543, he had included in the preface of
the book a plea to Pope Paul III to con-
sider his revolutionary theory that the
earth revolved around the sun rather
than the other way around. ‘I can read-
ily imagine, Holy Father, that as soon as
some people hear that in this volume I
ascribe certain motions to the terrestrial
globe . . . they will shout that I must be
immediately repudiated together with
this belief. . . . Those who know that the
consensus of many centuries has sanc-
tioned the conception that the earth
remains at rest in the middle of the
heaven as its center would, I reflected,
regard it as an insane pronouncement if
I made the opposite assertion that the
earth moves.’ Copernicus argued that
his logic and the soundness of his prin-
ciples would ‘dispel the fog of absurdity
by most luminous proofs,’ but his
feared repudiation became a reality in
1616 when the Vatican placedDe Revo-
lutionibus on its list of forbidden books.
The book was removed from the list in
1822, but it was only recently, in June
1999, that Pope John Paul II pardoned

and defended Copernicus in an address
to Polish academics and scientists’’ [5].

Defining a Current Problem
On 23 October 2007, Dr. Julie Geberd-
ing, the director of the Centers for Dis-
ease Control and Prevention (CDC), was
asked by a U.S. Senate Committee on
Environment and Public Works to pro-
vide a testimony with regard to climate
change and public health. Her prepared
statement, which can be found in [8] and
[9] was originally 14 pages long. This
statement was sent to the White House
and was reviewed by the Office of Sci-
ence and Technology Policy (OSTP).

When the document reached the afore-
mentioned Senate Committee after
OSTP review, it was six pages long. In
so many words, the head of a U.S. gov-
ernment agency, and a scientist, wrote a
statement as it was requested, and a
political arm chose to censor it. Conse-
quently, the general public do not get to
hear the whole story. Is this right?
Should we (U.S. citizens, EMBS Mem-
bers, and IEEE Members-at-Large)
remain silent? Some questions we
might ask could take our thinking in
many directions.
� Why would the government elimi-

nate every one of the nine risks
suggested on the testimony?

� If the intent was to prevent public
panic, did this action do that or in-
stead generate more fear and distrust
as well (now and for the future)?

� When asked by reporters, this agen-
cy administrator claimed that she
was not censored (and yet her full
statement was leaked to the press).
Can we assume that her job was at
stake if she admitted censorship?

� Was the CDC created to deal with
the public’s health and safety or to
be a pawn of an administration? In
other words, what is the CDC’s
mission, the public good or to be
an administration’s lapdog?

� Can the OSTP be trusted to pro-
vide good sound scientifically and
technical advice to the administra-
tion and the public?

It is important to realize that in Decem-
ber 2007 and for a period including the
16 prior months, the House Oversight
and Government Reform Committee
[6] had been investigating allegations
of political interference with govern-
ment climate change science under the
Bush Administration. During the course
of this investigation, the Committee
obtained over 27,000 pages of docu-
ments from the White House Council
on Environmental Quality (CEQ) and
the Commerce Department, held two
investigative hearings, and deposed or
interviewed key officials. Much of the
information made available to the Com-
mittee has never been disclosed pub-
licly. However, their findings include
not just the CDC, but the National
Aeronautics and Space Administration
(NASA), the National Oceanic and
Atmospheric Administration (NOAA),
the Environmental Protection Agency
(EPA), and others.

The Committee concluded that ‘‘the
Bush Administration has engaged in a
systematic effort to manipulate climate
change science and mislead policy-
makers and the public about the dangers
of global warming’’ and that it ‘‘has
acted as if the oil industry’s communi-
cations plan were its mission state-
ment.’’ It went further by stating that
‘‘White House officials and political
appointees in the agencies censored
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congressional testimony on the causes
and impacts of global warming, con-
trolled media access to government cli-
mate scientists, and edited federal
scientific reports to inject unwarranted
uncertainty into discussions of climate
change and to minimize the threat to the
environment and the economy.’’

In summary, I wish to call everyone’s
attention to us, our community, those
practitioners in engineering, and all the
other IEEE Members, and these are
some specific questions that we should
raise:
� Are we supposed to advance our ca-

reers for the benefit of mankind?
� How do we educate the human race?
� Is it not our moral and ethical obli-

gation to say or do something?
� What can we do?
� What should we do?

