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PREFACE

The Danish Biomedical Society has been in existence for 25 years. During this time, the
Society has been a forum where engineering colleges and technical universities, companies
and institutions of the Danish Health Services have had the opportunity to present activities
and discuss biomedical developments. The diverse background of the Society’s members has
perpetuated profitable dialogue on optimization and integration of biomedical solutions.

Biomedical engineering has been part of the Health Services’ treatment regimes for many
years. Growth in this field has practically been exponential due to the introduction of
microprocessor based control units and communication systems. The majority of the large
hospitals have seen an advantage in starting biomedical departments. In addition, medical
engineering departments have been expanded in universities. New educational specialities
such as clinical engineering and structured academic biomedical education have been
established, which has opened up for new fields of employment for biomedical engineers such
as management and research.

Danish biomedical companies have succeeded in including major parts of new technology in
the development and promotion of innovative products. In comparison with other countries,
Denmark’s rate of turnover and export of biomedical products is relatively high.

In recent years, biomedical engineering has been rapidly changing. Whereas the biomedical
engineer of the past was responsible for detailed services and design projects, his/her tasks
are now directed towards changing whole modules and diagnosing instrument errors by
remote coupling. New management responsibilities have also been added. Thus, the
importance of universities taking into consideration this development is evident. At the same
time, companies must be aware of the users’ new demands, e.g. better integration of
individual types of instruments.

This book presents numerous aspects of biomedical activities within universities and
companies as well as in the Health Services. It is hoped that the reader will find it exciting to
follow the activities and the technical and biological issues which have characterized the
Danish Biomedical Society during the past 25 years.

The articles presented here have been edited only with regard to language and layout. They
do not necessarily represent the views of the Society. However, the Society is very grateful
for the contributions and for the financial support from the many companies listed in the
tabula gratulatoria.

Hans Stgdkilde-Jgrgensen
Chairman
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The history of the Danish Society for
Biomedical Engineering*

ANNELISE ROSENFALCK

Department of Medical Informatics and Image Analysis, Aalborg University, Denmark

In 1998 the Danish Society for Biomedical Engineering has been active in
25 years. The aim of this paper is to describe the background for founding
the society, and to shed light on some of the society’s work during the first

25 years.

Key words: History of science; The Danish Society for Biomedical Engi-
neering; The International Federation for Medical and Biological Engineer-

ing.

Professor Annelise Rosenfalck, Annasvej 4A, 4th, DK-2900 Hellerup,

Denmark.

INTRODUCTION

The first general assembly in the Danish
Society for Biomedical Engineering was
held on 27th November 1973. It was pre-
pared by a group from universities, industry
and engineering societies. They had a com-
mon goal, and found it important that the
society should be a forum for collaboration
between these groups and that the first
president should come from medicine.

The Nordic collaboration in this area has
always been large. Two Nordic guides to
keypersons and companies in biomedical
engineering were published in 1969 and in
1975 [1,2]. British-Danish collaboration
was great; a large group (about 50) came to

Denmark for a common seminar in 1972
and the sixth Nordic meeting of medical and
biological engineering was held in Aber-
deen in 1984. The first Nordic meeting on
medical and biological engineering was held
in Finland in January 1970 (200 partici-
pants) and the second Nordic meeting in
Oslo in June 1971 with 300 participants and
a large commercial exhibition. At this
meeting the initiator @ivind Lorentsen sa-
luted with a “Lur”, which has been blown at
later Nordic meetings. The third meeting
was in Finland 1975. The new Danish Soci-
ety hosted the IV Nordic meeting in 1977.
This meeting was held at The Technical
University of Denmark with professor
Georg Bruun as president (250 partici-

" In Danish: Dansk MedikoTeknisk Selskab (DMTS).



8 Annelise Rosenfalck

pants). Since then the meetings have been
held every three years. In 1990 it was held
at Aalborg University (150 participants).
By now there are often two or three confer-
ences on biomedical engineering each year.
It is thus excellent that Finland was able to
collect about 400 participants to a confer-
ence in Tampere in 1997. The next confer-
ence is planned to be held in Estonia in year
2000.

The International Federation of Medical
and Biological Engineering (IFMBE) held
its first international meeting in 1958 and
the second in Paris in 1959 [3]. About 6
Danes participated in this meeting, four
came from the Institute of Neurophysiology
in Copenhagen.

The other Nordic countries joined the Fed-
eration in the late 1960s and Denmark in
1976. However, there were about 10 indi-
vidual Danish members of the Federation
since 1959.

The Federation published its history in
1997 [4].

THE PRECESSOR OF THE SOCIETY

In the 1960s the Danish Biomedical Engi-
neering Committee (DBMEC) was ex-
tremely active. The committee was estab-
lished in 1966, connected with the Danish
Academy of Sciences and supported by the
Medical Research Council and the Danish
Council for Scientific and Technical Re-
search. The aim was to promote co-
operation between the medical, biological
and engineering disciplines. The Committee
was headed by professor Tybjerg Hansen
and had an academic secretary, Lone
Dybkjer [5].

The members of the Danish Biomedical
Engineering Committee were elected among
the most active groups at universities and
hospitals. In 1968 DBMEC established
three sub-committees: a contact committee,

an education committee and an industrial
committee. The members of DBMEC and
its subcommittees are listed in Appendix 1.

The Contact Committee

The contact committee arranged meetings,
symposia and lectures, established contacts
to the Nordic countries and the international
world and maintained a database on active
persons in the field.

The meeting activity in the first years was
extremely high and excellent meetings with
up to 200 participants were held 8-10 times
each year. The list of subjects for the meet-
ings in 1969 is quite impressive:

Biomedicine and intensive care. The
meeting was held at Gentofte hospital and it
included a commercial exhibition (200 par-
ticipants),

Small portable data instruments was held
at the Institute of Neurophysiology (100
participants),

Computers for on-line signal analysis;
seminar at RIS@,

Ultra sound,

Recent developments in radioisotope scan-
ning and image processing (40 partici-
pants),

Plastic in biomedicine,

Electro-sleep and electro-anesthesia,
Thermography (lectures with demonstration
of equipment),

Engineering and biomathematical tech-
niques to facilitate bedside management of
the critical ill.

The Education Committee

The education committee encouraged bio-
medical engineering education on the aca-
demic as well as the non-academic level.
The main result was that The Technical
Highschool of Denmark (DTH), later the
Technical University of Denmark (DTU)
and Aalborg University Center (AUC), later
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Aalborg University (AAU), increased their
activities [A02, A03]. When the education
committee began its activity there already
existed two formal courses in medical elec-
tronics: a half year course at the Technical
University for Master students in their last
year of the study and a course for Bachelor
students at the Technical Engineering
School in Copenhagen. The universities had
previously held a rather large course in
physiology for engineers working in hospi-
tals and medical institutes, a half-year
course in mathematics, physics and physical
chemistry as well as shorter courses in sta-
tistics, programming, biochemistry and
chromatography for physicians. In addition
some scientific medical societies had ar-
ranged 1-2 days’ courses in specific sub-
jects, for instance electrodes.

The Industrial Committee

The industrial committee had 15 active
members in 1969 and 22 members in 1970.
They discussed themes of mutual interest,
attended the seminars and meetings, and
contributed financially to DBMEC.

The Patient Safety Committee

In addition to these three main committees
DBMEC organized a patient safety com-
mittee. This topic was extremely urgent be-
cause mains driven invasive instruments had
just been introduced in the study of critical
ill patients. Two of the members of
DBMEC, Georg Bruun and Christian Guld,
collaborated on screening of instrumentation
and mains supply. They developed methods
for measuring magnetic and electrical in-
terference and developed excellent rules that
are still used in hospitals, universities and
industry [6].

Since 1940 there has been a tradition in
most countries that physicists worked in
hospitals in the radiotherapy departments

and chemical engineers in the clinical
chemistry departments. Around 1960 a few
engineers came into biomedical engineering.
In 1969, about 12 with a technical education
worked at the University Hospital in Co-
penhagen, only two at Aarhus University
but about 20 at the Copenhagen County
hospital. Most of the engineers were at-
tached to a single department, but a new
idea of collecting the engineers in biomedi-
cal departments was on its way. The devel-
opment is described in [A01].

THE FOUNDATION OF THE DANISH
SOCIETY FOR BIOMEDICAL
ENGINEERING

In 1969, the Danish Biomedical Engineer-
ing Committee suggested to start a biomedi-
cal society and the three subcommittees and
active persons in the field received a ques-
tionnaire. The majority preferred the exist-
ing organization and expressed great admi-
ration for the excellent work done by the
chairman of DBMEC, professor Tybjerg
Hansen and by Lone Dybkjar. The hesitant
attitude was also due to the fact that the ac-
tive group in Denmark was larger than the
societies in the other Nordic countries. In
addition a large number (app. 30%) of the
active group were physicians, dentists or
scientists. Some preferred a society with the
aim to join the International Federation for
Medical and Biological Engineering. At that
time only few were individual members of
the Federation.

However, the support from the research
councils to DBMEC was not continued after
May 1972 and in January 1973 the head of
the Danish Academy of Sciences, Bjerre
Lavesen, took the initiative for planning a
biomedical society. He asked professor
Georg Bruun to arrange a meeting in his of-
fice at the Electronics Institute at DTU.
Lone Dybkjer and Annelise Rosenfalck
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were asked to participate and this group
agreed on the importance of establishing a
biomedical society. They were also eager to
continue the biomedical activities of the two
engineering societies in Denmark (The soci-
ety for M.Sc. engineers and for B.Sc. engi-
neers), where Sven Erik Jensen, Torben
Jgrgensen and Peder Holmkjar were very
active. They negotiated with their societies
and the societies helped to write laws for the
biomedical society and promised financial
support for the first years. However, in the
last negotiations it became clear that the
president for the society should be M.Sc. in
engineering and that engineers, who were
not members of one of the engineering so-
cieties could not join the society. The group
could not agree on these restrictions and de-
cided to start an independent society.

The first general assembly of the Danish
Society for Biomedical Engineering was
held on 27th November 1973. Georg Bruun
had asked professor H. Hertz from Lund’s
Technical University to speak about: “New
methods for image-recording in biology and
medicine”.

About 100 participated in the meeting.
After a short welcome by Annelise Rosen-
falck it was suggested to ask Sven Erik Jen-
sen to be conveyor of the meeting. Annelise
Rosenfalck made a short speech, describing
the previous history and the future goal for a
society. Torben Jgrgensen presented the
laws and suggested voting on them. How-
ever, that was a problem as one of the par-
ticipants claimed, that the group, who had
arranged the meeting, had done it on their
own initiative — the society did not exist and
thus, had no members who could vote on the
laws or elect a board. This came as a sur-
prise, especially since this participant had
previously turned down an offer of becom-
ing the first president of the society.

After several hours of discussion, a pre-
liminary law, which should be valid up to

Ist April 1974 was accepted and a non-
permanent board elected.

Professor Erik Skinhgj became the first
president.

It was a very tired professor Hertz from
Lund who gave an excellent lecture. Most
interesting was his message on the new ink-
writer, the Mingograph.

THE AIM OF THE DANISH SOCIETY
FOR BIOMEDICAL ENGINEERING

The aim of the Danish Society for Biomedi-

cal Engineering is to promote the scientific

and technical development of biomedical
engineering.

To reach this goal the society should make
an effort:

1. to create contact between groups of
different education and occupation in-
terested in biomedical engineering,

2. to promote mutual education between
these groups by arranging meetings,
seminars and study-groups,

3. to collaborate with the Scandinavian
and international societies in biomedi-
cal engineering,

4. to provide information on biomedical
engineering.

In the law it is also stated that when electing
the board, the goal is to obtain a wide repre-
sentation from all groups occupied in bio-
medical engineering. As can be seen from
the list of board members over the 25 years
(Appendix II) this goal has been reached.
The first president professor Erik Skinhgj
was chief physician in neurophysiology in
Copenhagen, professor dr.med. Jgrgen
Fabricius, chief physician in cardiology in
Odense, took over in 1975, Annelise Ro-
senfalck, electronic engineer and professor
of biomedical engineering in Aalborg fol-
lowed in 1981, professor, dr.med. Ole Sig-
gaard-Andersen, head of the Clinical
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Chemistry Department at Herlev University
Hospital, followed in 1992 and the present
president associate professor, dr.med. Hans
Stgdkilde-Jgrgensen, The MR Centre of
Aarhus University Hospital, took over in
1995.

It has been important that members from
the industry have been very active. The first
secretary of the society was Armand
Schldgel; he came from industry (Simonsen
and Weel), the second Sven Erik Jensen
came from the hospital sector and the third
Gert Kokholm come from industry (Radio-
meter). They have had the main responsi-
bility for the society and all activities have
depended on them.

SOME ACTIVITIES OF THE DANISH
SOCIETY FOR BIOMEDICAL
ENGINEERING

The main activity has been to arrange 5-6
meetings each year. This has been done
pretty much in the same line as done by
DBMEC’s contact committee. At all meet-
ings new subjects have been presented from
the medical and the technical aspect. In the
first years, only few courses were held, but
several of the meetings acted as courses and
were free of charge. It was attempted to
plan meetings in all parts of the country.
The meetings usually have taken place at
universities and in hospitals. Meetings have
generally been well attended (40-100 par-
ticipants).

Some of the most successful meetings were
arranged by industry. The timing has usu-
ally been in December. Industry invites the
members to come to their plants. The indus-
try plans the meeting, the speakers are half
physicians and half engineers. The clue is a
nice meal, where the participants can con-
tinue the discussion. These meetings usually
have at least 100 participants.

Many meetings have been planned together

with other medical societies, and WHO’s
European headquarter in Copenhagen has
several times invited the society to meetings
on technology assessment.

Several times it has been possible to ar-
range meetings with international speakers,
when EEC seminars were held in Denmark.
It was always attempted to inform about the
EEC projects and to keep members of the
society updated.

Biomedical engineering has been an inte-
gral part of the EEC biomedical and health
research program since the first concerted
actions was initiated in 1978. The physician
Steen Dawids was one of the first three
project leaders. In the first years the activity
was planned by a group of two participants
from each of the EEC countries. Steen
Dawids and Annelise Rosenfalck were
elected by the medical research council to
represent Denmark. In the first years about
1 million ECU was spent on three concerted
actions mainly for travelling of the 100
teams, who participated in the activity. The
BIOMED 1 program (1990-94) had avail-
able 133 million ECU, which supported 362
concerted actions and 41 shared cost proj-
ects with a total of 7300 participants. A
shared cost project grants money for labor,
instrumentation and travel. In the running
program BIOMED 1II 336 million ECU will
be awarded. There is only limited informa-
tion on the number of participants from
Denmark but just to mention some examples
it can be said that AAU at present partici-
pates in at least 4 shared cost projects and
that DTU has an even greater activity.
Many researchers have also participated in
the Advanced Informatics in Medicine pro-
gram AIM, and in several programs for
handicap engineering. It is interesting to no-
tice that Nordic collaboration within re-
search has been increased by EEC collabo-
ration. The Nordic countries in the first
years participated in the activities as guests,
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later they became affiliated members and
finally in 1994 as full members and project
leaders.

INTERNATIONAL COLLABORATION

The society joined the International Federa-
tion of Medical and Biological Engineering
in 1976.

The Federation was founded in 1958 and
held the first international conference in
Paris in 1959 [3]. About 6 Danes partici-
pated in this meeting, four came from the
Institute of Neurophysiology in Copenha-
gen. At present a conference is held each
third year. The 18th conference was held in
Nice in 1997. The other Nordic countries
joined the Federation in the late 1960s and
Denmark in 1976. However, there were
about 10 individual members of the Federa-
tion since 1959. At present the Federation
has 44 member countries. The history of the
international federation was published in
1997 [4].

The Federation publishes the Journal of
Medical Electronics and Biological Engi-
neering, which individual members of the
Danish Society can obtain for a very low
subscription rate. In recent years they also
publish a newsletter, which is distributed to
all members.

The board of the DMTS has attended the
meetings of the secretaries and the general
assembly at most of the international con-
ferences. Peder Holmkjar has been member
of the clinical engineering working group.
Annelise Rosenfalck has served on the
IFMBE European Working group and sev-
eral times at the nomination committee. Re-
cently, she was appointed Founding Fellow
of the International Academy for Medical
and Biological Engineering.

The Danish Society for Biomedical Engi-
neering sponsored and participated in the
arrangement of the IMIA (the International

Medical Informatics Association) and the
IFMBE Working Conference on “Biosignal
Interpretation” in 25th-27th August 1993. It
was the first meeting where IMIA and
IFMBE arranged a joint meeting on “Bio-
signal Interpretation”. The organizers were
professor Jan van Bemmel, The Nether-
lands, professor Niilo Saranummi, Finland,
and Annelise Rosenfalck, Denmark.

The meeting was held in Rebild Bakker
near Aalborg. The main sponsor for the
meeting was the Commission of the Euro-
pean Communities-DG XII.

The main topics were: Detection and pa-
rameter estimation, Monitoring and real
time interpretation, and Model based bio-
signal interpretation. The scientific program
included 47 papers of which 30 papers were
selected to be published in a special issue of
Methods of Information in Medicine, Janu-
ary 1994 [9]. The meeting was extraordi-
nary in that most time was left for discus-
sion. The participants (about 70) came from
Europe, USA and Japan.

The usual excursion at the meeting became
a surprise for the participants. There was no
bus! We were in the midst of nature and
walked with guidance in Rebild Bakker.

The second meeting on biosignal interpre-
tation was held in Japan in 1996.

NORDIC COLLABORATION

The Nordic activities started in 1969 mainly
on Finnish initiative. Two Nordic guides
were published in 1969 and 1977 [1,2],
Fig. 1. Planning meetings have been held
regularly. Planning of Scandinavian meet-
ings was the main goal and the first Nordic
meeting was held in Helsinki in 1970 under
the auspices of IFMBE.

The Danish Society for Biomedical Engi-
neering has sponsored and arranged two
Scandinavian meetings in 1977 in Copenha-
gen and in 1990 in Aalborg.



The history of the Danish Society for Biomedical Engineering 13

Medical and Biological Engineering
in
Denmark
Finland
Norway
Sweden

GUIDE
1969

FIG. 1. Front page of the Medical and Biological
Engineering Guide, 1969.

The 1V Nordic Meeting was held at the
Technical University of Denmark, 28th
June-2nd July 1977, near Copenhagen.
Professor Georg Bruun was president. The
67 papers were presented in two parallel
sessions and in poster sessions [7]. The
meeting was held in English, Fig. 2.

The subjects were grouped around nine
main themes: The organization of clinical
engineering; Symposium on ion sensitive
and metal electrodes; Interaction between
tissue and implanted materials; Electrodes;
Clinical information systems; Technical aids
for the handicapped; Transducers, meas-
urements and methods in clinical physiol-
ogy; Symposium on ultrasound and Signal
processing in biomedical engineering. One
afternoon excursions to hospitals, scientific

IV NORDIC MEETING
ON MEDICAL AND
BIOLOGICAL ENGINEERING

Reg Ing of the Inter Federation for
Medical and Biological Engineering (IFMBE)

PROCEEDINGS

LLb L d Ll 4]

JUNE 29.-JULY 2. 1977
at

THE TECHNICAL UNIVERSITY OF DENMARK
LYNGBY near COPENHAGEN

FIG. 2. Front page of the Proceedings booklet
from the IV Nordic Meeting on Medical and
Biological Engineering, 1977.

institutes and factories were arranged. The
City Council of Copenhagen invited the
members of the meeting to a reception at the
Copenhagen City Hall, where the “Lur” was
blown. The meeting was supported by
NORDFORSK and from the Danish foun-
dation Thomas B. Thrige’s Fond.

The 8th Nordic meeting was held at Aal-
borg University 10th-13th June 1990. Five
themes were selected: Diagnosis and care
for the cancer patient; Monitoring and care
of the critically ill patient; Diagnosis and
care of the patient with neurological disor-
ders; Quality and technological assessment
in health care; and Knowledge based sys-
tems.

The themes were selected because Danish
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industry and research are active within these
areas. In the mornings invited speakers pre-
sented lectures and a few free communica-
tions were given. Most free communications
were presented in the afternoons as posters,
where the invited speakers from the morning
sessions conducted the discussions. It was
possible to invite speakers because EEC’s
biomedical program, Danish funds and
Danish industry gave financial support. The
advance selection of themes limited the
number of participants to 150, but most
were active, 102 papers were presented [8].

Before the conference dinner the munici-
pality of Aalborg had invited the partici-
pants to a reception at Aalborg art museum.
The “Lur” was blown.

It has often been attempted to publish a
Nordic Journal, which could be distributed
among members. The problem has always
been whether a high scientific level can be
obtained, if the journal is published in a
Scandinavian language. Another problem is
finances; biomedical industry has often
hesitated to buy expensive advertising. Over
a span of years we had a Swedish publica-
tion Medicinsk Teknik, which was sent to
Danish members. The level of the papers
decreased, however, considerably. For
about two years a high quality journal
Medicinsk Teknologi was published in
Denmark and distributed free of charge to
the medical profession but not to engineers.

In recent years the contact at the society
level is less frequent, however, at the scien-
tific level it has increased due to EEC spon-
sored projects.

FUTURE OF THE DANISH SOCIETY
FOR BIOMEDICAL ENGINEERING

At present the Society has 206 individual
members (2 live abroad and 5 are honorary
members) and 22 industrial members. The
meetings are advertised in the weekly medi-

cal publication, Ugeskrift for Lager, and in
the weekly engineering publication, Inge-
nigren. The meetings are open for every-
body interested in biomedical engineering.
A new trend is to arrange 2 days-courses,
with a course fee, because it is at present
possible to obtain support for postgraduate
education. The first evening is combined
with a meeting of the society.

The society has got a web page:
www.ouh.dk/dmts, where information on
upcoming meetings, members list, etc., can
be retrieved. The last contribution is a dis-
cussion group.

The society wants to interfere in planning
of education and to further develop its ac-
tivities. New goals will be discussed at a
seminar 27th November 1998. There will be
a paper contest and a seminar with speakers
from industry, universities and hospitals.
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APPENDIX I

Members of the Danish Biomedical Engi-

neering Committee (DBMEC) in 1969:

Georg Bruun, professor of Electronics, The
Technical Highschool of Denmark
(DTH)

Christian Guld, biomedical engineer, lec-
turer, Institute of Neurophysiology.
University of Copenhagen (UNI)

Anders Tybjerg Hansen, professor dr.med.,
Rigshospitalet Copenhagen University
(chairman)

Lars Anton Hyldgérd-Jensen, professor of
electrical engineering, (DTH) (vice-
chairman)

Knud Jansen, chief physician, dr.med.,
Hospital of Orthopaedics

Vagn Aage Jeppesen, professor of mechani-
cal technology, (DTH)

Per Lous, chief physician, dr.med., Bis-
pebjerg Hospital, Copenhagen

Johannes Moustgaard, prof., dr.med.vet.,
The Royal Veterinary University

Jens Gregersen Ngrby, M.Sc., lecturer at
Aarhus University

Segren Rasmussen, M.Sc., free lance engi-
neer

Ove Steen-Knudsen, prof. in Biophysics,
dr.med., University of Copenhagen.

Members of the Contact Committee of

DBMEC 1969:

Bent Ebskov, chief physician, Copenhagen

Christian Guld, biomedical engineer, lec-
turer, (UNI)

Ole Siggaard-Andersen, professor, dr.med.,
Herlev University Hospital

Anders Jarlgv, Chief engineer.

Members of the Education Committee of

DBMEC 1969:

Georg Bruun, professor of Electronics,
(DTH)

Christian Guld, biomedical engineer, lec-
turer, (UNI)

Edmund Kaiser, director for Kaiser’s Labo-
ratory Ltd, Copenhagen

Ole Munck, dr.med., chief physician, Her-
lev University Hospital

Ove Steen-Knudsen, professor in Biophys-
ics, dr.med., University of Copenha-
gen.

Members of the Patient Safety Committee

of DBMEC 1969:

Georg Bruun, professor of Electronics,
(DTH)

Christian Guld, biomedical engineer, lec-
turer, (UNI)

Peder Holmkjar, chief-engineer, Herlev
University Hospital.

A. Kirkeby, M.Sc., Birch and Krogboe

Ame Mose-Christensen, director for
DEMKO

Asger Pedersen, dr.med., chief physician,
Glostrup Hospital

Leif Rystrgm, electronic engineer M.Sc.,
Chr. Rovsing Ltd.

Erik Sandge, dr.med., chief physician, Rig-
shospitalet, Copenhagen University.

Members of the Industrial Committee of

DBMEC 1969:

The Danish Center for Datahandling

The Danish Sugar Corporation Ltd. (now
Danisco).

DISA Electronics ( now Dantec)

N. Foss Electric

Hellesens

HETO Hfg, Co.

Kaiser’s Laboratory Ltd.

LK. NES, Ltd.

Oticon Ltd.

Philips Ltd.

Chr. Rovsing Ltd.

Radiometer Ltd.

Svend Schrgder

Simonsen and Weel’s successors (now
Artema Monitoring and Emergency
Care Ltd.)

Torben Sgderberg Ltd.
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APPENDIX I
The Danish Society for Biomedical Engineering, board of directors: 1973 — 1998:

1973 ES' AR* PH SEF’ AS PZO SSS GB JP* sHt TS

1974 ES' AR PH SEF’ AS' PzOo Sss GB' JP°  sH* TS
NL

1975  JF AR> PH SEJ AS* pPzo Sss8° BR® NL SHR T

1976 JF' AR® PH® SEl AS* PZO ORR BR’ BBL® SH* TJ®

1977 JF' AR® PH SEJ AS' PZOo ORR BR® BBL® SH* T/
1978 JF' AR* PH® SEJ AS' PZO PHo BR® M spt TS
1979 JF' AR* PH SE] AS' PZO PHo BR WM L} T
1980 JF' AR* PH SE] AS* PZO PHo BR® JM LI 1%
1981 AW’ AR' PH' SEJ* AS PZO PHo' HRA' M LI T
1982 AH AR' PH SEI' AS HRA° PHO’ NR M LF T
1983 AH AR' PH' SE]' GKO° HRA PHO’ NR M LJF T
1984 AH> AR' PH SEI' GKO° HRA JCD° NR° M L T
1985 AH> AR' PH' SEJ' GKO° HRA JCD NR JM° LK® T
1986 AH° AR' PH SE] GKO' HRA IJCD NR® M LK®¥ TR
1987 AH* AR' PH SEJ] GKO' HRA JcpD NR®  sp° LK™ T
1988 OH AR' PH SE] GKO' HRA JCD* NR® SD° LK¥ TR
1989a OH AR' PH® SEJ GKO* HRA Jcp* o0sA’ sp° 18 1Jf
1989 OH AR' PH’ SE] GKO' - icp* osAa  sp° TS TR

1990 OH AR' PH' SEI GKO' POR* IcD* o0sA sp° TS T

1991  JJK AR' PH' LAN® GKO' POR JcD* o0sa SA° TS T

1992 NK® PL’ HO LAN® GKO‘ POR HSJ] 0sA' sA> 718 T AR® PH®
1993 JJK° PL° HO LAN® GKO* POR HSI o0sA' sA’ T8 @ T)F AR’ PH®
1994 JK® PL° HO LAN® GKO' POR HSJ o0sA' sA? 718 TR AR® PH®
1995 NFA’ PL® HO LAN® GKO' POR HSI' o0sA sA’ 18 T AR®PH’
1996 NFA’ PL CT® LAN’ GKO' POR HSJ' O0SA sA> 718 T AR®PH’
1997 NFA® PL CT LAN° GKO* POR HSI' HG® sA’ TS° TI® AR°PH,0SA°

1998 NFA PL cT  JAJ® GKO'* POR HSJ]' HG' SsA” TS TI®  AR®PH®,0SA°

See next page for explanation of the abbreviations.
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Initials marked in bold:

Elected in the year.

X' Chairman

X% Vice chairman

x> Treasurer

X Secretary

X Substitute to the board

x%: Consultant for the board

X Accountant

xS Substitute for the accountant.

AH:  Chief physician Anders Hjort Hald

AR: Professor Annelise Rosenfalck,
M.Sc.

AS: Armand Schligel, B.Sc.

BBL: Chief physician Birgit Blatt-Lyon

BR: Bjgrn Runge, M.Sc.

CT: Chief Medical Engineer
Calle Thggersen

ES: Professor, Chief physician,
dr.med. Erik Skinhgj

GB: Professor Georg Bruun, M.Sc.

GKO: Gert Kokholm, M.Sc.

HG:  Dr.med. Hans Gregersen

HO:  Chief physician, dr.med.
Henrik Oxhgj

HRA: R&D Manager Henrik Rask
(Andersen)

HSJ:  Associate professor, dr.med.
Hans Stgdkilde-Jgrgensen

JAJ: Professor, dr.techn.
Jgrgen Arendt Jensen, Ph.D.

JCD: Professor, dr.med.
Jens C. Djurhuus

JF: Professor, dr. med.

Jgrgen Fabricius

JJIK:

IM:
JP:

LAN:

LK:

NFA:

NL:
NR:

OH:

ORR:
OSA:

PH:

PL:

POR:

PZO:
SA:

SD:
SEJ:
SH:
SSS:

TI:
TS:

Chief physician

Jens Jacob Krintel

Dr. med. Jgrgen Meibom
Lic.tech. Jgrgen Pontoppidan
Professor, lic.techn, dr.med.
Lars Arendt-Nielsen

Leif Jgnsson, M.Sc.

Physician Lasse Kjar

Chief physician, dr.med.

Niels Fogh-Andersen
Professor, dr.med. Niels A. Lassen
Chief physician, dr.med.

Niels Rossing

Professor, dr.med.

Ole Henriksen

Chief physician Ole Rydén Rgmer
Professor, dr.med.

Ole Siggaard-Andersen
Director, Biomed. Eng.

Peder M. Holmkjer

Manager of Medicotechnical Dept.
Per Loubjerg

After sales service manager
Per Overgaard Rasmussen
Chief physician, dr.med.

Poul Zander Olsen

Docent, lic. scient

Steen Andreassen

Chieh physician Steen Dawids
Manager Sven Erik Jensen
Steen Hasselriis, M.Sc.

Chief physician

S. Sglvsten Sgrensen

Torben Jgrgensen, B.Sc., HD
Professor, lic.techn., dr.med.
Thomas Sinkjer
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The aim of this paper is to describe the early research in basic science,
which became the background for biomedical engineering in Denmark. The
paper focuses on three areas: clinical chemistry, cardiology, and clinical
neurophysiology. The current Danish activities in some of these areas are
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Denmark
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Denmark.

INTRODUCTION

Basic research in the ninetieth and twentieth
century within medicine, physiology, phys-
ics and chemistry has been the basis for bio-
medical research.

Excellent researchers in these early days
did most of their experiments with a mini-
mum of technical support and had to rely on
their own skill for creating their experi-
mental set-up. In the first part of this cen-
tury this changed somewhat and many in-
stitutes at the universities had a good work-
shop, where very skilled technicians built
the equipment. Recent years dynamic evo-
lution, where university institutes and hos-
pitals occupy physicists and engineers with
the highest level of education shows that
there was a need for biomedical engineers.

A great part of the research at universities
and hospitals has been used by the industry
or probably more optimistically forms the
basis for the Danish biomedical industry.

Papers on some of these successful col-
laborations within clinical chemistry, cardi-
ology, clinical neurophysiology, hearing
aids and ultrasound can be found in this
booklet [A02-A08].

It will be attempted to report on some of
the rewarding collaborations in this century
within clinical chemistry and cardiology
which are of great importance for care of all
patients including the critical ill. A report on
neurophysiology is also included. The rea-
son for including these subjects is that they
are early activities, they show a good col-
laboration between industry and research
and because many of the initiators were ac-
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tive in the Biomedical Engineering Com-
mittee and in the Society of Biomedical En-
gineering.

Clinical chemistry
The development of the clinical chemistry
discipline has been enormously in the course
of the last century.

A great part of all analyses was before-
hand made by manual laboratory work but
is now performed by automated analyzers
producing almost millions of data.

This change has only been possible due to
an intensive cooperation between the re-
searchers within the field and the industry.

One example is the development within the
pH, acid-base and oxygen field.

Many internationally known Danish re-
searchers have contributed to this develop-
ment — below just a few will be mentioned:

S.P.L. Sgrensen, head of the chemistry de-
partment of the Carlsberg Laboratory in
Copenhagen, introduced the electrometric
method for determination of the hydrogen-
ion concentration and defined the pH con-
cept.

Karl A. Hasselbalch, head of the Finsen
Laboratory in Copenhagen, and Christen
Lundsgaard described the first electronic
measurements of blood pH at body tem-
perature (in 1912) using Sgrensen’s method.

One of Sgrensen’s assistants, Gotfred
Haugaard, produced his own glass elec-
trodes for pH measurements and got the
Danish company, Radiometer A/S, to pro-
duce a high-impedance voltmeter (a pH
meter) and later pH electrodes designed
more or less for measurements on blood
samples, Fig. 1.

Poul Astrup, professor of the clinical
chemistry laboratory at Rigshospitalet, the
main University Hospital in Copenhagen,
performed very important work within the
pH and acid-base area during and after the

FIG. 1. The first pH meter from Radiometer A/S
introduced in 1937.

polio epidemic in Denmark in 1952-53. It
resulted in a better understanding of acid-
base disturbances of the blood and appara-
tuses for determining the necessary pa-
rameters. This work was to a great extent
performed in direct cooperation with Radio-
meter A/S.

Ole Siggaard-Andersen, one of Astrup’s
coworkers during the development of the
acid-base technique, now professor of clini-
cal chemistry at the University Hospital of
Herlev, developed several acid-base nomo-
grams and described the hemoglobin-
oxygen-dissociation curve in a mathematical
form. He later developed a very complex set
of algorithms describing the relationship
between acid-base and oxygen parameters
of the blood — today used in most automated
pH/blood gas analyzers, among others the
analyzers from Radiometer Medical A/S
[AO7].

Cardiology

Electromedical instrumentation was slowly
coming into use for research at the univer-
sity hospitals in 1920-30. The first instru-
ment was an ECG amplifier connected to an
external cathode-ray oscilloscope. This in-
strument was produced by “The Electronic
Workshop” in Aarhus, which had just been
bought by Simonsen and Weel’s successor
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FIG. 2. The first ECG amplifier produced by
“The Electronic Workshop” in Aarhus in 1936.

(S&W). The equipment is mentioned in
Ugeskrift for Leger 1936, Fig. 2.

The director and owner of S&W Ole
Lippman had before the war got experience
in anesthesia because he worked at a hos-
pital with his new equipment, from McKes-
son, USA (1939).

After the war USA wanted to send animals
and man into space and to monitor electrical
activity from heart, brain and muscle. The
generally applied sensors were too large and
NASA started the development of small ro-
bust sensors for astronauts. This more or
less became the go for to-days intensive
care.

The first coronary and intensive care de-
partments started in the early 1960s. S&W
was ready with instrumentation and the first
4-channel scope was marketed in 1959. It
included facilities for recording of ECG and
EEG.

The invasive measurement of blood pres-
sure was developed at Warburg’s depart-
ment at Rigshospitalet by professor Tybjerg
Hansen, the chairman of the Biomedical
Engineering Committee. His main contribu-
tion was the construction of the transducer
and the theory behind the function of the
system [1]. The transducer was constructed
by Ole Dich, who had his own plant, Fac-

FIG. 3. The first real modular monitoring system
in the world. Delivered to the University Hos-
pital in Copenhagen, Rigshospitalet, in 1970.
The system was at that time called: “Compose
your own system”.

tory for Mechanical, Electrical Laboratory
Apparatus and Scientific Equipment. Dif-
ferent Danish industries tried to develop the
detection and recording instrumentation
with limited success.

The first modular systems where the users
could choose the monitors they needed for
ECG, EEG, temperature, respiration, pulse
or invasive measurement of venous and ar-
terial pressure was produced in 1970,
Fig. 3. Central facilities based on analogue
and later on digital networks followed. The
number of parameters has expanded over
the years and adapted to the need of the cli-
nicians. Microprocessors have provided ex-
tra functionality with small size and user-
friendly graphic interface.

In the beginning the users were very much
focused on the equipment. Today they con-
sider it to be a technical aid, which some
times take up too much room, and which
must provide both raw data and derived
data, with graphs and tables.

Defibrillators for revival were first
brought to the market in USA in the late
1950s and S&W sold their first AC-
defibrillator in 1961 (Fig. 4) and the DC
defibrillator in 1964.

The instruments were first used in hospi-
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FIG. 4. AC-defibrillator marketed by S&W in
1961.

tals but there was a demand for better port-
ability of the equipment. The first portable
defibrillator with a built-in ECG amplifier
and display was marketed in 1973. It was
heavy then, but later development has made
it useful in ambulances, helicopters, air-
planes or wherever many people are gath-
ered. Even defibrillators of today are very
easy to use but some development still needs
to be done on guidance and education of the
users.

External pacing of the heart has its own
story. S&W marketed the first pacemaker
developed by the company in 1964. It had
limitations as the patients had to be anes-
thetized to endure the stimulus. First in
1982 S&W as the first company in Europe
marketed a well functioning external pace-
maker for temporary use. At present, the
pacemaker and the defibrillator are housed
in the same instrument and the user can se-
lect the relevant treatment.

Clinical neurophysiology
Clinical neurophysiology has developed
within this century. It has its roots in the
early observation by Galvani (1737-1798)
who demonstrated electrical current and
showed that it is related to muscular motion.
In the years from 1933, the Danish contri-
bution to clinical neurophysiology started at
the University of Copenhagen where Erling

1
it 5

FIG. 5. DC amplifier designed for electrophysi-
ological recordings at DTH in 1936 [2].

Asmussen and Fritz Buchthal worked at the
Laboratory for the Theory of Gymnastics.

In the 1930s Buchthal worked on electrical
and mechanical properties of single muscle
and nerve cells and at the same time started
to record brain and muscle activity (EEG
and EMG). Buchthal came to Copenhagen
in 1933 with great experience in electro-
physiology; he brought an amplifier and a
stimulator. Further development was
needed, particularly of the amplifier. This
was done in collaboration with professor
Jens Oscar Nielsen at the Technical High-
school of Denmark where he in 1936 con-
structed a differential amplifier, Fig. 5, [2].
Just before the war researchers started to
use EEG and EMG clinically and the first
department for clinical neurophysiology was
established in 1940 by Grey Walter in UK.
During the war it was not possible to buy
equipment in Denmark and Buchthal and
Kaiser developed a Danish EEG system,
Fig. 6. [3] The amplifiers were remarkable.
The input amplifier had a common mode
rejection of 100 and the ink-writer used for
recording was linear from 0-50 Hz.
Buchthal’s first recordings of clinical EMG
used electrostatic oscillographs and it was
not until 1948 that cathode ray tubes were
used in DISA’s first EMG system [A08].