IEEE 2007 Strategy Initiative
The IEEE recently began an engage-
ment in a strategy initiative that applies
strategic thinking, explores new ideas
about strategic governance, and uses
new methodologies for strategic dia-
logue [7]. On the IEEE Web site, Presi-
dent and CEO (2007) Leah Jamieson
explains that ‘‘the IEEE has embarked
on an enterprise-wide strategic plan-
ning process and that this new effort
was initiated by the IEEE Board of
Directors, which is working to integrate
strategic, data-driven thinking and dia-
logue into the processes by which we
make decisions about IEEE’s future.
IEEE has committed to engaging in
continuous strategic dialog to 1) exam-
ine what we do, 2) agree on where we
want to go, and 3) determine what kind
of organization we want to be.

IEEE’s core purpose was defined
as, ‘‘to foster technological innova-
tion and excellence for the benefit of
humanity,’’ and the following core
values (which are the essential and
enduring principles that guide IEEE)
were selected:
1) Service to humanity: leveraging

technology and engineering to
benefit human welfare; promoting
public awareness and understanding
of the engineering profession

2) Global focus: supporting and em-
bracing the global nature of and the
need for technical work and engi-
neering solutions

3) Trust and respect: promoting a cul-
ture where contributions at all levels
are valued; encouraging member-
driven, volunteer-led, knowledge-
based projects; building effective
volunteer/staff partnerships

4) Growth and nurturing of the profes-
sion: encouraging education as a
fundamental activity of engineers, sci-
entists, and technologists at all levels
and at all times; ensuring a pipeline
of students to preserve the profession

5) Collaboration and community build-
ing: cultivating active, vibrant, and
honest exchange among cross-discipli-
nary and interdisciplinary global com-
munities of technical professionals

6) Professionalism: creating a world in
which engineers and scientists are
respected for their exemplary ethical
behavior and volunteerism.

7) Intellectual activity: engaging in for-
ward thinking; nurturing new and
existing science and technology

8) Peer reviewed: using unbiased infor-
mation to enhance the quality of life
for all people.

I studied the OSTP purpose and their
activities and then analyzed the details
of the IEEE 2007 Strategy Initiative
and compared them. I found that there
is a clash between them in at least seven
of our eight core values: 1, 2, 3, 5, 6, 7,
and 8 to be more specific.

Also, the vision statement used in this
strategic planning effort that describes a
clear and compelling catalyst that serves
as a unifying focal point of effort (IEEE’s
Big Audacious Goal) was defined as
being: ‘‘. . .essential to the global techni-
cal community and to technical profes-
sionals everywhere, and be universally
recognized for the contributions of techn-
ology and of technical professionals in
improving global conditions.’’

Aside from the moral and ethical issues
that I am raising here, there is the addi-
tional issue of developing and deploying
key national policies. If politicians, i.e.,
congressional leaders, are not well in-
formed on a given science and technology

issue, the chances are that related funding
(if any is appropriated at all) would be
based on inaccurate or incomplete infor-
mation. This, in turn, would affect every
decision that is being made, and indeed it
has! Let us not forget that most politicians
are lawyers who largely lack a much
needed science, math, and or technical
background. How critical is then an accu-
rate and complete testimony given to Con-
gress? In addition and in the context of
professional responsibility, the engineer-
ing community not only has a personal
responsibility to provide appropriate ad-
vice to congressional parties but must also
see to it that proper information is acted on
in the national interest to benefit all nation-
als of our respective countries.

Conclusions
Currently, the topic of global warming
is has captivated the world’s attention.
It is clear that it affects all of us, and, of
course, we must all work together to
resolve it. It is important, while think-
ing of this subject, to connect all ele-
ments in the chain of events so that a
collective effort based on such linkages
can then result in improved outcomes.
In the last 15 years, all countries have
become more dependent on services
and goods from the rest of the world.
We could and will be having a similar
discussion on the topic of sustainability,
which is raised, particularly, because of
the population explosion and the future
needs of water, food, and energy.
Resources are finite. Through interna-
tional and multinational agreements,
many countries have assured them-
selves of supplies throughout the year.
What many still do not realize is that
one of the effects of globalization is the
implicit codependency we have cre-
ated. In other words, if something hap-
pens somewhere, there is likely to be an
effect. Supply chain management is and
will be an even more critical risk to the
generations to come. We need to think
and plan ahead on the future and how
we will fulfill society’s needs.