Buchthal, who became professor in 1955,
collected in his laboratory a multidisciplin-
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FIG. 6. Buchthal and Kaiser’s first three channel
EEG system (1943) [3].

ary team, a group that probably was close to
what you today hope to find in a biomedical
research team. Researchers of all fields of
education participated in experiments in the
laboratory and in the clinic.

Edmund Kaiser was one of the most gifted
among Buchthal’s first collaborators. He
worked on very basic subjects such as me-
chanical properties of single muscle fibers.
In 1941 he established his own company,
where he produced the EEG system and
EMG amplifiers, Fig. 6-7. After the war,
Kaiser had a large export of EEG-
equipment to Scandinavia, UK, Russia and
even China. His later contributions were an
electro-manometer, an EEG analyzer, a
small portable tape recorder for EEG, a X-

FIG. 7. Above: Kaisers ink-recorder that could
reproduce the signal linearly from 0-50 Hz. The
ink supply had a pressure pump. Below: The
light-weight writing pen and its attachment to
the writing lever (1943) [3].

ray photometer, implantable amplifiers for
steering of prosthesis and miniature elec-
tronics for physiological investigations un-
der extreme conditions, e.g., in jet-aircrafts.

The first international conference on elec-
troencephalography and clinical neuro-
physiology was held in London in 1947 with
Lord Adrian as president. The third confer-
ence was in Boston in 1953. The main sub-
jects were new methods for automatic
analysis of electrophysiological signals.
Grey Walter presented a toposcope, to dem-
onstrate how brain potentials spread over
the brain. Dawson reported on auto- and
cross-correlation of EEG by optical and
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mechanical methods and on his averaging
technique based on charging electrons into
capacitors, which were selected by the
commutator of a motor. Norbert Wiener
participated in the discussion and pointed
out the importance of signal processing.
DISA’s first electromyograph was exhibited
[A08].

Two members of the Danish Biomedical
Engineering Committee, Christian Guld and
Ove Sten-Knudsen, came from the Institute
of Neurophysiology. Since 1946 Christian
Guld worked on the differential amplifier
and improved it considerably. This devel-
opment and several later findings, e.g., a
specially shielded stimulator to avoid
stimulus artifact, were handed over to DISA
[4].

Action potentials from sensory nerve were
first recorded in man by R.G. Willison and
R.W. Gilliatt, UK. Willison demonstrated
the technique at a course on EMG in Co-
penhagen in 1959. The technique was fur-
ther developed by Buchthal and Rosenfalck
such that action potentials from few nerve
fibers could be recorded (0.02 pV), Fig. 8,
[5]. They developed a near nerve electrode,
an input transformer and used a small port-
able Nicolet CAT computer for averaging.
V.O. Andersen later constructed a special
low noise amplifier and a double shielded
stimulator [6]. This technique has also been
used by DISA.

Guld, Willison and Rosenfalck worked for
a number of years on a committee set up by
the International Society for Electroen-
cephalography and Clinical Neurophysiol-
ogy on the harmonization of EMG instru-
mentation [7]. This could be done in col-
laboration with industry because Willison
was consultant for the English manufacturer
of EMG systems MEDELEC and Rosen-
falck worked together with DISA. The col-
laboration with Willison was continued in
Aalborg in an ESPRIT project [AO1, A02].
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FIG. 8. Recording of sensory action potentials
from the median nerve at wrist in a normal
nerve and in two patients with pressure lesions
at the wrist.

Above: normal; middle: moderate lesion; below:
serious lesion (only few fibers were left). The
numbers above the trace indicate the maximum
velocity of the fibers.

Werner Trojaborg, and many Danish and
international clinical neurophysiologists
worked at the University Hospital in Co-
penhagen (Rigshospitalet) and at the Insti-
tute of Neurophysiology (Buchthal, Guld
and Poul Rosenfalck) with the expansion of
EMG. Some of the most important results
were new methods and databases of refer-
ence values.

The development of electrodes was im-
portant for EMG studies. The first concen-
tric needle electrode was made by Person in
the workshop of the Laboratory for the The-
ory of Gymnastics. The insulation was a
glass-capillary and lacquer. The concentric
electrode was later made by DISA, Fig. 9.
They used an epoxy glue for insulation and
contributed much to the development of
multi-electrodes with up to 24 leading off
areas of different dimensions, Fig. 10 [8,
A08].

Up to the 1960s all model and statistical
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FIG. 9. Concentric electrodes for EMG recording
(A, B, C). Bipolar electrode (D) and some of the
first multielectrodes (EF).

FIG. 10. Multielectrode with 24 recording areas.

calculations were performed by hand. An
advanced mechanical Olivetti calculator be-
came the first help (1963) and at the same
time, off-line calculations could be carried
out at the university computer centers. The
first digital computer for on-line data-
collection and signal-processing a PDP 8
was bought by the University of Copenha-
gen in 1968. It had a very limited memory
and the cost was at the same level as an
electronmicroscope. A large tape recorder
and a hard disc later became available but
the computer room had to be large and air-
conditioned. Ten years later a Ph.D. student
from Georg Bruun’s laboratory at DTU,
Steen Andreassen developed a wire elec-
trode to record from single muscle fibers at
high effort, Fig. 11. He also developed the
first microcomputer system based on the
Intel chip 8080 [9]. The system was trans-
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FIG. 11. Set-up for studying of single motor
units in the anterior tibial muscle. EMG and
force were recorded on FM-tape for later analy-
sis. A pre-amplifier (input impedance about 100
MQ) was placed close to the electrode. Single
motor unit potentials could be recorded at 60%
of maximal effort.

ferred to Aalborg University, where the re-
search was continued and some of the re-
sults transferred to JUDEX Datasystemer
A/S [AO1, AO2].

DISCUSSION

In this paper some examples of collabora-
tion between research, industry and hospi-
tals have been presented. Most collabora-
tions have been positive for the partners:
industry received new ideas and researchers
at universities and hospitals obtained
equipment, which they could not produce in
their laboratories and often not afford.
However, for several years around 1970 to
1990 the students opposed against this col-
laboration. Today it is a necessity and sup-
ported by the EEC and national resources.
Biomedical industry in Denmark has in
common, that 95% of all products are ex-
ported. If this should be maintained with the
fast development of microcomputers and
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miniature components it is necessary that
large groups work together.

Probably the Danish Society for Biomedi-
cal Engineering has contributed to and
maybe even strengthened this collaboration.
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INTRODUCTION

Biomedical engineering is often defined as a
professional line including development and
application of apparatus and technical aids
in the treatment and prevention of diseases.
The biomedical engineer has an engineering
or scientific education and is supposed to
posses the necessary knowledge on theoreti-
cal and practical subjects within medicine.
This definition may appear rather natural

to some — others may disagree. In the pres-
ent context the expressions “Medical and
Biological Engineering” and “Biomedical
Engineering” are used synonymously. The
question as to how biomedical engineering
is to be defined has been discussed since
1950 and probably also before that time,
however, often under the designation
“Electromedicine”, “Medical Physics” or
“Medical Electronics”.

A shorter definition such as “The applica-
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tion of technical aids in the treatment of dis-
eases” would lead to the conclusion that
biomedical engineering has existed as long
time as human beings have dealt with dis-
eases and injuries.

However, the term “Medical and Biologi-
cal Engineering” suggests of course that
professional fields as medicine, biology and
engineering precedingly must have devel-
oped to some professional level thus limiting
the existence of biological engineering to a
few centuries.

In an attempt to state the time of emer-
gence of biomedical engineering in the
sense generally used by the profession some
of its effects on the development of hospitals
and of remedies for disabled are being dated
in time. Some events in the history of
science and medicine will be elucidated — if
only by short glimpses — by calling to mind
some of the persons who have contributed to
the development of the medical sciences by
remarkable discoveries.

In continuation to the above a few episodes
of the contemporary history of biomedical
engineering in Denmark will be laid out and
its present definition is reevaluated.

Prehistoric time

Technical methods have at all times been
applied in the treatment of the diseased and
the injured. Trepanation, which is supposed
to be one of the oldest operations, was car-
ried out by scraping with a sharp chip of
flint. Anthropologists believe from experi-
ments on corpses that the encroachment
could be done in about a little more than
half an hour.

Ancient Egyptian papyruses show evi-
dence of surgical treatment carried out by
the use of knives and branding irons. The
Egyptians did not use trepanation. Preg-
nancy was detected by testing the sprouting
of corn moistened by the diluted urine from
the women.

The Chinese used acupuncture and devel-
oped a complicated pulse diagnose several
thousand years before the Roman Empire
expanded over Europe. Today acupuncture
is still widely used in China and the method
has gained considerable access in western
medicine during the last 25 years.

In Indian literature from the fourth to the
fifth century A.D. one may read about the
application of magnets for the removal of
iron splints and find detailed descriptions of
surgical instruments such as pincers, scis-
sors, saws, knives, etc.

It may seem a little far fetched to charac-
terize acupuncture needles, magnets, knives
and scissors as medical technology. How-
ever, the instruments mentioned were in
many cases designed specifically for medi-
cal use and were generally not tools for
every day use.

The Greeks
The antique art of medicine in Greece had
its prime in the period 400 years before to
200 years after Christ. The medical profes-
sion was influenced by oriental medicine,
but was methodically developed by the
Greek doctors into an independent line of
profession freed from witchcraft and magic.
Hippocrates, who lived from 460 to 377
B.C. has, besides many well known and im-
portant contributions to the medical profes-
sion, also described an extension table
which in principle functions in the same
way as a modern operating table.
Hippocrates was borne on the island of
Kos, which was the domicile for one of the
medical schools belonging to the Askle-
piades family, and Hippocrates, who was a
member of the family, was educated here.
The Hippocrates knew the auscultation of
the lungs and the associated sounds were
characterized by sounds, which could be
produced by means of materials from every-
day life. The well-known auscultatory fric-
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tion sounds were, e.g., described as

“squeaking leather”.

The Romans

The roman culture was extended over do-
mains where Greek culture previously had
dominated and thus the art of medicine
flourished in the Roman Empire. In the
contemporary literature Asklepiades from
Prusa is mentioned as the first Greek doctor
who secured himself a footing in Rome. But
he had many opponents. Plinius and Cato
despised him because he was a Greek and
moreover impecunious.

In order to improve the circumstances and
esteem of the roman medical profession em-
peror Augustus allocated in the year of 10
B.C. certain privileges to the doctors.

The roman military doctor Pedamios Dio-
skorides undertook at the time when Nero
was emperor (54-68) extensive travels
studying products of foreign countries and
his work on drugs, “De Materia Medica”, is
an outstanding source of knowledge about
pharmacology of the antique era. He also
applied electrotherapy, which was carried
out by placing an electric ray on the head of
patients suffering from protracted headache.
The species of ray used has presumably
been “Torpedinidae hebetans”, which can
grow to a length of 2 m and can yield 150
electric shocks pr. sec.

The fall of the Roman Empire started
about 500 A.D. and simultaneously the art
of medicine started to degenerate.

Arabia

The Arabian countries expanded during that
period and also Persia was conquered. The
Arabs found in Gundeshapur a large and
vigorous medical school, founded by Chris-
tians, who were expelled from Syria. The
school honored the classical Greek art of
medicine. In the year 765 A.D., the head of
the school, Georgios, was sent for by the

caliph Al Mansur in Baghdad. Georgios son
was appointed physician in ordinary to Ha-
run al Raschid.

The Arabs adapted the Greek tradition of
medicine and transcribed the Greek medical
writings. Thus the Arabian doctors collected
and worked on the heritage of the medical
tradition from the classical time.

Amar, who practiced in Cairo at about
1000 A.D. described a new method for the
couching for cataract. He applied a cannula
with a triangular square area and a side-
hole. After the entering of the needle into
the eye the lens was put downwards, what
was usual practice, but was then brought
into contact with the side-hole where upon
an external vacuum produced by the assis-
tant of the doctor made it possible to remove
the opaque lens.

The Middle Age

During medieval times the church of Rome
dominated culture and society by means of
religiously motivated rules. Hospitals were
founded by clergymen of high rank. “Hotel
Dieu” in Lyon from about 500 A.D. is an
example. Hospitals were also established in
Danish convents which excavations in @m
and ZAbelholt monasteries have unveiled. In
those days almost all medical and scientific
literature were in the possession of the
church which did not approve of the monks
exercising medicine.

However, in Salerno, a little south of
Naples, a significant secular medical school
existed, which flourished at about 1100
A.D. The education was of high standard
and subject to detailed statutory provisions.

Among the clergymen in Denmark were
also medically skilled persons as, e.g., As-
ser, dean and canon in Lund (since 1658
belonging to Sweden), who by his death
1137 left his books, many of which were
medical, to the cathedral. The most famous
Danish doctor of that time was Henrik Har-
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pestreng, who died in 1244, He was canon
in Roskilde and was described as “Magis-
ter” (Master of Arts) rendering probable
that he studied abroad. He is specifically
known for his book about medical herbs
written in Danish.

Universities arose in Paris and other places
in Europe and from 1100-1200 the classifi-
cation in faculties is known. The medical
faculty was designated “Facultas in
Physica” and the practitioners were ad-
dressed by the title of “Physicus”. This indi-
cates that the basis of the profession was
physics. The designation “Medical Faculty”
dates back to 1300 and shows that the
medical profession now was met with in-
creasing respect and was regarded as a
separate line of science. At the same time
the vast spread epidemics of the plague,
which extirpated about /3 of the European
population, were contributing to the reduc-
tion of the authority of the church.

The Renaissance
During the renaissance the medical faculties
assumed a considerable influence on public
health issues and on forensic medicine.
Surgery, however, did not receive great
respect nor did it develop to any remarkable
stage. But the doctor and teacher of medi-
cine, Paracelsus (1493-1541) is the great
rebel having as little respect for the Greeks
as for the Arabs. His motto was: “Learn
both surgery and medicine or neither!”.
Also Ambroise Pare (1510-1590) fought in
order to improve surgery. As a military sur-
geon he reintroduced the legation of arteries
and designed a pair of forceps called “Bec
de Corbin” (beak of raven) to lay out arter-
ies. In spite of initial low professional status
and lack of knowledge of foreign languages
he eventually ended up in 1562 as “Premier
Chirurgien du Roi”. He devoted much time
and effort in the study of all kinds of prothe-
ses from opturators to ingeniously designed

leg- and arm-protheses. Pare experienced a
number of attacks from the established
medical faculty and from envious col-
leagues.

The university of Copenhagen was founded
in 1479 by King Christian 1. It comprised
four faculties: theology, law, medicine and
philosophy.

In England William Harvey (1578-1657)
demonstrated the circulation of the blood
and Thomas Bartholin (1616-1680) and his
pupil Niels Steensen (1638-1686) published
their famous works about anatomy and
physiology.

Galilei (1564-1642), Italian physicist and
astronomer, developed the first usable mi-
croscope in 1612. His motto was: “Measure
what ever can be measured and make meas-
urable which is not!”.

Sanctorius Sanctorinus (1561-1636) in
Padua complied to this motto and developed
four instruments: a pulse-meter, a ther-
mometer, a hygrometer and a balance for
the determination of the amount of perspira-
tion. The pulse-meter consisted of a lead
ball suspended in a string. The length of the
string was adjusted until the period of the
pendulum was synchronous with the pa-

tient’s pulse.
Isaac Newton (1642-1727), English
physicist and mathematician, pioneered

many scientific works, which became turn-
ing points for future science and mathemat-
ics and thus for the art of medicine and its
development into a science.

After having traveled speedily through five
eras it must be realized that medical tech-
nology during that period played a modest
part with regard to the treatment of diseases
and injuries. The reason is of course that
medicine and technology in the modern
sense was in no way developed. The revo-
lutionary discoveries within science and
mathematics dominate the historical picture.
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The Age of Enlightenment

The chemist Antoine Laurent Lavoisier
(1743-1794) demonstrated in a treatise from
1777, that during respiration oxygen is ab-
sorbed and carbon dioxide is removed from
the body, and in 1780 he shows in collabo-
ration with the mathematician Pierre Simon
Laplace (1749-1827) that body-heat is gen-
erated by metabolism in the body. The
mathematician Joseph Louis Lagrange
(1736-1813) claims in a work from 1791
that metabolism takes place in the blood.

In the last part of the 18th century the
Italian doctor Luigi Galvani (1737-1798)
discovered that cut off limbs of frogs con-
tracted by electrical stimulation. Galvani
believed that living cells produced electric-
ity. But his compatriot Alessandro Volta
(1745-1827) had the opinion that body flu-
ids conducted electrical current. Later it
turned out that they were both right.

In 1744 King Christian VI (1699-1746)
entertained himself and his family by per-
forming experiments with electricity. The
voltage was produced by means of an elec-
trical machine, possibly manufactured by
the royal art turner Lorenz Spengler (1720-
1807).

The king was enthusiastic when the sparks
emerged from the tip of his rapier and from
the Queens jewelry.

In 1745 the German doctor and scientist
Christian Gottlieb Kratzenstein (1723-
1795) published a treatise about the utiliza-
tion of electricity in medicine. In 1753 he
became a professor of medicine and ex-
perimental physics at the University of Co-
penhagen. According to order from King
Frederik V (1723-1763) Kratzenstein car-
ried out experimental electrotherapy on pa-
tients suffering from rheumatism, gout, cata-
ract, etc. His extensive collection of books
and instruments was destroyed during the
great fire of Copenhagen in 1795.

The royal “Frederiks Hospital” in Copen-

hagen, which had about 90,000 citizens,
was founded by Frederik V in 1757. The
hospital, placed between Amaliegade and
Bredgade, had a capacity of 300 beds but
was in the beginning equipped with only
150 beds. The public aid authorities erected
in 1769 “Almindeligt Hospital” located in
Amaliegade being the first municipal hos-
pital in Copenhagen. It was in use until
1863, Fig. 1.

FIG.1. Tin pot dated 1854 from “Frederiks Hos-
pital” in Copenhagen.

The members of the medical faculty of the
University of Copenhagen fought with the
surgeons who demanded better education
and equal status to the university doctors.
As a consequence the “Academia Chirur-
gorum Regia” was inaugurated the 25th of
October 1787 in Bredgade 62 close to
Frederiks Hospital. The professors here
ranked with the professors of the university.

The epoch of liberalism

Distinctive practical and scientific discov-
eries were being done during this epoch and
some examples are enumerated in the fol-
lowing.

R. Laennec (1781+1826) constructed the
stethoscope in 1816, the same year he was
appointed senior physician at “Hospital
Necker”. The idea came to him when he
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Fig 3.
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FIG. 2. Original drawings from Laennec’s work
on auscultation (1826).

saw some children keep one end of a
wooden cane to the ear in order to hear the
sound produced by scratching the other end
of the cane, Fig. 2.