Regardless of where we live, being a
biomedical engineer creates an oppor-
tunity (based on our educational and
professional backgrounds) to educate
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policy makers as well as our own IEEE
colleagues. For example, while discus-
sing stem cell research, I have found
that some IEEE Members in the United
States associate stem cell research with
cloning, and, therefore, do not feel com-
fortable engaging in any of the much
needed discussions on this topic. Some
believe that this attitude is justified
because of a religious conviction, while
others feel that the result is due to a
complete misunderstanding of what this
technology or science represents.

If we go back to the time of Copernicus,
we should now realize the importance of
the continuity of thought that occurs not
only in this instance (among Copernicus,
Galileo, Kepler, and others) but, in gen-
eral, as scientists from different genera-
tions base their work on theories and
work of others previous to them. If intel-
lectual thinking is censored, the pro-
cess of continuity of thought is ruined.

Although Copernicus used his theory
to explain the motion of other celestial
bodies, he was never able to prove his
assertions mathematically. In fact, his
proposal of circular orbits for the earth
and the other planets was found to be
false, and many of his calculations were
quite inaccurate. However, his theory
aroused significant interest, and the early
17th century brought with it astronomers
including Galileo and Kepler and, finally,
the long-awaited proof and refinement
of Copernicus’s theory as well.

Apart from what happened to Coper-
nicus during his lifetime because of his
scientific beliefs and the censorship that
occurred for 383 years, one could sim-
ply ask why it took that amount of time
for the Church to pardon him (June
1999), when society knew a lot earlier
that his theory was correct.

The tasks at hand may not be easy or
popular, yet I believe that we have a
moral and ethical imperative to respond
to the current and future crisis. Let us
focus on educating the policy makers in
all areas where science and technology
can affect health and public good. Sub-
sequently, my advice is:
1) inform yourself
2) get involved in educating policy

makers

AIMBE
Supporting Briefing to Congress
AIMBE joined the National Alliance for Eye and Vision Research as well as
several other prominent groups in Washington, DC, on 25 February, to host
a briefing for members of Congress on the benefits of new technology to
diagnose health problems. Issues presented to attendees included the
need for more investment in developing new technologies, Food and
Drug Administration (FDA) lag time to bring new products to market, and
Centers for Medicare and Medicaid Services (CMS) reimbursement. For a
synopsis of the meeting, click on http://www.eyeresearch.org/naevr_
action/oct_briefing.html.

Supporting Funding for the America COMPETES Act
An amount of US$4.722 billion is being requested for the Department of
Energy (DOE), Office of Science. This is equal to the President’s budget
request and represents an 18.8% increase over FY 2008 and is consistent
with the President’s American Competitiveness Initiative and with recom-
mendations made by the National Academies’ 2005 report, ‘‘Rising
Above the Gathering Storm.’’ This will fund many of the new programs
authorized by the America Creating Opportunities to Meaningfully Pro-
mote Excellence in Technology, Education, and Science (COMPETES)
Act. The funding history of DOE Office of Science is as follows: FY 2006 ¼
US$3.596 billion, FY 2007 ¼ US$3.837 billion, FY 2008 ¼ US$3.973 billion, and
FY 2009 Budget Request/Member Request Level¼ US$4.722 billion.
The COMPETES funding also touches the Commerce Department’s

National Institute of Standards and Technology (NIST). The request that
the President submitted to Congress includes US$634 million for core
research and facilities programs, a 22% increase (excluding congression-
ally directed grants) over the FY 2008 appropriations for these programs.
This includes funding for the Advanced Technology Program (ATP), now
called the Technology Innovation Program (TIP), at US$.099 billion. The
request for National Science Foundation (NSF) under the COMPETES Act
is for US$6.85 billion, a 12% increase over FY 2008. The research and devel-
opment ventures of the Department of Defense will also increase under
this initiative.
AIMBE is working with collations to support these requests. ‘‘Dear Col-

league’’ letters are being circulated in both houses. The AIMBE Advocacy
Committee is writing thank you letters to reinforce support to all members
who sign the ‘‘Dear Colleague’’ letters.