H.C. @rsted (1777-1851), Danish physi-
cist, demonstrated in 1820 the magnetic ef-
fect of the electrical current and contributed
thus to the tremendous development within
the electro-technical professions. It was @r-
sted’s initiative that the Technical Univer-
sity of Copenhagen was erected in 1829.

The English physicist Michael Faraday
(1791-1867) demonstrated the electrical in-
duction and formulated the laws of elec-
trolysis in 1883. He contributed thus con-
siderably to the development of electro-
chemistry. His compatriot James Clerk
Maxwell (1831-1879) formulated a mathe-

matical description comprising both electri-
cal and magnetic fundamental rules, hereby
predicting the existence of electromagnetic
waves.

Charles Darwin (1809-1892) published in
1852 after twenty years of study his work
“On the Origin of Species by Natural Se-
lection”. The work created a stir especially
on the account of the postulate that the hu-
man species had animal ancestors, which
led to a permanent break with the contempo-
rary prevailing religious opinion.

The French chemist Louis Pasteur (1822-
1895) and the German physician Robert
Koch (1843-1910) performed the basic re-
search within bacteriology.

But prior to that an epidemic of cholera
broke out in Copenhagen in 1853. 7,219
were contaminated and 4,737 of these died.
The town had 130,000 citizens and the sup-
ply of drinking water and the sewerage were
in a terrible state. The health authorities and
the public aid authorities were severely
criticized due to lack of effectiveness. How-
ever, six prominent physicians intervened
and organized - mainly supported by vol-
untary labor - an effort against the epi-
demic. P.L. Panum (1820-1885) had al-
ready in 1850 defeated a minor cholera epi-
demic in the town Banholm on the island of
Lolland in the southern part of the country
by using quarantine and isolation. But his
effort was not appreciated. The spirit of lib-
eralism was turned against every sort of
limitation and one of the above mentioned
enterprising six physicians, C.E. Fenger
(1814-1884), being a national liberal politi-
cian, abolished quarantine against yellow
fever and cholera.

When the epidemic was at its worst Fenger
organized the fight against the disease and
participated actively himself. It was the
chemist Julius Thomsen (1826-1909) and
the engineer and physicist August Colding
(1815-1888) who pointed out that the chol-
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era afflicted areas were mainly those with
the most unhealthy soil. But no one believed
in cholera contagium as none of the bearer
nor of the gravediggers died. It was not until
1883 that Robert Koch demonstrated the
cholera bacteria.

After the failure of the authorities, which
appeared to be in great contrast to the ini-
tiative of the Danish medical association in
fighting the epidemic and building new
houses for the workers in Copenhagen, the
government was urged to build a large scale
hospital. It was the second municipal hos-
pital (“Kommunehospitalet™), which opened
in 1863 ten years after the worst cholera
epidemic ever experienced in Denmark.

Later Fenger devoted his life to politics
and consequently left his position as a pro-
fessor in clinical medicine. On his instance
@resundshospitalet and Blegdamshospitalet
were erected in 1875 and 1879, respec-
tively.

The English physician Joseph Lister
(1827-1912) — after having read Pasteur’s
treatise from 1863 on putrefaction — applied
as the first in March 1865 the principle of
antiseptics using carbolic acid.

Samuel von Basch (1837-1905), professor
of experimental pathology in Vienna, in-
vented the sphygmomanometer in 1883,
which was improved by Scipione Riva
Rocci (1863-1936) but still only systolic
pressure could be measured. N.S. Korotkov
(1876-1920) utilized the so-called “Korot-
kov-sounds” from the stethoscope placed
above an artery in fossa cubiti as a criterium
for the onset of diastolic pressure during the
slow decompression of the blood-pressure-
cuff.

The German physicist W.C. Rgnigen
(1845-1932) demonstrated the X-rays in
November 1895 and received as a result of
his research in this field the Nobel price in
1901.

The first diagnostic X-ray-picture in Den-

mark was taken on the Technical University
in February 1896 as the only usable X-ray
tube in the country was to be found in the
Technical University’s collection of physi-
cal instruments.

The Danish physician N.R. Finsen (1860-
1904) demonstrated in 1896 that ultraviolet
radiation cured skin-areas attacked by lupus
(tuberculosis of the skin).

Radioactivity was first explained in 1896
by A.H. Becquerel (1852-1908) who dis-
covered the radioactive radiation from ura-
nium.

Pierre (1859-1906) and Marie Curie
(1867-1934), both physicists, produced ra-
dium in 1898.

The four above-mentioned scientists re-
ceived the Nobel price in 1903.

X-rays and atomic theory

In February 1897 Professor Oscar Bloch
(1847-1926) applied for a X-ray apparatus
to be installed in Frederiks Hospital. The
expenses were preliminarily calculated to be
558 kroner and 50 gre, but before the appli-
cation was granted the amount raised to
1000 kroner. Already in 1901 the medical
counsel asked for an improved installation.
There was no dark room and the “Glass-
plates” were developed by an external
dealer and returned 8-14 days later.
Frederiks Hospital was in 1910 replaced by
“Rigshospitalet” (the new university hospi-
tal) having 974 beds.

Radium was for the first time used thera-
peutically about 1900 for the treatment of
skin-cancer. In 1912 the radium foundation
was inaugurated with the purpose that a
greater number of patients could receive ra-
diation therapy.

In 1913 the English physicist F. Soddy
(1877-1955) formulated the theory on iso-
topes and Irene Curie (1897-1956) and
Frederic Joliot (1900-1958) discovered in
1938 the artificial radioactivity which
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among other things was used in the research
on amino acids and fat metabolism.

The pioneering works of Albert Einstein
(1879-1955) and Niels Bohr (1885-1962)
brought the understanding of the many as-
pects of atomic theory thus also leading to
its application in medicine.

The application of radiology and isotope
theory for the measuring of physiological
phenomena was precipitated by the devel-
opment within physics and electronics. The
invention of the radio-tube in 1913, which
was based on the work on electron-emission
by Langmuir (1881-1957), became the ba-
sis for the later application of electronic
amplifiers in physiology and for the con-
struction of the electron-microscope.

The invention of the transistor in 1945 and
its wide spread application in almost all
electronic equipment during the decades
following 1960 brought considerable im-
provements in the specifications of hospital
apparatus. The implantable heart-pacemaker
is an example. The electronic technology
was mainly developed during and after the
World War 1II for military purposes and was
afterwards offered for civil application.

Miniaturization of electronic components
and the establishing of their mutual connec-
tions by means of sophisticated micro-
photographic methods lead to the production
of “Integrated Circuits”. Hereby the manu-
facturing of computers was improved to
such an extent, that large and fast electronic
memories could be mass-produced at de-
creasing prices from about 1970. Such sys-
tems are widely used in equipment such as
digital X-ray, CT- and MR-scanners, ultra-
sound- and isotope-cameras, etc.

The beginning of biomedical engineering
in Denmark

In 1903 W. Einthofen (1860-1927), physi-
ologist in Leiden, demonstrated his first
electrocardiograph. ECG has since gained

an enormous importance in cardiology and
the cardiograph has continually been subject
to technical improvements.

From 1920 the interest for the clinical
measurement of the pH of the blood was in-
creasing and the electronic tube became a
component of major importance in the clini-
cally usable pH-meters.

In 1939 a “McKesson” anaesthetic appa-
ratus was imported from USA and put into
use during a lung-surgery on the “Finsen
Institute” in Copenhagen for the first time.
Danish production on a small scale of dia-
thermic-apparatus and cardio-scopes had
been going on for some years, Fig. 3-5.

In 1943 the development of an electronic
manometer for the dynamic measurement of
blood pressure was initiated on Rigshospi-
talet and neurophysiological instruments
were developed on the Institute for Neuro-
physiology in a cooperation between the in-
stitute and the industry.

Biomedical engineering can now be iden-
tified as an activity with a great develop-
ment-potential. About 1950 far-sighted
Danish corporation managers saw the ne-
cessity to develop and supply up to date
technical equipment to the Danish hospitals.
The anaesthetic departments were extremely
interested in monitoring pulse- and respira-
tion-rate, temperature, electrocardiograms,
blood pressure, oxygen and carbondioxide-
tension in the blood and a variety of gases in
the respiration-air. These demands were
highly motivating for the Danish industry
and one of the first patient-monitoring sys-
tems on a recovery-department was conse-
quently developed by a Danish firm in co-
operation with physicians from at home and
abroad.

The International Federation for Medical
Electronics and Biological Engineering was
founded at the concluding session of the
second international conference on Medical
Electronics in 1959. The Federation was the
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FIG. 3. Wanchers bag for anesthesia from about
1883 (O. Secher: “From ether inhalation to an-
esthesiology” 1965, Copenhagen).

FIG. 4. Anesthesia apparatus and patient moni-
toring system put together in one unit.

FIG. 5. McKesson anesthesia apparatus from
1939 taken into use for the first lung operation
in Denmark (Simonsen and Weel Inc., Den-
mark).

first European initiative in establishing an
international organization in this profession
and thereby contributing immensely to the
understanding of the importance of Medical
Engineering as a profession. In the mid-
sixties the organization adopted the name
“International Federation for Medical and
Biological Engineering” using the initials
IFMBE.

The association of Danish Anesthesiolo-
gists took the initiative at the annual meet-
ing in 1962 to teach physicians basic elec-
tronics. At that time the hospitals had a de-
mand for technical assistance in taking into
use new equipment on a growing scale. En-
thusiastic doctors and nurses made a great
effort to be acquainted with the new and ex-
panding technology. Numerous courses and
a lot of textbooks appeared as a result of an
optimistic faith on the possibilities of the
new hospital-technology.
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The first hospital-employment’s

in Denmark

However, it became soon evident that the
medical staff could benefit from leaving the
electronic equipment to the engineers and
technicians who from about 1965 gradually
was employed in the major hospitals. Dur-
ing this period the counties and the munici-
pality of Copenhagen made large invest-
ments in new hospitals and in the improve-
ment of existing hospitals. Many hospitals
were thus in the course of a few years time
supplied with medical instrumentation of the
highest standard. On account of this an in-
creasing demand for technical advice and
equipment-maintenance arose. This kind of
service was in some cases rendered from the
firms but often under the supervision of the
technical staff of the hospital.

These problems were dealt with years be-
fore on a smaller scale on the radiation-
therapy-departments. Radioactive sources
and high voltage accelerators must be oper-
ated by engineers and. physicists, but the
term “Biomedical Engineer” was not used
for this category of personnel who generally
is called “Radiation Physicists”.

The basis for the improvement and expan-
sion of the hospitals can be ascribed to the
capability of society to raise the economical
means as well as to the level of education
and professional standard of doctors, nurses
and other employees. As the technology was
available and even favored by the media the
hospital-departments proposed a variety of
technology in order to improve diagnosis
and treatment. The necessary political deci-
sions were thus supported by optimism and
great expectations.

Biomedical engineering

as a hospital activity

In the late sixties the municipality hospitals
of Copenhagen, the major county hospitals

and the university hospital “Rigshospitalet”
employed an increasing amount of engineers
and technicians to work in departments for
radiology and ultrasound, clinical chemistry,
isotope-diagnostics, cardiology and audiol-
ogy. Hospital engineers and technicians
were gradually organized in a separate de-
partment, now frequently called “Technical
Department” or tentatively ‘“Biomedical
Department”. Such changes in the hospital
organization sometimes, as might be ex-
pected, raised conflicts in relation to the
existing technical maintenance departments.
Hospital departments could dispose full time
over individual engineers if the arguments
for biomedical engineering assistance were
sufficiently qualified.

Biomedical Engineering developed from
this level into a hospital activity at present
called Clinical Engineering which is a nec-
essary service for the successful running of
a hospital utilizing high technology.

Between 1970 and 1980 large expansions
of the hospitals in the Copenhagen area took
place and the increasing demand for hospital
equipment of all kinds led to a somewhat
overheated market supply. This situation
was some times the reason for faulty pur-
chase and wrong application of medical
equipment. Technical errors and insufficient
instruction-manuals resulted in cases of
malfunctioning or even accidents especially
when safety-regulations were violated. To
improve the quality level and the patient-
safety the biomedical departments were in-
volved in the purchase, the functional- and
safety-test and the maintenance of most
electronic and electrical apparatus.

In some major hospitals an ‘“Apparatus
Committee” was established representing
medical end technical expertness. In general
the objective of the committee was to make
decisions concerning budgets, resource-
consuming Biomedical Engineering projects
and concerning applications for the intro-
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duction of new hospital-technology of im-
portance.

Some of the apparatus committees were
under political management and had a sec-
retariat at disposal.

In the 1970’s several of the larger hospital
projects were subject to public criticism.
The public expenses were generally running
high and recessions of public hospital budg-
ets were unavoidable, however, also very
difficult to manage as most of the projects
were already advanced or contracted.

In the Copenhagen area the hospital plan-
ning lacked coordination on a superior level.
On an operational level numerous examples
of severe budget excesses were experienced
in spite of a well-grown bureaucracy. Politi-
cal decisions did not correspond well with
revised planning which in an importunate
way unveiled that to obtain economical re-
cessions many advantages of the hospital
projects in being were to be sacrificed.

One of the political reactions was to
tighten up budget control and improve proj-
ect management. Numerous control proce-
dures were initiated in order to avoid inap-
propriate purchases and excess of delivery
time. The biomedical departments intro-
duced safety- and quality control of electri-
cal and electronic apparatus. In order to get
sufficient influence on the quality and effi-
ciency of equipment and installations the
biomedical engineering departments were
involved in the hospital planning at an early
stage. Standard rules for the tests of equip-
ment and individual rules for the proper use
of apparatus were introduced. This work led
naturally to a cooperation with the national
board of health and other public organiza-
tions with the purpose of issuing national
standards and recommendations.

An important and generally very attractive
activity for the biomedical engineer has
been research and development-projects.
There are numerous examples of projects

carried out in a cooperation between the
medical and technical personal and the in-
dustry. Examples are the development of
diagnostic ultrasound scanners, therapeutic
ultra sound, measuring apparatus for the use
in audiology, cardiac flowmeters and ra-
diological auxiliary equipment.

The involved parties contributed with
money and resources, and sometimes
agreements concerning royalties turned out
to be profitable with earnings far exceeding
the total expenses of the project. Thus the
economical basis for future projects could
be founded.

The education in biomedical engineering
During the sixties biomedical engineering
seemed a promising profession both in in-
dustry and the public health sector. Educa-
tion in such topics as might support doctors,
nurses and technical personal to be ac-
quainted with what ever technology that
were offered for hospital use was needed.
Later on also other categories of hospital
staff members were involved and a specific
cast of roles were gradually established so
that everybody knew how the technology
was to be used and by whom.

Formal as well as informal mutual educa-
tion in technical and medical subjects be-
came quite common. This kind of education
“on location” is often disregarded but has in
many ways been a necessary provision for
the integration of biomedical engineering in
hospital activities.

At present the Technical University of
Denmark (DTU) and the Aalborg Univer-
sity (AAU) offers courses of lectures in
biomedical engineering related topics and
numerous candidates have graduated having
carried out examination papers on medical
and technical questions of current interest.
The Aalborg University erected in 1978 a
professorship in biomedical engineering
thus promoting education and research in
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the topics mentioned. In 1997 a professor-
ship was also instituted at the DTU.

Recently a paper called “Proposal for the
education in biomedical engineering” issued
by the “Institute for Information Technol-
ogy” on the Technical University of Den-
mark is being discussed. The content is
based on a broad cooperation with every-
body concerned and contains a specific
professional profile of a biomedical engi-
neer.

The motivation for the improvement of the
education is that Denmark has a noticeable
net-export of biomedical engineering
products and at the same time there is easy
access to the public hospital sector for the
establishing of an indispensable cooperation
between equipment designers and the hos-
pital staff. In the development and design
phase this cooperation is of utmost impor-
tance in reaching the highest possible qual-
ity of the final product which necessarily
must be offered on the international market,
as the home market is often too small.

During the last decades information tech-
nology has had an enormous impact on
medical instrumentation and forms a natural
transition between biomedical engineering
and topics as statistics, medical informatics,
medical image processing, the electronic
patient record, etc.

Trade policy and biomedical engineering
The Danish ministry of health has in a stra-
tegic paper from 1996, "Activity plans con-
cerning electronic patient records", sup-
ported the initiatives already taken in Den-
mark in utilizing the information technology
for the creation of an electronic patient
record.

The ministry of trade has in an effort to
formulate the trade policy of the Danish
government carried on a dialogue with the
drug industry, the biomedical engineering
industries and the public health sector. The

results are based on comparative studies in
Sweden, Holland, USA and UK and are
titled “Dialogue with the medico and health
sector”.

Hospital technology in

the Copenhagen area

In the mid seventies the reduction of public
expenditures in general lead to a recession
of public hospital budgets. The retrench-
ments could only be arrived at by intensive
rationalization and reduction of services and
activities.

In this period representatives from the
biomedical engineering departments from
five hospital administrations in the Copen-
hagen area had on their own initiative
formed a working group the objectives of
which was to exchange experience about
practical problems, apparatus maintenance
and about patient safety and to find solu-
tions to the repetitive reductions of budgets.
The hospital administrations had given their
consent to the objectives and activities of
the group.

In 1988 there were 12 larger or smaller
hospitals within 30 km from each other in
the Copenhagen area with a total bed-
capacity of 8,082 beds. The population to be
served amounted to 1.4 million citizens and
294,000 patients were discharged each year
not to mention the ambulatory activity.
However, in spite of this seemingly great
capacity the politicians often met with the
voters’ criticism of long waiting lists even
in hospitals equipped with expensive tech-
nology.

The total of yearly hospital expenses in the
area was about 8.5 milliard (billion) Danish
kroner or 1 milliard ECU. The value of hos-
pital equipment amounted to 2 milliard kro-
ner. The applications for new equipment
amounted to 240 million kroner but only 72
million kroner was granted. The users
looked upon this amount as far too little and
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Fig. 6. Reiniger, Gebbert and Schall X-ray
equipment from 1896 (From:“100 years of X-
ray” published by Siemens Inc).

somber prophecies of equipment failure
were often conveyed to the authorities. But
failures and accidents were extremely rare
due to both the vendors and the hospital en-
gineers’ common interest in servicing the
equipment in order to extend its functional
lifetime, Fig. 6 and 7.

In 1988 the hospitals in the area employed
103 engineers and 32 radio-physicists.

The Danish National Board of Health
and the Danish Hospital Institute

The Danish Hospital Institute is an inde-
pendent freeholding institution erected in
1975 by the Danish government, the asso-
ciation of county councils and city councils
of Copenhagen and Frederiksberg. The ob-
jective of the institute is by research and de-
velopment, counseling and information to
improve working plans for the hospitals.
The institute has published a great number
of reports, some of which deal with bio-

medical engineering by treating topics as,
e.g., safety precautions against electricity
accidents, equipment inspection, and sys-
tems for the analysis of technical services.
Information technology is dealt with in pa-
pers concerning the electronic patient rec-
ord, the electronic data communication in
the hospital sector and medical informatics
in Denmark and Europe.

Medical technology assessment or health
technology assessment (HTA) has also been
dealt with. HTA comprises an all round
analysis of the application of a particular
technology, its effectiveness, the patients
view of it, the implicated risks and an
analysis of economical, educational and en-
vironmental consequences. The general in-
terest in HTA was increased during the
eighties because of recessions of the public
expenses. These raised the demand for de-
tailed analysis of the argumentation used in
the applications to be discussed with the
management. Here HTA proved to be an
efficient method for arriving at a decision.