Joining the Alliance for a Stronger FDA
AIMBE recently became amember of the Alliance for a Stronger FDA. The
Alliance for a Stronger FDA unites a broad group of patient groups,
consumer advocates, biomedical research advocates, health professio-
nals, and industry to work to increase FDA’s appropriations. It is supported
by leading public health advocates, including three former Department
of Health and Human Services (HHS) secretaries and seven FDA commis-
sioners. The Alliance is designed to be a multiyear effort 1) to assure that
the FDA has sufficient resources to protect patients and consumers and 2)
to maintain public confidence and trust in the FDA. The credibility of the
Alliance depends on the breadth of its membership. For more information
about the alliance, visit www.strengthenfda.org.
AIMBE is now a member of 20 influential organizations and coalitions,

and participation with these organizations helps AIMBE be an active
voice in setting public policy and securing federal funding for medical
and biological engineering. AIMBE also works with partners on specific
projects. For a list of organizations the AIMBE belongs to, visit http://www.
aimbe.org/content/index.php?pid=233.
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3) similar to the Medical Technology
Policy Committee (MTPC), under the
IEEE-USA, perhaps, start a similar
type of committee in your own
country.
For further reading, the redacted

testimony of CDC Director Julie L.
Gerberding can be found in [8], her
testimony to the Committee on Envi-
ronment and Public Works of the
U.S. Senate can be found in [9], and
the IEEE-USA MTPC can be found
in [10].

Distinct Quotes on Education
Education is too important to be
left solely to the educators.

—Francis Keppel
Education is the instruction of
the intellect in the laws of nature.

—Thomas Henry Huxley
All who have meditated on the art
of governing mankind have been
convinced that the fate of empires
depends on the education of youth.

—Aristotle

The views expressed in this column
are those of the author and do not
reflect the official policy or position of
the National Defense University, the
Department of Defense, or the U.S.
Government.
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NIH Announces FY 2008 Fiscal Plan
In an effort to set priorities for managing its biomedical research invest-
ments, the NIH recently announced its FY 2008 fiscal plan. The plan is avail-
able at grants.nih.gov/grants/guide/notice-files/NOT-OD-08-036.html. The
policy also directs each NIH Institute and Center to establish a fiscal policy
based on its specific scientific and programmatic imperatives, consistent
with NIH-wide policies. The National Institute of Biomedical Imaging and
Bioengineering (NIBIB) FY 2008 financial management plan is available at
www.nibib.nih.gov/Funding/Strategies/FY08.

IEEE-USA Releases Annual Report
In 2007, IEEE-USA President John W. Meredith and the IEEE-USA Board of
Directors reaffirmed three broad priorities: promoting innovation through
legislation and other means to ensure the competitiveness of U.S. industry
in IEEE-USA’s fields of interest, providing practicing engineers with tools and
resources that support their career endeavors, and encouraging continu-
ing education for sustainable careers, as well as focusing on precollege
math and science education. For a review on IEEE-USA’s 2007 activities in
building careers and shaping public policy, see http://www.ieeeusa.org/
about/Annual_Report/2007.pdf.

GINA Added to Mental Health Parity Legislation
On 5 March, the House passed the Mental Health Parity Legislation, which
would require health insurers to offer mental health benefits equal in cost
to medical and surgical benefits. However, there is a twist here: Louise M.
Slaughter (D-NY) attached a rider to the bill, which includes language
from the Genetics Information Nondiscrimination Act (GINA, HR 493). This
would prohibit companies and insurers from discriminating or making busi-
ness decisions using data from genetic tests. The language, which was
part of the original GINA Bill, was added so that it would be discussed dur-
ing Senate and House negotiations about the bill to avoid a rule to go to
a formal conference committee, as it would on its own. The Administration
has taken the issue with the genetics provisions. The next step for the
House and Senate is to negotiate the GINA Legislation as part of the Men-
tal Health Parity Bill as passed by the House.

Draft of NIH 2007–2008 Peer Review Self-Study Released
On 28 February 2008, the final draft of the National Institutes of Health
(NIH) 2007–2008 Peer Review Self-Study was submitted to Dr. Elias Zerhouni,
director of NIH, marking the end of the diagnostic phase of the peer
review enhancement effort. The American Institute for Medical and Bio-
logical Engineering (AIMBE) fellows and the AIMBE Advocacy Committee
and staff actively participated in many of the information gathering
efforts hosted by NIH. The pdf file of the final draft report can be obtained
from http://enhancing-peer-review.nih.gov/
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Conference Calendar

01–03 JUNE 2008
5th International Summer School

and Symposium on Medical

Devices and Biosensors

Hong Kong, China
Contact: Dr. Fei Chen
Phone: þ852 2609 8458
Fax: þ852 2603 5558
Web: http://bme.ee.cuhk.edu.hk/BSN2008/
E-mail: fchen@ee.cuhk.edu.hk

20–28 JUNE 2008
8th IEEE EMBS International

Summer School on Biomedical

Imaging

Berder Island, France
Web: http://ieeess.enst-bretagne.fr
E-mail: Valerie.Burdin@enst-bretagne.fr

25–29 JUNE 2008
2008 ASME Summer Bioengineering

Conference

Marriott Resort, Marco Island, Florida
Contact: Ozan Akkus, Ph.D.
Phone: þ765 496 7517
Fax: þ765 496 1912
Web: http://divisions.asme.org/bed/events/
summer08.html
E-mail: ozan@purdue.edu

29 JUNE–01 JULY 2008
BIOSIGNAL 2008,

19th Biennial Int’l

Brno, Czech Republic
Contact: Conference Secretariat
Phone: þ420 541 149 562
Fax: þ420 541 149 542
Web: http://www.dbme.feec.vutbr.cz/
bs2008.html
E-mail: bs2008@feec.vutbr.cz

29 JUNE–04 JULY 2008
4th International Summer School

on Emerging Technologies

in Biomedicine

Contact: Prof. Tassos Bezerinaos
Phone: þ30 2610 969145
Fax: þ30 2610 992496
Web: http://heart.med.upatras.gr/
school2008
E-mail: school2008@heart.med.
upatras.gr

09–12 AUGUST 2008
2008 IEEE Int’l Conference

on Portable Information Devices,

PORTABLE 2

University of Jyvaskyla, Jyvaskyla,
Finland
Contact: Ephraim Suhir
Phone: þ650 969 1530
E-mail: Suhire@aol.com

21–24 AUGUST 2008
30th Annual International

Conference of the IEEE

Engineering in Medicine

and Biology Society

Vancouver, Canada
Contact: EMBS Executive Office
Phone: þ732 981 3451
Fax: þ732 465 6435
E-mail: j.strock@ieee.org

08–09 SEPTEMBER 2008
1st International Symposium on

Audible Acoustics in Medicine and

Physiology

Purdue University, West Lafayette,
Indiana
Contact: Jo Gelfand
Phone: þ765 494 2996
Fax: þ765 494 0902
Web: https://engineering.purdue.edu/
Acoustics
E-mail: jo@purdue.edu

19–22 OCTOBER 2008
BioRob 2008, 2008 International

Conference on Biomedical Robotics

and Biomechatronics

FireSky Resort, Scottsdale,
Arizona

Contact: Deirdre R. Meldrum
Phone: þ480 965 9235
Fax: þ480 965 8855
Web: http://www.ieee-biorob.org
E-mail: deirdre.meldrum@asu.edu

16–20 NOVEMBER 2008
Engineering & Physical Sciences

in Medicine & Australian Biomedical

Engineering Conference,

EPSM-ABEC 2008

Christchurch, New Zealand
Contact: The Conference Office
Phone: þ64 3 3642915
Fax: þ64 3 3642057
Web: http://www.conference.canterbury.
ac.nz/epsm-abec
E-mail: epsm-abec@uco.canterbury.
ac.nz

18–21 NOVEMBER 2008
IEEE BioCAS 2008

Baltimore, Maryland
Contact: Prof. Ralph Etienne-Cummings
Phone: þ410 516 3494
Fax: þ410 516 2939
Web: http://www.biocas2008.org
E-mail: retienne@jhu.edu

29 APRIL–02 MAY 2009
4th International IEEE EMBS

Special Topic Conference on Neural

Engineering

Sheraton Antalya, Antalya, Turkey
Contact: EMBS Executive Office
Phone: þ732 981 3451
Fax: þ732 465 6435
E-mail: emb-conferences@ieee.org

28 JUNE–01 JULY 2009
6th IEEE International Symposium

on Biomedical Imaging 2009

Boston, Massachusetts
Contact: Dr. William Clem Karl
Phone: 617 352 9788
Web: TBD
E-mail: wckarl@bu.eduDigital Object Identifier 10.1109/MEMB.2008.922365
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3–6 SEPTEMBER 2009
31st Annual International

Conference of the IEEE Engineering

in Medicine and Biology Society

Minneapolis, Minnesota
Contact: EMBS Executive Office
Phone: þ732 981 3451
Fax: þ732 465 6435
Web: TBD
E-mail: j.strock@ieee.org