The Danish National Board of Health has
issued recommendations to be used when
purchasing hospital equipment. Further
more the board has put forward notices on
active implantable medical devices, on
equipment purchase and on HTA. In the
publications mentioned use has been made
of the broad experience of the application of
biomedical engineering in the last two to
three decades as all the issues have been
discussed prior to their being published in
working groups with ample representation
of hospital staff members.

Analysis using the HTA-concept also, as
mentioned, took place locally on the hospi-
tals in an effort to state criteria for the in-
troduction of new technology and initiate it
in an appropriate manner. Both the Danish
National Board of Health and the Danish
Hospital Institute have understood to profit
from these initiatives. The National Board
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FIG. 7. CT-scanner (Philips Medical Systems
Inc.).

of Health has in 1997 erected an institute
for HTA in order to contribute to the im-
provement of the services of the public
health sector.

In January 1995 new rules in the European
community concerning events and accidents
when using hospital technology came into
force. The topic has always been of great
importance to the biomedical engineer be-
cause one of the main reasons for the em-
ployment of a biomedical staff is to ensure
that the use of hospital equipment does not
present any danger neither to the patients
nor to the medical staff. The National Board
of Health is monitoring the safety level by
means of a compulsory accident reporting
system introduced into all Danish hospitals.

The Danish Society for
Biomedical Engineering
The above accounts on historical and pres-
ent-time events give some contributions to
the understanding of the background for the
idea of founding a national biomedical soci-
ety. The founding itself took place on the
27th of November 1973 the first chairman
being Professor, M.D., E. Skinhgj (1918-
1983), who was a specialist in neurology
and from 1979 also rector of the University
of Copenhagen.

The objectives of the Danish Society for
Biomedical Engineering are to promote the

scientific and technical development of the
biomedical engineering profession. To fulfill
these goals contacts between persons being
interested in biomedical engineering and
having different education and employment
are being established on a national as well
as an international level.

In earlier periods one became automati-
cally a specialist due to ones special capa-
bilities within a certain field of profession.
To day the biomedical engineer finds him-
self in a turbulent development and is daily
overwhelmed by so much new literature that
it is impossible to attend to it all on a suffi-
cient detailed level. Experience shows that
there are no other ways to solve the problem
than to divide the work on as many persons
as possible and organize a national as well
as an international cooperation. By these
means it can be avoided that the role as a
specialist does not lead to stagnation but
rather opens up for a profound profession-
alism together with a broad general view.

The demand for a national society for bio-
medical engineering has accordingly shown
to be great and the idea of founding it has
proved to be correct. The society has un-
doubtedly been of benefit to the members,
the private enterprises and the public or-
ganizations that al together constitute the
health sector in a broader sense.

The Danish Society for Biomedical Engi-
neering, maintains relations to international
societies and organizations and of course
especially with the International Federation
for Medical and Biological Engineering
(IFMBE) and being an affiliate member,
represents the federation in Denmark and is
represented in its Clinical Engineering Divi-
sion.

Reevaluating the definition of
Biomedical Engineering

Most definitions concerning human activi-
ties can be subject to different interpreta-
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tions depending on background and opinion.
The more detailed and specific a definition
the greater is the probability of it being the
cause of conflicts in connection with job-
descriptions, responsibility assignments,
etc., since the freedom of its appropriate in-
terpretation will be reduced.

The present definition seems to be appro-
priate not only to the members of the profes-
sion but equally important, also to other
groups of professionals employed in hospi-
tals and industry.

Future fields of knowledge and technology,
which may prove useful to the biomedical
profession, can be included in the definition
by mere interpretation without violation of
its principal meaning.

For the sake of argument one could imag-
ine that subjects like X-rays and electronics
and other important technological innova-
tions from our century were left out from the
context of the definition. This would still be
applicable provided we go about 10 decades
back in time. However, some flexibility of
mind is required to do such an experiment of
thought and the more so the further back in
time we travel.

For practical purposes one could perhaps
claim that medical and biological engineer-
ing has existed for about a 100 years thus
giving the profession an opportunity to cele-
brate its 100 years anniversary in the year
2000.
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HISTORY AND CURRENT STATUS

Research and education within Biomedical
Engineering were active in Aalborg from
the start of the 1970s. Thus, when the Uni-
versity Center was established in 1974 and
even during the planning phase in 1970 it
was suggested to establish this multidisci-
plinary area. In 1972 a planning group of
head physicians at Aalborg Hospital and
engineers from the engineering schools in
Aalborg published a report which recom-
mended to establish a strong biomedical en-
gineering research group at Aalborg Uni-
versity Center which later slowly should
take up the education.

In 1978 Annelise Rosenfalck was ap-
pointed professor in Biomedical Engineer-
ing at the Institute of Electronic Systems. A
major problem in the first years was the fact
that the Ministry of Education did not allo-
cate research time to professors at univer-

sity centers, as university centers were not
considered as real universities. This slowly
changed in the 1980s when the university
was recognized as Aalborg University
(AAU).

In 1979 Steen Andreassen joined the
group, and about one year later he obtained
a 3-year senior research fellowship from the
Danish Technical Research Council and the
Danish Medical Research Council to de-
velop a microprocessor system to analyze
electromyographic action potentials. Anne-
lise Rosenfalck and Steen Andreassen both
came from the Institute of Neurophysiology,
University of Copenhagen, where professor
Fritz Buchthal had created a strong tradition
for interdisciplinary research.

During the first years the main activities
were related to those disciplines already im-
plemented at the Institute. These activities
were related to cardiology, ultrasound,
speech recognition, and audiometry, but the
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new group had a great interest in electro-
physiology and biomechanics and slowly
changed the research interests accordingly.

In the early years grants from the Govern-
ment and from the Danish Technical Re-
search Council allowed invitations of guest
scientists, one came from Lithuania and an-
other from Israel.

In 1983 the research was expanded to in-
clude image processing and pattern recogni-
tion applied to automatic analysis and clas-
sification of human chromosomes. Erik
Granum came from the Danish Technical
University and had worked for three years
at MRC in Edinburgh. In 1984 he obtained
a 3-year senior fellowship from the Re-
search Planning Committee of the Ministry
of education. Over the years several projects
in biomedical research have been carried
out by the medical staff at Aalborg Hospital
and by Henning Nielsen. Erik Granum was
appointed full professor in Image Analysis
and Computer Vision in 1989.

The interest in medical knowledge based
systems began in 1984, when the
department participated in an ESPRIT EU
project “A Knowledge Based Assistant for
Electromyography” together with University
of London and software houses in Denmark
and United Kingdom. This interest in
medical informatics developed over the
years and several international decision
support research projects took place within
the EU VALUE, BIOMED and TELE-
MATICS programs. In 1996 Stig Kjer
Andersen established a Virtual Center for
Health Informatics as a cooperation
between Aalborg  University, Arhus
University, the health care sector and the
health care industry in Denmark. The
Center aimed at establishing a network of
supporting research, development and
consulting as well as developing
competence and expertise within informa-

tion technology in health care. Furthermore,
the group took a cross-disciplinary initiative
to formulate a 2-year education (open
university) in Health Informatics. The first
year, 1994, 35 attended the education.
Recently, a master program in Health
Informatics has been approved, and 40
students were enrolled for a degree in 1998.

The department of Medical Informatics
and Image Analysis was formed in 1986,
when the Institute of Electronic Systems
was divided into four departments. Image
Analysis was extended to include computer
vision through support from the Danish
Technical Research Council and participa-
tion in ESPRIT Basic Research.

Annelise Rosenfalck retired in 1992, and
in 1993 Lars Arendt-Nielsen was appointed
full professor in Biomedical Engineering.

In 1993 the Department vas evaluated for
the first time by an international committee
consisting of three specialists in biomedical
engineering [1].

In 1993 the Danish Technical Research
Council and private foundations provided
funding to Thomas Sinkjer for a research
council professorship. This was converted
into an ordinary professorship in 1997.

The real kick off for the biomedical engi-
neering research came in 1993 when very
large grants were awarded to the Depart-
ment from the Danish National Research
Foundation, the Danish Cancer Society and
the Research councils. The award from the
Danish National Research Foundation was
the most prestigious. The research in bio-
medical engineering with focus on sensory-
motor interaction was selected as one of the
23 research centers after international re-
view of more than 350 applications. At the
same time, the Danish Cancer Society se-
lected Center for Sensory-Motor Interaction
to host a center for cancer pain research.
Among 74 applications three were selected
after international review.
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FIG. 1. The external funding for the biomedical
engineering group at Department of Medical
Informatics and Image Analysis, Aalborg Uni-
versity. In 1993 the Center for Sensory-Motor
Interaction was established.

These grants allowed Thomas Sinkjer and
Lars Arendt-Nielsen to establish Center for
Sensory-Motor Interaction (SMI), and
Thomas Sinkjer was appointed as director
of the Center.

The Center was situated in new, modern
buildings. The laboratories were all
equipped with new and up-to-date equip-
ment.

A substantial network of national and in-
ternational collaboration ensures a direct
coupling between the basic experimental
studies performed at SMI and the clinical as
well as industrial applications.

The economical situation for SMI devel-
oped well, and in 1997 the annual external
funding exceeded DKK 20 mill (Fig. 1).
The stable economical situation allowed the
Center to organize a secretariat with an
academic administrator. The staff increased
in the same period to include a total of 40
employees in 1997 (Fig. 2).

In 1998 a large program on interaction
between the biomedical industry in Den-
mark and biomedical engineering research
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FIG. 2. The development in number of scientific
biomedical engineering staff employed in the
biomedical engineering group at Department of
Medical Informatics, Aalborg University (up to
1993) and at Center for Sensory-Motor Interac-
tion (after 1993).

institutions are headed by SMI. The pro-
gram is supported by the Research Council
by DKK 20 mill over four years. The pro-
gram is the first of its kind, and hopefully it
will facilitate exchange of ideas and person-
nel between industry and universities and
visa versa. In the annual report from the
University [2] you can read more about
medical engineering education and research
at Aalborg University.

CENTER FOR SENSORY-MOTOR
INTERACTION

The interpretations of biomedical engineer-
ing are very different. At some institutions,
the biological aspects are highlighted
whereas others concentrate on theoreti-
cal/applied engineering aspects. However,
the experience is that research institutions
combining and integrating the two aspects
by bridging the gab from basic science to
clinical application obtain substantial syn-
ergism and facilitation of research.

The Center for Sensory-Motor Interaction
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(SMI) is a biomedical engineering research
center within the field of neuroscience. The
Center is mainly involved in bioengineering
combined with somato-sensory research.
The research activities are concentrated on
motor control, experimental pain research
and rehabilitation technology (neural pros-
theses). The studies involve electrophysi-
ological recordings from nerves, muscles
and brain.

The activities in motor control and pain
research have been consolidated over 10 to
15 years, whereas the activities in neural
prostheses have been developed over the
last five years. All activities are character-
ized as multi-disciplinary fields of research
involving a wide range of biomedical engi-
neering aspects and experimental neurosci-
ence disciplines.

SMI benefits from its participation in a
number of institutional networks within
biomedical engineering, neuroscience and
clinical disciplines. A substantial resource is
present in the established research coopera-
tion and partnerships with a number of
Danish, European and North American re-
search centers, hospitals and companies.
Currently, the cooperation includes some 25
organizations in 12 different countries.

SMI has access to 10 well-equipped labo-
ratories for quantitative analysis of the hu-
man motor system, and one laboratory for
the development of implantable electrodes
used in functional electrical stimulation
systems in the restoration of paralyzed per-
sons.

At the Institute of Pathology, Aalborg
Hospital very good facilities for animal ex-
periments have been established and five to
seven researchers from SMI are working at
these facilities.

Motor Control: The objective is to study the
principles governing human movement. The
research comprises theoretical and experi-

mental analyses of the segmental interaction
between motor and sensory control mecha-
nisms in the central nervous system and the
biomechanical structures of lower extremi-
ties in healthy and motor impaired persons.
This includes a description of the neural
networks in the spinal cord which constitute
the movement pattern and reflexes, the in-
teraction with the electrophysiological and
biomechanical properties in the muscles,
and the interaction between muscle pain and
motor function under static and work-
related conditions.

Pain Research: The aims of pain research
are to develop and apply quantitative tech-
niques to induce pain in human skin, mus-
cles and viscera and to develop and apply
electrophysiological and psychophysical
techniques to assess the induced pain-
related responses under normal and patho-
physiological conditions. Human experi-
mental pain research is a way of gaining
quantitative insight into the mechanisms in-
volved in transduction, transmission and
processing of pain. As the pain system can
change its response characteristics to vari-
ous stimuli, methods are needed to assess
the reactions to different natural sensory
stimuli such as mechanical, thermal and
chemical stimuli in order to characterize
changes in sensory processing. Better
knowledge of pain mechanisms can lead to
better management.

Neural Prostheses: Every year thousands of
people are paralyzed due to illness (e.g.
stroke) or accidents. Our approach is to ex-
ploit the information and functionalities re-
tained in the natural sensory-motor systems
— even with paralyzed and seriously ill
people, i.e., to re-establish the communica-
tion between the sensory system and the
muscular system that has been disrupted in
paralyzed people. The methods are based on



20 years of biomedical engineering at Aalborg University — education and research 47

the neural coding in the human sensory-
motor system and on new technologies for
stimulation, registration and processing of
electrical signals from muscles and nerve
tissue. These technologies are not yet fully
developed. One major problem is how to
record and process the extremely weak
electrical signals coming from the nerves (a
few microvolts).

UNDERGRADUATE EDUCATION

Aalborg University has a unique educa-
tional philosophy that emphasizes project-
oriented education. There is an excellent
match between research projects interfacing
medicine with technology and the innovative
educational philosophy of the university.

Many M.Sc. projects have been carried out
in collaboration with the health sector and
industry, and the trend is that many students
spend the last semester abroad.

There are no statistics showing the number
of students who graduated as biomedical
engineers over the years. We have estimated
that in the years since 1976 there have been
about 15/year adding up to more than 300.
Of these 5-10% is now working in hospi-
tals, about 10% in biomedical industry and
10-15% in research at Danish and interna-
tional universities. The remaining group is
primarily working in the electronic and IT
industry.

Over the years the education in biomedical
engineering has changed slightly. During
the first years (late 1970s, early 1980s) the
biomedical engineering education was de-
veloped and all master students followed
courses in biomedical engineering at the 9th
semester. These courses dealt with basic as-
pects of biomedical instrumentation, physi-
ology and terminology. Specific focus was
on recording of bioelectrical signals and
volume conduction of bioelectrical fields.
All students visited different hospital de-

partments in Aalborg, Arhus and Copenha-
gen. Medical personnel from the local hos-
pital were affiliated as external teachers.

Later a specialization in biomedical engi-
neering was established. Course and proj-
ects were mainly related to the 9th semester
and the 10th semester was spent on the final
thesis work.

From 1st January 1998, an international
master education in biomedical engineering
was established. Students with a bachelor
degree or 8th semester or a M.Sc. education
can enter this international program and re-
ceive a M.Sc. degree in biomedical engi-
neering. All courses are taught in English.

PH.D. EDUCATION AND GRADUATE
SCHOOL

Due to the size of the department and to the
relatively small number of grants available
from the faculty, the production of “licenti-
ater” (later Ph.D.) from the department was
low during the1980s.

In 1984 and 1985 the university awarded
five Ph.D. grants to the basic electrophysi-
ological research. The projects were con-
centrated on EEG during sleep and anesthe-
sia, EMG and muscle fatigue, modulation of
stretch reflexes and quantitative assessment
of pain.

In 1985 Hans Harding finished an indus-
try-related (erhvervsforsker) Ph.D. thesis
(licentiat) from the department. In 1987
Lars Arendt-Nielsen defended his Ph.D. (li-
centiat) thesis on quantitative assessment of
pain and in 1988 Thomas Sinkjer defended
his thesis on modulation of the human
stretch reflex.

In 1993 a new law on research education
was passed by the Danish Parliament. The
law has advantages and disadvantages. The
major disadvantages are that the time for
research is reduced, and the status of candi-
dates changed from university employee to
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student. The major advantage is that the
system strongly encourages the students to
finish their thesis within three years. Fur-
thermore, it has strengthened the supervi-
sion and there has been focus on collabora-
tion with other institutions (mainly interna-
tional institutions). Together with the new
Danish Ph.D. law, the total number of gov-
ernment Ph.D. scholarships increased dra-
matically. Although students are obliged to
visit an international laboratory, this does
not automatically mean an internationaliza-
tion of the Danish research environment,
and the number of visiting scientists has not
necessarily increased.

At the Faculty of Technology and Science,
Aalborg University, a graduate school was
established in 1993, and the students affili-
ated with biomedical research were enrolled
in the program on Electrical and Electronic
Engineering.

After the establishment of SMI and the
Graduate School at the Faculty the produc-
tion of Ph.D. students within biomedical en-
gineering increased (Fig. 3).

In 1996 SMI was asked by the Danish
National Research Foundation to formulate
an application for a doctoral school in bio-
medical engineering. The idea was to have a
specific Ph.D. program within biomedical
engineering. The submitted application was
evaluated by an international panel and ap-
proved to start 1st January 1997. The
School was opened by the Minister of Re-
search Jytte Hilden, and Lars Arendt-
Nielsen was appointed as director.

The reasons for the Danish National Re-
search Foundation to establish the doctoral
school at SMI were to:

e meet the increasing demand from na-
tional and international enterprises for
candidates with a Ph.D. degree in bio-
medical science and engineering

e establish an internationally recognized
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FIG. 3. The cumulated number of graduated
Ph.D. students (or “licentiater” up to 1996) with
a degree in biomedical engineering.

and efficient Ph.D. training comparable
to the best in the world

e act as a model for efficient Ph.D. train-
ing in Denmark

e recruit highly qualified Ph.D. students
from abroad and internationally recog-
nized scientists within biomedical sci-
ence and engineering

e maintain and further develop a well-
organized and efficiently managed in-
ter-disciplinary Ph.D. program.

One of the requirements from the Danish
National Research Foundation was to have
50% foreign students. The foundation
awarded 15 Ph.D. grants and six senior sci-
entist grants. SMI was obliged to raise 15
additional grants. The course and research
program should try to broaden the scope of
SMI by including new research areas. The
first new area to be included was microneu-
rography.

The post graduate education program
which combines biomedical science and en-
gineering involves:

e a combination of inter-related life sci-
ence and engineering disciplines
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FiG. 4. The number of Ph.D. students within
biomedical engineering. As can be seen a sub-
stantial increase was obtained after the estab-
lishment of Center for Sensory-Motor Interac-
tion in 1993.

e scientists with different and hybrid,
educational backgrounds

e close contacts with clinical and theo-
retical departments and to the industry.

The multi-disciplinary nature of the program
provides a firm foundation for careers in
many areas in public and private health care
institutions, research and industry.

During 1997 a Ph.D. course program was
formulated involving a total of eight differ-
ent courses equal to 124 hours. At the end
of 1997 15 students were enrolled in the
program — six from Denmark and nine from
abroad (Japan, Ukraine, Slovenia, Spain,
France, Holland, United Kingdom and
Norway) (Fig. 4).