13–18 SEPTEMBER 2009
World Congress on Medical

Physics and Biomedical

Engineering 2009

Munich, Germany
Contact: Prof. Dr. Olaf Dössel
Phone: þ49 0721 608 2650
Fax: þ49 0721 608 2789
Web: http://www.wc2009.de
E-mail: Olaf.Doessel@ibt.uni-karlsruhe.de

14–18 APRIL 2010
7th IEEE International

Symposium on Biomedical

Imaging, ISBI 2010

Rotterdam, The Netherlands
Contact: EMBS Executive Office
Phone: þ732 981 3451
Fax: þ732 465 6435
E-mail: emb-conferences@
ieee.org

Book Reviews (continued from page 93)

procured, and even a bright career may be
extinguished. The attendant pressures are
easily (and sometimes inappropriately)
transmitted from PIs to students and post-
docs. Under pressure, and if not suffi-
ciently inculcated in the rules of science,
traineesmay not yet possess the self-confi-
dence or maturity to stand their ground
when results are negative. It may seem to
them that the quickest way to relieve the
pressure would be to select the best data or
help the reaction along a bit by adding
extra reagent. Unfortunately, in both sto-
ries, as in life, even a hint of data fudging
can evaporate the trust between the senior
and junior colleagues irreparably.

So, the next time you induct a new
graduate student into your lab, you can
give him or her that dry lecture on all the
possible ethical pitfalls of the job. You can
set him or her to reading a heavy textbook
about the proper and improper behavior of
a scientist. But how much more fun and
long-lasting can it be to let the student
experience some ethical quandaries with
Djerassi’s and Goodman’s characters. If
these books help to make your students
more conscious of the potential for con-
flicts, more alert to the corrosive influence
of intense pressure, more aware of their
obligations as scientists to the scientific
community, they will have served a useful
purpose beyond the immediate enjoyment
theywill give in the reading.

Universal and Accessible Design for
Products, Services, and Processes
Robert F. Erlandson, CRC Press, 2007.
ISBN0849374936, 258 pages, US$89.95.

In the September/October 2007 issue
of IEEE Engineering in Medicine and
Biology Magazine, we published a
review of Medical Instrumentation:
Accessibility and Usability Consider-
ations by Jack Winters and Mary Fol-
lette. Here is the textbook for the
remainder of your design considera-
tions! Try doing control-alt-delete
with one hand, try using an unfamiliar
TV remote without your glasses, or
try doing any of hundreds of items that
give normal to handicapped people
fits, and you will see the need for this
text. You will also, by reading this
text, understand the societal and legal
aspects of designing, for all persons,
under the umbrella definitions of uni-
versal and accessible design. There
are, under certain circumstances,
legal and financial consequences for
not considering universal and accessi-
ble design considerations, and there
are benefits that will accrue to those
who properly consider these design
elements in their design practice and
marketing activities.

This book contains four major subsec-
tions: 1) introduction and definitions;
2) disability, laws, and accessible design;
3) universal design principles, strategies,
and examples; and 4) ethical considera-
tions and conclusions. There are 17
chapters in all, eight of which elucidate
the principles of universal design in the
universal design section. The legal
aspects and accessible design are well
covered in the first four chapters (sec-
tions 1 and 2). The two summary

chapters give a nice overview of ethics
and universal design (chapter 16) and
universal design from a social and politi-
cal viewpoint (chapter 17).

To this reviewer, a primary value of
this text is the elucidation of universal
design principles (the chapters men-
tioned earlier) and their expression in
some 24 design strategies that expand
on these principles. Several laws that
complement these design principles
(Webers’, Fechners’, Stevens’ Power,
and Fitts’ laws) are well described
and translated (such as ‘‘tight targets
take time’’ relating to Fitts’ law.)
These chapters and strategies need to
be covered in design classes as much
as possible, especially as laws and
ethical considerations impact this
type of work.

The author is well qualified in the
areas covered. He is currently the direc-
tor of the Enabling Technologies Labo-
ratory in the School of Engineering at
Wayne State University. He has numer-
ous publications in the area of design.
By the time this column appears, he
would have been one of the distin-
guished speakers on ‘‘Accessible Design:
It’s the Law; Universal Design: It’s the
Market’’ at this year’s American Society
for Engineering and Education (ASEE)
meeting.

I strongly recommend this text as a
supplement to your normal design text,
no matter what your engineering field
is. The coverage is excellent and should
be of value to most undergraduate
design classes.
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