DISSEMINATION

From 1988 the number of scientific publi-
cations within the biomedical field began to
increase dramatically from a couple a year
to up to 20 (Fig. 5).

This increase in the scientific production
was partly due to support from the Faculty
for Technology and Science as they
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FIG. 5. The development in number of papers
published in international journals with peer-
review. Only papers from the biomedical engi-
neering group at the department are included.

awarded several grants to additional re-
search time and traveling.

After the establishment of SMI the number
of publications increased even further and
reached a level of around 70 international
publications each year (Fig.5). An inter-
esting observation is that approximately
90% of all publications is produced in col-
laboration with national or international
collaborators whereas most of these are
from clinical departments.

A total of three Doctoral Degrees in Medi-
cal Sciences (dr.med.) have been awarded
to researchers from the department. One
was defended at Arhus University, Faulty of
Medical Sciences, in 1994 [3] and two were
defended at Aalborg University under aus-
pices of University of Copenhagen, Faculty
of Medical Sciences [4-5].

Besides the scientific production the Cen-
ter participates in many research and re-
search policy related activities. Further-
more, a substantial number of newspaper
reports have been written over the years to-
gether with programs on radio and televi-
sion in Denmark and abroad.
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FUTURE PERSPECTIVES

It took 20 years to establish a strong inter-
national research environment in biomedical
engineering at Aalborg University. Today
the field has its own international master
education, international Ph.D. education and
center of excellence.

The research environment concentrated
around SMI seems to have good perspec-
tives concerning future consolidations. The
major problem is how to anchor the research
environment at the university as only four
faculty positions are affiliated with SMI
currently.

Hopefully, the Danish biomedical industry

will continuously utilize the research at SMI
and participate in programs aiming at edu-
cating more industry-related Ph.D. candi-
dates in the future. The Danish biomedical
industry allocates a substantial amount of its
money to research and development, and
qualified Ph.D. candidates from the Doc-
toral School in Biomedical Science and En-
gineering are a valuable resource for this
industry.
The substantial internationalization of the
research at SMI is expected to continue in
the future as Ph.D. students graduating from
the SMI Doctoral School hopefully will re-
turn to their respective countries and advo-
cate for the research environment and for
the School.

The key words at SMI will in future re-
main: internationalization, interdiscipli-
narity, networks and efficient research man-
agement.
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1. INTRODUCTION

Biomedical engineering has a long tradition
at the Technical University of Denmark
(DTU). A large range of projects in very
diverse areas has been carried out and it is
our aim to give some examples of the re-
search from the last 25 years. A general
overview of the development of Biomedical
Engineering (BME) is given in Section 2,
and some specific projects made over the
years are described in more detail in subse-
quent sections. The processing of medical
ultrasound data for resolution enhancement
and for detecting atherosclerotic plaque is
described in Section 3 and 4, respectively.

Application of non-linear signal processing
in neuroimaging is illustrated in Section 5,
and finally, the measurement of faint bio-
magnetic fields using superconducting tech-
niques is described in Section 6.

Biomedical engineering has been taught at
DTU for more than 25 years. The first in-
troductory course dates back to the late
1960s and was given by Dr. Saul Aronow
from Massachusetts General Hospital. The
history of this and other teaching activities
is given in Section 7, which also gives a de-
scription of the many recent initiatives
within the biomedical engineering education
at DTU.
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2. EVOLUTION OF BIOMEDICAL
ENGINEERING RESEARCH AT DTU

A dating of ‘first appearance’ of BME at
the Technical University of Denmark will
depend on how this concept is defined.
People who claim that the first biomedical
engineers were the chemists might argue
that BME was there almost from the begin-
ning. But if chemistry is left out of account
the 1950s should be appointed the decade of
the first ‘visible’ research projects at the
Technical University of Denmark within the
field of BME. One of the projects from this
period, which received public attention, was
an investigation of explosion risks in anes-
thesia equipment carried out by professor
R.E.H. Rasmussen and his group at the De-
partment of Technical Physics.

During the 1960s BME projects were
emerging in many places at the university,
and more than ten departments have con-
tributed within BME, thus reflecting the
breadth of this field. However, most of the
departments were involved with BME proj-
ects only occasionally, while continuous
BME research took place at two depart-
ments, Electronics Laboratory and Depart-
ment of Mechanical Technology. At the
Electronics Laboratory, founded in 1961
and headed by professor Georg Bruun,
BME played an important part almost from
the beginning. One of the first guest re-
searchers was Victor Pollak who made
studies on the characterization of bioelec-
trodes and amplifiers for myography, and
report number one from the laboratory was
a survey of BME education in the United
States and other foreign countries. It was
written by Ph.D. student Hans Kunov, who
is now professor of BME at University of
Toronto. The subject of Hans Kunov’s
Ph.D. study was ‘Nonlinear Transmission
Lines Simulating Nerve Axons’ (1966). The
second Ph.D. study, ‘Power Supply for

Heart Pacemakers’ (1969) was done by
Jgrgen Pontoppidan. Studies on amplifiers
for bioelectric recording, and impedances of
skin, body, and electrodes were also made
in the 1960s by Leif Otterstrgm, and
equipment for bladder stimulation was de-
veloped by Ole Trier Andersen and Peter
Speldt in cooperation with M.D. Tage Hald,
Herlev Hospital.

Examples of BME projects at other uni-
versity departments during the 1960s are:

e Development of blood pumps, mem-
brane support, and control systems for
dialysis equipment at the Department of
Mechanical Technology

e Measuring equipment for the diagnosis
of hearing impairment at the Acoustics
Laboratory

e Numerical processing of radio renogra-
phy at the Department of Numerical
Analysis

e Studies on bioelectrodes and blood flow
measurements at the Applied Electron-
ics Laboratory

e  Water transport in synthetic membranes
at the Department of Physical Chemis-

try.

During the 1970s much research and engi-
neering design work was devoted to the de-
velopment of aids for the handicapped,
probably most intensively at the Electronics
Laboratory where 15 master thesis projects
and 4 Ph.D. studies were carried through
within this area. In one of the Ph.D. studies,
‘A TV-display based interactive writing aid
for the severely motor handicapped’ (Ib M.
Tolstrup 1976) a communication system for
almost totally paralyzed persons was devel-
oped. On the TV screen letters and other
signs were displayed to be selected one by
one by means of some transducer device,
designed according to the abilities of differ-
ent patient groups: One patient might con-
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trol the selection with a slight movement of
the head or a toe, another with eye blinking,
and so on. This communication system,
called VIDIALOG, was put into production
by the Danish company ELMI A/S.

A series of projects were made with the
goal of designing aids for the blind, e.g., to
help them move around, use a computer
terminal, or read a text. Possibilities of im-
proving the white cane by means of ultra-
sound were investigated, and vocoders were
developed to serve as an acoustic link be-
tween the blind person and the computer.
Different attempts were made to use the
blind person’s other senses for perceiving
the shape of a letter or a figure by electronic
scanning and subsequent transformation into
a tactile or acoustic signal. In two Ph.D.
projects, ‘Reading Aid for the Blind -
Automatic Input System’ (Peder H. Krabbe
1981) and ‘On the Automatic Recognition
of Characters in a Reading Machine for the
Blind’ (John E. Aasted Sgrensen 1982) a
system was developed for text scanning and
conversion to ASCII data.

At the Department of Mechanical Tech-
nology an electric drawing machine was de-
veloped in cooperation with Geelsgaard
Kostskole. Also this system could be con-
trolled by people with reduced hand func-
tion or by people who can use a pointer
mounted at the forehead or a mouth stick.
Other projects at the same department con-
cerned investigation and improvement of
artificial hip joints. This work was done in
cooperation with Gentofte Hospital. The
Acoustics Laboratory made investigations
and design of suitable sound signals as aids
for the blind in the traffic, signaling ‘red’
and ‘green’, and developed electronic sys-
tems for automatic amplification control in
hearing aids.

Within the area of Functional Electrical
Stimulation a series of projects have been
carried through at the Electronics Labora-

tory and from 1997 the Department of
Mathematical Modeling supervised by asso-
ciate professors Steffen Duus Hansen and
Ole Trier Andersen. In 1984 a master thesis
project was made with the goal of improv-
ing the gate of a person with partly para-
lyzed muscles in the legs. This was done
with carefully designed sequences of
stimulation pulses delivered to skin elec-
trodes. In the 1990s three Ph.D. studies
were made in cooperation with M.D. Fin
Bjering Sgrensen from the University Hos-
pital’s Hornbak department for spinal cord
injured. The goal of these projects (Ernst-
Ulrik Haxthausen 1992, Sgren Sennels
1996, Rune Thorsen 1997) was to develop a
device for stimulation of certain muscles in
the forearm in order to enable patients with
partial paralysis to perform a simple move-
ment, called the key grib. In this project
stimulation is done exclusively via skin
electrodes, and the muscle stimulation is
controlled by myoelectric signals created by
the same muscle. This signal requires ad-
vanced signal processing to prevent positive
feedback, which might generate serious
spasms in the stimulated muscle.

3. MEDICAL ULTRASOUND

The use of medical ultrasound has increased
tremendously since its introduction into the
market in the 1970s. This is due to the easy
application of the method and the use of
non-ionizing radiation, which makes the in-
vestigation painless and risk-free for the
patient. The images, however, look quite
different from X-rays or other image mo-
dalities used in the hospitals; most notable
the contrast and resolution is often low and
the speckle pattern is very pronounced. A
project was therefore initiated in 1987 at the
Electronics Laboratory for increasing the
contrast and resolution of ultrasound im-
ages. The project was a collaboration be-
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FIG. 1: Normal (left) and deconvolved (right) image from the liver of a 28 years old male. The dark
area is the hepatic vein and the brighter surroundings are the liver tissues. The images cover an area of
2 x 2 cm. An increase in axial resolution of a factor of 2.4 was obtained (from [1]).

tween the Laboratory, Herlev University
Hospital’s department for ultrasound, and
the commercial manufacturer Briiel & Kjer
in Nerum. The funding was provided by the
Danish Science Foundation, which made it
possible to establish an ultrasound labora-
tory with the necessary measurement
equipment and computers to obtain and pro-
cess digital ultrasound images. The equip-
ment was constructed over a two-year pe-
riod and moved to Herlev University Hos-
pital for clinical trials. Here over 280 clini-
cal images where acquired in digital form
and subsequently processed using an adap-
tive signal processing algorithm developed
during the project. The algorithm takes into
account and corrects for the actual trans-
ducer pulse used, the attenuation of the ul-
trasound by the tissue, and the noise in the
acquired data making the approach self-
calibrating. A result of this processing is
shown in Fig. 1. The image shows part of a
liver from a healthy 28 years old male sub-
ject. The conventional image is on the left
with the hepatic vein being the dark area,
and the processed image is on the right. An

increase in axial resolution of a factor of 2.4
was obtained from the processing without
introducing significant new noise into the
image.

The efforts in medical ultrasound have
been continued and have generated a num-
ber of papers within ultrasound signal proc-
essing and acoustics. The group has also
been responsible for developing a simula-
tion program for ultrasound images in which
fairly realistic images of computer phantoms
can be made. The program has been posted
on the Internet and is used by a number of
universities and ultrasound manufacturers
around the world in the design of new ultra-
sound scanners. Another topic for the group
has been the use of ultrasound for estimat-
ing blood velocity. This work resulted in a
book and doctoral dissertation (dr.techn.) on
ultrasound systems for blood velocity esti-
mation [2].

The efforts within medical ultrasound are
continued and expanded in the newly estab-
lished Center for Fast Ultrasound Imaging,
which was started on January 1, 1998 at the
Department of Information Technology. The
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center is a collaboration between the De-
partment of Information Technology at the
Technical University of Denmark, Herlev
University Hospital, Gentofte University
Hospital, and the manufacturer B-K Medi-
cal A/S. The purpose is to investigate meth-
ods for making fast ultrasound images using
parallel beam forming and coded signals
and using these techniques for creating bet-
ter flow images using adaptive signal proc-
essing. This includes the development of al-
gorithms capable of finding the flow trans-
verse to the ultrasound beam, and the devel-
opment of real-time three-dimensional im-
aging. The various techniques will be tested
clinically during the center’s four years of
existence from January 1, 1998 to Decem-
ber 31, 2001. The funds for the center are
provided by the Danish Science Foundation
(10 mill. DKK) and the company B-K
Medical A/S (4 mill. DKK). The director of
the center is Professor, Dr.Techn. Jgrgen
Arendt Jensen.

4. CAROTID PLAQUE VISUALIZATION
WITH ULTRASOUND

Another important application of ultrasound
is diagnosis of vascular diseases. An im-
portant area is detection of atherosclerosis
of the carotid arteries, which is a common
cause of stroke, the leading cause of dis-
abling disease and the third most common
cause of death.

Center for Arteriosclerosis Detection with
Ultrasound (CADUS) was formed in 1993
by MD Henrik Sillesen and Ph.D. Jens E.
Wilhjelm with the specific purpose of im-
proving and developing ultrasound methods
and equipment for quantitative diagnosis of
atherosclerosis. The center is partly sup-
ported by the Danish Medical and Technical
Research Councils. The participants are:
Department of Information Technology,
DTU; Rigshospitalet, University of Copen-

hagen; the University Hospital in Gentofte;
B-K Medical A/S; Skejby University Hos-
pital and Worcester Polytechnic Institute,
Massachusetts, USA.

Atherosclerosis arises from the formation
of material deposits (plaque) on the inside
of the artery wall. The plaque slowly builds
up over a number of years. The pathogenetic
mechanism is believed to be embolic in the
large majority of cases, with either frag-
ments of the atherosclerotic lesion or
thrombotic elements of the plaque surface
braking off and moving with the blood into
the brain. Once a major brain artery is oc-
cluded by such an embolus and brain dam-
age has resulted, no specific therapy exists
today. Therefore, prophylactic measures are
of great importance, and recently, multi-
center studies have shown that surgical re-
moval of the atherosclerotic plaque de-
creases the risk of strokes.

Ultrasound Doppler techniques have been
shown to be accurate in the diagnosis and
quantification of the size of carotid stenosis
and today this modality is the screening
method of choice and has in many institu-
tions supplanted arteriography, also as the
preoperative diagnostic test. Recent investi-
gations suggest, however, that the composi-
tion, rather than the size is an important
factor governing the risk of stroke. The
composition can be assessed from the ap-
pearance of the ultrasound image, but the
quality of current ultrasound imaging does
not allow for determination of the condition
for the individual patient.

For the purpose of improving ultrasound
imaging of plaque, CADUS has engaged in
developing technologies and equipment for
multi-angle spatial compound imaging
(MACI). With this technique, images are
recorded from different angles and com-
bined to an image which is less angle-
sensitive and contains less speckle noise,
[5]. The multi-angle ultrasound data also
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FIG. 2: 7.5 MHz conventional (left) and spatial compound (right) images of atherosclerotic plaque re-
moved form the carotid artery by surgery. The images show cross-sectional views perpendicular to the
axis of the internal carotid artery and the smaller external carotid artery. The image to the right con-
tains less speckle noise and provides a better outline of the plaque. Notice how the residual lumen is
clearly visible in the image at the right. The image covers an area of 20 by 20 mm. (from [4]).

have the potential for plaque materials dif-
ferentiation, i.e., distinguishing soft plaque
materials (which are considered the most
dangerous) from hard. An entire computer
controlled off-line ultrasound scanner capa-
ble of recording B-mode images from arbi-
trary angles and combining these to com-
pound images has been designed and build
by Ph.D. student Sgren Kragh Jespersen. In
vitro scanning of a series of formalin fixed
plaques (removed during surgery) has
shown that the compound images provide
much better visualization of the plaque
(Fig. 2) and that the angle-dependent ultra-
sound data have potentials in material clas-
sification.

CADUS is involved with many other clini-
cal projects and examples include investi-
gation of the influence of formalin fixation
of fresh tissue, [6], and estimation of first
and second order features from conventional
clinical ultrasound images for the purpose of
investigating the correlation with histologi-
cal analysis.

On the technical side, a complete simula-

tion program for calculating the received
electrical signal in a pulse-echo system, due
to an arbitrarily curved smooth surface, has
been developed and implemented in collabo-
ration with Prof. Peder C. Pedersen at
Worcester Polytechnic Institute, Massachu-
setts, USA. The simulation model has been
compared with other models as well as ex-
perimental data, and very good agreement
has been found, [7]. The advantages of the
model are large flexibility and very fast cal-
culation speed for a given precision.

5. NEUROIMAGING

The field of neuroimaging, “brain map-
ping”, is an important and rapidly expand-
ing area in current neuroscience. The main
brain map techniques are Positron Emission
Tomography (PET) and Magnetic Reso-
nance Imaging (MRI). Furthermore, elec-
troencephalography (EEG) and magnetoen-
cephalography (MEG) are used to map the
electric and magnetic activity of the brain.
PET and MRI provide high-resolution vol-
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ume data while EEG and MEG provide high
temporal resolution. Combining neuropsy-
chology, 3D brain scan techniques, and
spatio-temporal statistics, neuroimaging of-
fers a unique in vivo window to the function
of the human brain. Experiments typically
involve neuropsychological formulation of
stimuli (e.g., simple motor exercises or Vis-
ual tasks), definition of scanning protocols
(volunteer subjects, repetitions) and finally
data analysis and visualization of patterns
of focal activation.

PET offers high sensitivity and biochemi-
cal specificity, and the physical and chemi-
cal mechanisms are quite well understood.
Traditionally MRI has been used mainly to
study neuroanatomy and neuropathology.
Recent developments have permitted the
extension of MRI techniques to visualiza-
tion of human brain function (fMRI). Com-
pared to PET, fMRI has better spatial reso-
lution and its temporal resolution is orders
of magnitude better. Today whole brain
scans can be obtained at second intervals. In
addition, since fMRI is totally non-invasive,
scan sessions can involve many repetitions
on a given individual. The main drawback
of fMRI relative to PET is the lack of a de-
tailed neuro-biological theory of the contrast
and the inevitable audible noise from mag-
netic gradient switching during scan ses-
sions.

The main objectives of functional neuroi-
maging research are to formulate statistical
models of macroscopic brain function, to
extract the salient image features, to organ-
ize image and activation protocol data sets,
and to visualize activation patterns. The
global dissemination of data, software and
results on the World Wide Web (WWW) is
an important practical issue in functional
neuroimaging. Functional neuroimaging
using fMRI scanning protocols now faces a
situation where massive amounts of data are
routinely collected, creating an urgent need

for new efficient processing techniques. At
present only quite primitive linear signal
processing techniques have been applied, so
it is evident that there is significant potential
for breakthrough engineering innovations in
this area. In particular, adaptive non-linear
signal processing techniques can lead to ef-
ficient exploration of the new spatio-
temporal phenomena present in fMRI data
sets.

Following President Bush’s and the US
Congress’ declaration of the 1990s as the
Decade of the Brain, 1997 was celebrated
as the “Year of the Brain” in Denmark. In
Denmark the Research Councils launched
the “Interdisciplinary Neuroscience Pro-
gramme” and in the US the “Human Brain
Project” was founded by a number of gov-
ernmental funding agencies, now under the
leadership of the National Institutes of
Health. In the formulation of the American
Human Brain Project significant emphasis
is put on visualization and neuroinformatics.
A main objective of that program has been
to support the innovation and dissemination
of advanced data analysis tools and data-
bases, and also Web tools for global inter-
activity.

The neuroimaging activities at the De-
partment of Mathematical Modelling
(IMM), DTU, are conducted by Associate
Professor Lars Kai Hansen and take place
within an international consortium funded
by the American Human Brain Project, the
European Community, and by the Danish
Research Councils. The activities involves
neuroscientists, neuropsychologists, physi-
cists, mathematicians, statisticians, com-
puter scientists and health informatics spe-
cialists in the US and in Japan: Minneapolis
VA Medical Center; University of Minne-
sota; Florida State University; Massachu-
setts General Hospital, Boston; Department
of Psychiatry, Harvard Medical School;
Akita Research Institute of Brain and Blood
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FIG. 3: A virtual environment on the World
Wide Web for presentation of neuroimaging
experiments. The environment is based on a
standard geometric frame of reference that al-
lows comparison of different experiments. The
so-called Virtual Reality Modeling Language
(VRML) allows the user to navigate in the envi-
ronment and the objects are hyperlinked to other
Web sites creating a very rich platform for
communication of neuroinformatics. The
VRML models, software and on-line papers re-
lated to the neuroimaging research at IMM are
available from http://hendrix.imm.dtu.dk.

Vessels, Japan. The national collaborators
are at the National University Hospital,
Rigshospitalet; the Niels Bohr Institute,
University of Copenhagen; Psychological
Laboratory, University of Copenhagen;
Clinical-Physiology/Nuclear Medicine, Rig-
shospitalet, University of Copenhagen; and
the Danish Center for Magnetic Resonance,
Hvidovre Hospital.

The work at IMM is focused on design,
evaluation, and visualization of adaptive
non-linear signal processing models. A ge-
neric tool for visualization of high dimen-
sional non-linear statistical models, the so-
called Saliency Map, has been developed
and used in a number of functional studies.
A new scheme for fast, automatic, volume
“warping” for intersubject co-registration
has been developed and used in PET group

studies assisting in the finding of new acti-
vated areas under saccadic eye movements.
A comprehensive software toolbox for spa-
tio-temporal analysis of fMRI is to be re-
leased.

An important aspect of the group’s work
concerns  “neuroinformatics” combining
visualization and WWW interactivity in
virtual environments. The group has pio-
neered the use of the Web virtual reality
standard VRML (Virtual Reality Modeling
Language) in the context of neuroimaging.

6. BIOMAGNETISM

It has since the 1970s been possible to rec-
ord magnetic fields generated from electric
currents in human nerves and muscles. The
activity of the brain and heart can be meas-
ured using advanced superconducting tech-
niques like SQUIDs (Superconducting
Quantum Interference Device). From this
the research topic of Biomagnetisme has
evolved, which is a multi-disciplinary re-
search area encompassing physics on one
side and biology and medicine on the other.
The area has undergone a tremendous de-
velopment during its 25 years of existence.
The biomagnetic group at the Department
of Physics, DTU was established in 1979
through the acquisition of a one-channel
SQUID system. A seven-channel system
acquired in 1987 is the only one in Denmark
capable of measuring magnetic fields from
electric currents in biological tissues (see
Fig. 4). The Department performs meas-
urements on human volunteers and neuro-
logic and cardiologic patients as well. The
measurements cover both fundamental sci-
entific experiments and experiments with
the purpose of developing new diagnostic
methods for the clinic.

The purpose of the first type of measure-
ments is the localization of areas of the
brain that is activated by either different
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FIG. 4: SQUID system used for measuring bio-
magnetic signals at the Department of Physics.

sensory stimuli or by decision processes,
that involves finger movements. The funda-
mental scientific experiments also include
studies of spontaneous brain oscillations.
The diagnostic experiments investigate
spontaneous activities (brain waves) of pa-
tients suffering from epilepsy or tinnitus.
The magnetic fields measured from cardi-
ologic patients are generated from the mus-
cle activity in the heart and the sources of
pathogenic signals are sought localized.

7. EDUCATION

The first BME course at the university, en-
titled Medical Electronics, was given in
1969 by Ph.D. Saul Aronow from Massa-
chusetts General Hospital, Boston, USA,
who was guest professor at the Electronics
Laboratory. During his one-year visit, spon-
sored by the Fulbright Foundation, professor
Aronow also supervised a series of BME
thesis projects and gave invaluable inspira-
tion to the teachers at the laboratory. The
course in Medical Electronics was contin-
ued by associate professor Ole Trier Ander-
sen. Guest lecturers from hospitals, mainly
Rigshospitalet and Gentofte and Glostrup
Hospitals, and from industrial BME compa-
nies have contributed with inspiring lectures
in special topics such as cardiology, clinical
laboratory instrumentation, nuclear medi-

cine, medical technology assessment efc.
About 1500 students and many guests from
industrial companies have until now at-
tended this course, and about 160 students
have made thesis projects in BME at the
Electronics Laboratory, mostly in collabo-
ration with hospital departments or indus-
trial companies.

In 1971 the Electronics Laboratory pro-
posed that a professorship of bioelectronics
at the Technical University be established.
The university senate appointed a BME
committee, which was asked to give propos-
als concerning the placement and future of
BME at the university. The committee,
headed by professor Georg Bruun, proposed
in a report January 1973 that good facilities
for biomedical experiments should be es-
tablished at a single department, and that
BME projects primarily should be created
on contacts to institutions and companies
outside the university. A further result of the
work in the BME committee was the estab-
lishment of an introductory course in human
physiology for electrical and mechanical
engineering students. This course which has
been given by M.D. Steen Dawids at the
Department of Control and Engineering De-
sign has served as a prerequisite for the
Medical Electronics course. A similar intro-
ductory course in physiology was estab-
lished later especially for chemical engi-
neering students.

In 1995 the university selected 12 focus
areas of which biomedical engineering was
one. This created the momentum to expand
the biomedical area with more staff and
thereby the possibility of a larger range of
courses. A professorship in biomedical sig-
nal processing was filled by Jgrgen Arendt
Jensen in May 1997 and an associate pro-
fessorship in biomedical engineering by
Jens E. Wilhjelm in December 1997. A
further associate professorship will be filled
in 1998. A workgroup headed by Jgrgen
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Arendt Jensen was formed in 1996 and
made a proposal for a biomedical engineer-
ing education at DTU [3]. A series of seven
new courses was suggested to supplement
the regular courses given at DTU and a plan
for a biomedical engineering degree was
given. The proposal was presented at a
symposium for biomedical companies and
the public sector in December 1996, and
was very well received. Currently three of
the new courses are given and others are
being planned for the next years. The course
Medical Imaging Systems was given in the
autumn of 1997, and the students here made
ultrasound and CT images from clinical
data. The hands-on experience was further
expanded in the course Hospital Tuition in
which the students spend 3 weeks at differ-
ent hospital departments. The course was
given in collaboration with all major hospi-
tals in the greater Copenhagen area. It is the
goal to have a formal biomedical engineer-
ing education in place around the end of the

century.
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Scanning acoustic microscopy (SAM) is new in Danish biomedical research.
Acoustic lenses holding ultrasonic transducers operating in the range of 60
to 2000 MHz comprise the heart of the SAM microscope. The technique can
be used for imaging and quantification properties like sound wave velocity,
acoustic impedance, attenuation and density of biological cells and tissues,
implants and grafts. The resolution of SAM is in the micrometer range. Sev-
eral diseases are currently studied with SAM, including atherosclerosis and
osteoporosis.
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INTRODUCTION

Scanning acoustic microscopy (SAM) is
new in Denmark where the first SAM labo-
ratory started implementation of a high-
frequency (up to 2000 MHz) microscope
into Danish biomedical research in 1995.
The idea of using sound for studying mate-
rial structure and properties was first sug-
gested by the Soviet scientist S.Y. Sokolov
in 1949. At that time, the technologies for
generating such acoustic waves and proc-
essing the signals were not available. The
first SAM microscope was developed in

1975 [1]. Since then, work done primarily
at Stanford University in the USA, Univer-
sity of Oxford in the United Kingdom and
Tohoku University in Japan, has refined the
SAM technique by increasing the resolution
and implementing methods for quantifica-
tion of acoustic properties.

Today, SAM is mainly being used for
‘Non-Destructive Evaluation’ (NDE) of
materials and in quality control, but its use
in biomedicine is increasing. In NDE, cor-
rosion, cracks, voids, fractures and delami-
nations are detectable with SAM. A typical
example is delaminations in semiconductors
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[2]. In material science, SAM is used to
study ceramics and composites and in geol-
ogy it is used to study rocks, e.g. granodio-
rite, which is a typical candidate for dis-
posal of nuclear waste [3].

It is the utilization of low-energy high-
frequency acoustic waves in SAM that
makes it an interesting technique in bio-
medicine. That not only ensures that the
object of study remains intact and can be
studied repeatedly, but living objects like
human cells in culture can be studied micro-
scopically during drug manipulation [4].
Also, it allows for examination of even
small cell inclusions and tissue constituents
since the resolution of SAM normally is in
the micrometer range. The best resolution
ever recorded with SAM is 15 nm at 15,300
MHz [5].

The most important property of SAM is its
ability to measure acoustic properties with
great accuracy. This property resides in the
simple fact that acoustic waves are me-
chanical by nature and thus interacts me-
chanically with the object under investiga-
tion: the object responds to insonification
from the microscope lens in accordance with
its own mechanical properties (below), and
it is that response which is recorded by the
microscope.

MICROSCOPE DESIGN

Different types of SAM microscopes exist.
The most common one is the reflection
mode SAM microscope. This microscope
has a single acoustic lens which is used both
for transmitting and receiving reflected
acoustic waves. With typical microscopes
lenses capable of generating waves in the
frequency range of 50 — 2000 MHz can be
used. The resolution (w) of such lenses de-
pends on wave velocity in the object of
study (v), the numerical aperture of the lens

(NA) and the wave frequency (f) in the fol-
lowing manner [6]:

051y
NAf

Using a 2000 MHz lens with NA of 0.6 and
assuming v is 1540 mxs_ in the object of
study (which is reasonable for soft biologi-
cal tissue), the resolution would be ap-
proximately 0.65 um. A lens is shown in
Fig. 1. It has a transducer made of an epi-
taxially grown layer of zinc oxide between
two gold electrodes at the top. Plane acous-
tic waves are emitted and travel through a
sapphire rod with a hemispherical cavity for
focusing at the tip. As the waves pass from
the cavity to the couplant and the object of
study, they become spherical and travel to-
wards a focus on the axis of the lens. A
typical wave path is shown schematically in
Fig. 1. Because the acoustic wave velocity
is much greater in sapphire than in water,
which is usually used as a couplant between

Eq. 1 w

transducer

sapphire rod

couplant

object

FIG. 1. Drawing of an acoustic lens for a typical
reflection mode scanning acoustic microscope.
The gold coated zinc oxide ultrasound trans-
ducer generates the sound waves that are trans-
mitted to the object and detects the waves re-
flected from it. Focusing, and thus an increase
of resolution is achieved with a small cavity at
the tip of the short sapphire rod. The pathway is
then: transducer, sapphire rod, couplant, object,
sapphire rod, transducer.
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the lens and the object of study, there is al-
most no spherical aberration even though
the lens has only one spherical surface.

Acoustic microscopes may have two oppo-
sitely located lenses: one for transmitting
and one for receiving. However, in these
transmission mode SAM microscopes, the
lenses are difficult to align and this tech-
nique is not commercially available. An-
other type of acoustic microscope is the
scanning electron acoustic microscope,
where it is the excitation of the acoustic
waves that is focused. Yet, another type is
the scanning laser acoustic microscope,
called SLAM, where the waves are trans-
mitted through the object of study and de-
tected by a focused optical probe that meas-
ures local surface tilt on the surface of the
object. The SLAM has the advantage of live
images, but high-frequency waves cannot be
used. The following technical descriptions
in this paper refer to the reflection mode
SAM microscope.

A complete description of the electronics
in a SAM microscope is beyond the scope
of this paper, but Fig. 2 is included to show
the radio-frequency chain of a reflection
mode microscope. It is a fact that most
SAM microscopes truly working in the
high-frequency range are built in dedicated
laboratories by the investigators themselves.
Some are equipped for transmitting short
acoustic pulses, others for transmitting sev-
eral pulses of different frequencies, and oth-
ers again for measurement of the phase of
the reflected signal.

Before discussing what acoustic micro-
scopes can actually do, a brief presentation
of some of the similarities and differences
between SAM and optical microscopes is
given. The resolution offered by a SAM mi-
croscope is normally comparable to that of
the optical counterpart. However, it is pos-
sible to achieve a much better resolution
with an acoustic microscope than with an

optical, but very special techniques must be
applied. By use of superfluid liquid helium
which has a very low acoustic attenuation
due to its low temperature, it is possible to
use far higher wave frequencies than those
described in this paper. That enables reso-
lution in the nanometer range [7]. The mag-
nification offered by conventional acoustic
microscopes is of the same magnitude as
that of optical microscopes. The resolution
sets the limit of the highest usable magnifi-
cation. In theory, the only factor that limits
the magnification of an acoustic microscope
is the smallest area of the object that the mi-
croscope can scan. The greatest advantages
using SAM, is in the field of subsurface im-
aging. First, many materials are opaque to
light but transparent to sound. Second, it is
possible to separate subsurface acoustic
echoes due to their relatively low travel ve-
locity compared to the velocity of light.
Third, an acoustic lens in the reflection
mode acoustic microscope is confocal, re-
sulting in a greater depth discrimination
when compared to a traditional optical mi-
croscope. Those differences are indeed the
properties that give rise to the use of SAM
in NDE.

MICROGRAPHS AND ACOUSTIC
PROPERTIES

The SAM functions can arbitrarily be di-
vided into making micrographs and meas-
uring acoustic and elastic properties of the
object. Micrographs of small to large ob-
jects, or regions of interest, are made by
scanning the lens across the object because
of the very limited spatial size of the lens
focal zone. The scanning is done in a raster
fashion, i.e., a scan in a series of lines. Ei-
ther the lens or the object is scanned. The
latter can be achived by use of a stage step-
per- or DC-motor, and this method usually
offers the largest scanfield. An acoustic mi-
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FIG. 2. Schematic diagram of the electronic circuitry of a reflection mode scanning acoustic micro-

scope (Courtesy of Leica, Wetzlar, Germany).

crograph with a scanfield of 1 by 1 mm
taken at 400 MHz is shown in Fig. 3. In im-
aging mode, most acoustic microscopes
aquire the envelope-detected video signal in
each rpointr along the lines of scanning for
modulation of the micrograph brightness.
Thus, in that mode usually no individual and
particular acoustic property gives rise to the
pixel brightness [8]. The brightness is, so to
speak, modulated by the interaction of sev-
eral different properties at various magni-
tudes. Consequently, a conventional micro-
graph cannot be used for quantitative analy-
sis of acoustic properties. However, several
SAM techniques exist for such analysis, and
that is exactly what gives SAM a leading
position in the field of bioacoustics and mi-
croelastic analysis.

Two quantitative techniques are the plane

FIG. 3. Micrograph of bone taken at 400 MHz.
The field is 1 by 1 mm. The bone was em-
bedding in plastic, cut and grinded to a thick-
ness of 20 micrometer before scanning.
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wave interference contrast method and the
focused interference contrast method. Both
are being used in biomedicine and they are
thoroughly described elsewhere [9,10].
Briefly, both techniques rely on certain as-
sumptions of one or the other acoustic prop-
erties and their constancy across a field of
highly anisotropic biological tissue. Yet an-
other two methods are available that make
no presumptions of the properties of the ob-
ject of study. One is based om measure-
ments of both the amplitude and the phase
of the reflected signal and their associated
frequency characteristics [11]. The other is
the time-resolved SAM technique. In bio-
medicine this technique was first applied to
study single living human cell placed on a
glass slide under the acoustic microscope
[12] and later to the walls of healthy porcine
coronary artery branches [13]. As an exam-
ple of the interdisciplinary use of SAM in
characterizing artificial implants, it was re-
cently applied to ePTFE (teflon) prostheses
for implantation and substitution of athero-
sclerotic human arteries [14].

Several acoustic and elastic properties are
of interest in biomedicine. Among the most
important ones are the velocity of sound (v)

which is the velocity of propagation of the
acoustic waves, the acoustic impedance (Z)
which represents the ratio of sound pressure
to particle velocity, the acoustic attenuation
coefficient () which expresses the natural
logarithm of the ratio of the amplitudes of
the sound pressures at two points at differ-
ent distances from the transducer in the
propagation direction, and the tissue density
(p). Basically, the time-resolved technique
consists of analysis of the timing (#) of in-
terface echo amplitudes (A) reflected from
the object of study placed on a substrate
with known acoustic properties. There are 2
such interfaces:

1. the couplant/top surface of object in-

terface (t1;A1)
2. the bottom surface sample/top surface
of object interface (#2;A2)

Also the couplant/top surface of object in-
terface (fo;Ao), which is referred to as the
reference signal must be analyzed. Further-
more, the technique requires knowledge of
the substrate v and p (vs and ps) and the
couplant v, o and p (vep, 0cp and pep). The
known and measured values are inserted
into the formulas Eq. 2-5:

Eq.3 Z =vgpw I Al(kgm_?‘ s
1-A:

Eq. 2 V= Vep (ms™)
t2-t1
Eq. 4
o= Op+—r
(to—t1)vep
Z .
Eq.5 p= ;(kgm Y

" AO_ (Vsps) -7 4Zchpcp VsPs + VepPep

686(dBm™)

A2 (vsps)+Z (Z + VepPep )2 VsPs — VepPep

There are several strict requirements of the
equipment and the circumstances during
which such measurements are made, but is
is beyond the scope of this paper to describe
those. An example of a reference and an
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FIG. 4. Acoustic signals recorded from a section
of a ePTFE vascular graft on a substrate and
from the substrate alone. By analyzing the tim-
ing and amplitudes of the interfaces echoes,
graft properties can be calculated (see text).

object signal taken under a study of ePTFE
vascular prosthesis acoustic properties using
a 10 MHz transducer [14] is shown in
Fig. 4. On the basis of the calculated v and
ps the elastic stiffness (E) can be calculated
from Eq. 6.

Eqe.6  E=v’p(Nm™)

E can be compared to Young’s modulus. In
the study of porcine coronaries [13], we
first made a micrograph of a coronary and
then scanned the transducer along a line
while recording the reflected signals along
that line, subsequently analyzing them for
the abovementioned properties. The calcu-
lated E as a function of distance is shown in
Fig. 5.

TISSUE PREPARATION FOR SAM

Because high-frequency acoustic waves are
highly attenuated, their penetration range is
limited. At 2000 MHz the waves may not
penetrate more than a few micrometers into
biological tissue. This implicates that most
SAM investigations can only be done on
tissue sections; analogously to what is done
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FIG. 5. Curve showing the elastic stiffness (E)
calculated on the basis of the time-resolved
SAM method. It was made by scanning the
transducer in a line across the wall of a porcine
artery which was approximately 275 micrometer
wide.

in optical microscopy. There is a need for
tissue preparation before micrographs and
measurements can be done. Little scientific
proof exist as to what method is the best. In
choosing one, one must consider that most
fixatives alter the elastic properties of the
tissue, but it seems that until now no sys-
tematic investigation of such alterations has
been performed. A qualitative study of
transmission mode SAM micrographs
showed that the embedding medium, which
must be used prior to sectioning, influences
the micrograph contrast to some extent [15],
but some doubt exist to whether the authors
actually removed the embedding medium
prior to imaging. Staining is not needed, in
fact staining seems to alter tissue properties
as well [unpublished observations]. But the
acoustic and elastic heterogeneity among the
constituents of most biological tissue en-
sures that contrast is always present in
acoustic micrographs.

SELECTED SAM STUDIES

Several organ systems have been studied
with SAM over the recent years. One ex-
ample is the cardiovascular system. Thus
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far, only few studies in that field have used
wave frequencies above 200 MHz for high
resolution; one such study is the abovemen-
tioned [13] where normal porcine coronary
arteries were quantified for acoustic and
elastic properties at 350 MHz. Among
studies in the vascular field is a study of
normal human coronary arteries [16], where
the purpose was to quantify the wall thick-
ness and the thickness of the individual lay-
ers of the wall. That was done at 50 MHz to
assess the layer thickness, with a good
resolution, and compare it to that measured
by means of clinical intravascular ultra-
sound (up to 30 MHz). Another study
measured the acoustic backscatter, i.e., the
reflection from a diffuse collection of very
small scatterers that comprise the tissue it-
self [17], of simple atherosclerotic lesions in
the arteries of cholesterol-fed rabbits [18].
They used 50 MHz SAM and found that
this measure could actually discriminate fi-
brous lesions from fatty lesions. Both stud-
ies are good examples that SAM studies
contribute to our understanding of disease
and can accelerate better methods of clinical
diagnosis. Other studies using the SLAM
technique at 100 MHz have shown that it is
possible to differentiate normal myocardium
from ischaemic myocardium and infarcted
myocardium [19]. SAM studies using higher
frequencies are mainly morphological of
nature. One example is a study at 200 to
1000 MHz of myocardial inflammation and
fibrosis [20]. Another organ system for
which SAM shows great promise is bones.
Recent studies have described semi-
quantitatively some properties of normal
bone and bone-prosthesis interfaces [21,22].
Another study has concentrated on osteopo-
rosis, which is a disease of low bone mass
and decreased bone quality [23]. A low
acoustic velocity was found in bone from
osteoporotic individuals when compared to
bone from healthy age-matched individuals,

inferring that osteoporosis involves altered
tissue elasticity. Methods of measuring bone
elasticity at the macrolevel could have
shown the very same, but not with a resolu-
tion in the micrometer range. Because of the
good resolution offered by SAM, even sin-
gle cell acoustic and elastic properties can
be measured. Some studies doing so were
mentioned above [9,10,12]. Another study
described various distinct motility domains
in cells in vitro [24]. Although mainly
quantitative, that study showed a new appli-
cation for SAM: imaging of movement and
how the individual cell irn vitro prepare and
carry out the complex procedure of move-
ment. Even gastric ulcers can be identified
and differentiated with SAM in vitro. One
study examined experimentally induced
gastric ulcers in rats and was able to differ-
entiate two distinct types of ulcer healing
[25].

CURRENT AND FUTURE ASPECTS OF
SAM

SAM can contribute to biomedical research
in several fields. Two fields are basic bio-
mechanics and diagnostic ultrasound. One
example of ongoing research in our labora-
tory has its roots in the former field, but
eventually extends its branches into the lat-
ter. That is the SAM study of atheroscle-
rotic plaques. According to the predominant
constituent of plaques, ‘soft’ and ‘hard’
plaques exist. The soft plaque is the danger-
ous one because its content of lipids, when
exposed to the blood stream after rupture of
its fibrous cap, will clot the blood and in-
duce tissue infarction. The underlying
mechanism of cap rupture is unknown, but it
is believed that mechanical forces of the
streaming blood play a role. In mapping the
distribution of elastic properties across the
cap and the adjacent artery wall, SAM
could aid the understanding the cap rupture
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process. Much effort is currently aimed at
improving diagnostic ultrasound to enable
early diagnosis of ‘soft’ plaques in vivo to
intervene surgically and remove the plaque
[26]. SAM quantification of acoustic prop-
erties such as the wave velocity and imped-
ance in both types of plaques could lead to
improved diagnosis in vivo. That is because
the velocity determines the size of an object
in a diagnostic image which, in this in-
stance, corresponds to the spread of the
plaque. The impedance partly determines
the reflectivity and echogenicity of the
plaque. If the ultrasound equipment does not
use the correct velocity for image construc-
tion, the size of the plaque on the image will
be faulty. Knowledge of the impedance
would help interpretation of diagnostic im-
ages for ‘soft’ or ‘hard’ plaques based on its
echogenicity on the image. Another study in
our laboratory concerns newly formed bone
tissue adjacent to mature bone tissue in
bones that have been elongated by use of
osteotomy and application of Ilizarov’s
method for bone elongation. The treatment
is time-consuming due to the relatively slow
growth of bone tissue, and it may be opti-
mized and shortened by a better knowledge
of the properties of the newly formed bone
tissue.

In our laboratory future work will be di-
rected at developing methods for simultane-
ous SAM quantification and object stressing
by means of external forces. That would en-
able us to measure plaque cap and bone
properties under different stress loads and
thus measure under circumstances closer to
those in vivo.
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The power of two

The perfect match
for better solutions

ARTEMA and S&W have teamed up for the
future to provide a winning combination.
The established position of S&W in patient
monitoring and emergency care is now
enhanced with Artema's innovative approach
to monitoring and gas technology. A power-
ful base of experience and technical knowl-
edge allows the new company, Artema
Monitoring and Emergency Care, to deliver
benefits to both patients and clinicians.
A few benefits of this winning combination:

e a comprehensive and flexible product
line of patient monitoring and cardiac
resuscitation equipment

* extensive solutions to monitoring needs
in anaesthesia, critical care and emer-
gency care

* aglobal distribution network with tech-
nical skills to support in-service and af-
ter sales service

e continuing commitment to research and
development

Artema Monitoring and Emergency Care is
one of the leading companies within its
market, building high quality products
incorporating technology from within. Our
unique blend of research and development
combined with market experience, provides
the perfect match for better solutions.

ARTEMA AN

TEAMED UP FOR THE FUTURE

Artema Monitoring and Emergency Care A/S

Telephone: +45 43 62 33 66 - Telefax: +45 43 62 10 01 - e-mail: marketing@artema.se



Aspects of biomedical engineering in Denmark 71

Images of the mind
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Modern neuroscience posits that the human
behavioral processes represent an integra-
tion of constitutional mental operations.
There are numerous elementary operations
but among the more prominent are cerebral
handling of afferent pulses, use of cerebral
memory, cognitive actions and neuroendo-
crinological processes. However, it is im-
portant to realize that what makes cerebral
function of humans superior to that of other
species, is not only the number of neurons
on the cortical surface but also factors like
the functionally well-organized infra-
structure of the brain. The challenge is to
identify the groups of cortical areas
performing the elementary operations which
by integration forms the observable human
behavior.

By applying modern imaging methods,
complex cerebral operations such as motoric
functions and perception, interpretation of
images and sounds and language generation
and memory can be mapped. These color
images of the working brain show specific
regions of the brain “lit up” as a result of
vascular dilatation in the cortical region
taking part in a specific task. The so-called

neurofunctional images give a deeper under-
standing of basic neurophysiological
processes and their interaction and further-
more, they have added significantly to the
understanding of mental illnesses such as
depression and schizophrenia.

The neurobiological basis for mapping of
the brain is dependent on the technology
applied. Common to all is the aim of
tracking neural activity by registration of
vascular, metabolic or electric changes in
the activated neurons. Functional magnetic
resonance (fMRI) and positron emission
tomography (PET) both record the electrical
activity of the neurons indirectly; primarily
blood flow in the case of PET and blood
oxygenation in fMRI (Fig. 1). This means
that both techniques suffer from a delay in
onset of the vascular response initiated by
the increased neuronal electrical activity
(Fig. 2). This delay is in the order of 4-7
seconds. Contrary to these two techniques,
others such as electroencephalography
(EEG) and  magnetoencephalography
(MEG) register the electrical activity
directly without any delay. However, the
cortical origin of the recorded signals is
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FIG. 1. Less than one second
after the initiation of focal
cortex activity, the oxygen
extraction from the blood
increases resulting in a rise in
deoxyhemoglobin. Much later
- 4 to 7 sec - the neurovascular
tonus relaxes and the dilated
arteries result in an increased
blood flow and regional blood

volume. The increased concen-

tration of  oxyhemoglobin
which follows is the cause of

the BOLD-signal which can be
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FIG. 2. Delay in hemodynamic
response in respect to the

Stimulus STImU|US beginning and end of the
onset cessation external stimulus.
often unclear. Thus, none of these  relate to the underlying neurobiology, mis-
techniques are  without  drawbacks. interpretation may coincide. The fMRI

However, with their limitations in mind,
they have all added substantially to the
understanding of what goes on in the brain.
The imaging method that got the field
running 20 years ago was PET. Lately
fMRI has eclipsed PET as the method which
adds the most to new knowledge on cortical
activity in various tasks. However, it must
be emphazied that without a full under-
standing of how PET and fMRI signals

technique is based on changes in mag-
netization when oxyhemoglobin release
oxygen. Deoxyhemoglobin has pronounced
paramagnetic properties which mean less
signal intensity in areas where deoxyhemo-
globin accumulates. This so-called blood-
oxygen-level-dependent (BOLD) phenome-
non can be identified in many areas of the
cortex, but the more pronounced signals
seem to appear in the visual cortex.
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FIG. 3. Repetitive stimulus paradigm in neuro-
functional imaging. By applying statistical tests
which looks for image pixels with intensities
varying synchronously with the stimulus
paradigm, activated neuron groups can be
identified.

Due to poor signal to noise ratio in both
fMRI and in PET, repetitive stimulation
paradigms are applied. Thus, by statistical
maneuvers such as autocorrelation tests, the
activated brain areas can be identified
(Fig. 3). The stimulation paradigms applied
are primarily visual, auditive and/or more
complicated motoric movements. Common
to all is the repetitive character of the
paradigm. Light flickering with a frequency
of 6-12 Hz is projected into the eyes with
intervals of 15-30 sec. Repeated finger
tapping intervalled by short resting periods
can be used for visualization of the motoric
cortex. Certain kinds of stimulation regimes
such as pharmacological activation experi-
ments can only be done once within a
reasonable time horizon. Therefore, new
processing techniques for the identification
of activated pixels by one-shot stimulation
are to be introduced. More sophisticated
paradigms such as generation and inter-
pretation of language and manipulation of
the mood are also applied. In the later years,
sophisticated neuropsychiatric and be-
havioral stimulation paradigms have been
applied [12,14]. Now not only the basic
neurofunctional mechanisms but also
cognitive patterns are demonstrable. Thus,
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the methods are relevant not only for
understanding basic neurobiology but also
for the disclosure of neuropsychiatric
reaction patterns during diseases such as
depression or schizophrenia [11].

An important question is whether the areas
which exhibit increased flow and BOLD
phenomena really represent the full truth
about areas with neuronal activity. The
neurovascular changes are considered a
response to an increased demand for oxygen
and glucose. Since the middle of the
eighties, it has been assumed that the
activation of a neuron did not increase its
oxygen consumption [16]. However, new
research has changed this perception. By
analyzing the light spectra reflected directly
from the cortical surface in anesthetized
animals, an increase in deoxyhemoglobin in
the visual cortex has been demonstrated less
than 1 sec after light was projected into the
eyes [10]. Three to four seconds later, this
effect was swamped by a rise in oxyhemo-
globin caused by the following increased
blood flow which, furthermore, seemed to
cover a larger area of cortex than the one
exhibiting the initial increase in deoxy-
hemoglobin. This subsequent inverse re-
sponse mainly represented the accumulation
of oxyhemoglobin downstream in the
venules and small veins draining the active
area - the effect registered by fMRI and
PET.

This means that it is the response time for
a number of hemodynamic parameters
which determines the maximum temporal
resolution achievable in PET and fMRI. The
neurovascular delay in changes of flow and
in the BOLD signal of 4-7 sec can be
compared to the about 10 msec it takes for
signals to be transported from one hemi-
sphere of the brain to another. Thus, many
peural activities have been carried out long
before they can be detected in changed
hemodynamic profiles. Therefore, neither
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PET nor fNMR based on the BOLD effect
will be able to follow the “conversation”
between various brain areas.

The only methods responding efficiently
and quickly enough for a direct iden-
tification of neuron communication patterns
are those based on a direct monitoring of the
neural electrical activity or the magnet field
generated in relation to this. However, the
EEG and the MEG method are not just used
by everybody due to their limited spatial
resolution and sensitivity. The deeper in the
brain tissue one does the measurements, the
lesser is the quality. Neither PET or fNMRI
are encombranced by these limitations.
However, in recent years, the MEG
technique has undergone a major technical
development, which may reduce the
limitations significantly. Several studies of
functional localization in the brain have
been published [9].

POSITRON EMISSION TOMOGRAPHY

The PET technique is based on intravasal
injection of short-lifed isotopes. The variety
of these isotopes opens for a number of
studies on biochemical and metabolic
processes [1]. Substances taking part in
various physiological reactions are marked
with an isotope lacking one neutron
compared to stable nuclei of the same
element. By emitting positrons and thus
converting protons to neutrons, these
unstable nuclei decay spontaneously. For
example "®F will be transformed to 'O
because the nine protons and nine neutrons
of the fluor nuclei will be changed to eight
protons and ten neutrons. The positron
which can be viewed as a positive electron,
is ejected and after three millimeters of
travelling, an antimatter-matter annihilation
with a negative electron will occur creating
two photons. This process generates about
511 keV in the form of gamma radiation

Gamma

radiation Tracer

Patient

Scintillation
crystals

FIG. 4. A transformation of “°F into O by
emitting positrons result in an antimatter-matter
annihilation with a negative electron whereby
two photons are created. The gamma radiation
generated by this is recorded in crystals
orientated in a circle around the subject. Only
radiation appearing in diametrically opposite
crystals are interpreted as true hits.

which penetrates the tissue and can be
registered in scintillation crystals placed in
a circle around the person measured on

(Fig. 4). The crystals are connected in such
a way that the radiation which does not
appear diametrically opposite, is filtered
away. More than a million decays appear
during the period of one examination (1-15
min), and these form the basis for the
reconstruction of tomographical images
containing the spatial distribution of the
radioactivity. By comparing these with the
blood’s reactivity before and after the
examination, dynamical processes can be
quantitated.

The most important feature of the PET
technique is the huge signal sensitivity.
Concentrations of substances all the way
down to the picomolar interval can be
detected. Furthermore, there are a lot of
different tracers which can be incorporated
in a very large number of different biolo-
gical active molecules. Most PET tracers



are incorporated just by changing a
biological active molecule with the isotope
bearing equivalent. By this, the biochemical
kinetic pattern is not changed compared to
the natural version of the matter. The total
amount of radiation given to a person during
a PET examination is reduced due to the
very short-lifed isotopes used. On the other
hand, this means that PET scanners rely on
a cyclotron installation only minutes away.

NUCLEAR MAGNETIC RESONANCE

Magnetic resonance is based on the
precessing movements of spinning nuclei
when they are exposed to a strong magnetic
field. In magnetic resonance scanners, this
field is produced by a coil of super-
conducting wires in which current was
introduced when the magnet was installed.
The stationary field goes along the magnet
bore and is denoted Bo. For a fullbody
scanner, Bo is between 0.5 and 1.5 Tesla.
Nuclei with spin will due to By experience a
torque which forces them to rotate around
the direction of Bo with a frequency, which
for protons in a 1.5 Tesla system is about 63
MHz, - the so-called Larmor resonance
frequency.

Under conditions with no magnetic field,
each of the charged nuclei will be orientated
in random fashion due to the motion
produced by thermal energy. No macro-
scopic magnetic moment can be observed
then. However, placed in a magnetic field,
this will interact with the magnetic moments
of the individual nuclei and produce a net
magnetic moment (M) along the axis of the
main field. M is the average of all the
magnetic moments and can be viewed as a
vector quantity possessing both magnitude
and direction - a longitudinal magnetization
vector (My).

In order to record the magnetization, M; is
perturbed by an additional magnetic field B,
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applied perpendicular to Bo and rotating at
the Larmor frequency. The B is introduced
by a transmitter coil and makes the mag-
netization precess further away from the Bo
direction depending on the duration and
intensity of the RF (radio frequency) signal
applied on the transmitter coil. The orien-
tation of the magnetization is spiraling down
towards the transverse x-y-plane (flip angle
90" and may go down 180° in respect to Bo.
Thus, the magnetization vector M has the
components M, and Myy.

After terminating the excitation the so-
called relaxation process starts. The spins
return to their original orientation by
transferring the absorbed energy to the
surrounding molecules. This re-establishes
the longitudinal magnetization. The trans-
verse magnetization decays exponentially
due to the dephasing of the processing spins.
However, even though both M, and Myy
'relaxes' exponentially towards their starting
values, the two should not be viewed simply
as component vectors of M. There is no
simple correlation between M, and My, but
in practice, the longitudinal relaxation is
always faster than the transverse.

The MR response signal is received in a
coil where current is induced by M. To
separate the transmitter and the receiver,
coils can be used. In practice, the same coil
is often used for the same purpose (Fig. 5).
Thus, the coil hardware handles kilovolts
during excitation and in the next second
registers currents in the microvolt interval.
This exerts major demands on the elec-
tronics. The registered signal called FID
(free induction decay) decays accordingly
with the transverse relaxation process. The
FID oscillates with the magnetization com-
ponents at the resonance frequency and the
initial intensity depends on the number of
nuclei that participate. However, the
duration of the signal is influenced by the
chemical environment of the nuclei. Thus,
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Transmitter Receiver

FIG. 5. A transmitter and receiver surface coil.
In order to prevent interference with the receiver
coil during transmission, short circuit diodes are
added. The receiver coil is connected to a tune
and match circuit consisting of variocapacitors.
By adjusting these, a high Q value is secured
and a resonance frequency identical to the
precessing frequency of the spins can be
adjusted.

the FID carries information about the
individual nucleus' molecular environment
(Fig. 6). In biological tissue, primarily
nuclei types such as hydrogen, phosphor,
fluorine and isotopes of carbon, nitrogen
and oxygen are of interest.

The spatial resolution is limited by the
signal to noise ratio. In a 1.5 Tesla fullbody
system, the practically obtainable spatial
resolution is about 1.5 x 1.5 x 3.0 mm per
pixel. Systems with even higher field
strengths such as 4 or 7 Tesla are often used
in animal experiments and here the spatial
resolution can go down to 50 x 50 x 100
micrometers. On the fastest scanner
systems, a magnetic resonance image can be
recorded very fast (50-100 ms). This is

Generation of o NMR-spectum

Fig. 6. By excitation with radiowaves and the
precessing frequencies of the spins, some of
these are forced to be orientated anti-parallelly
in relation to Bo. At the same time, the spins
start to precess in phase. This results in a
reduced longitudinal magnetization. An up-
coming transversal magnetization can after
ending the excitation induce current in a coil
(FID). The FID forms the basis for the image
construction by a set of two-dimensional Fourier
transformations.

exploited in fMRI, which demands a high
temporal resolution.

ELECTROENCEPHALOGRAPHY (EEG)

EEG is a technique which has been known
for years. By this, differences in the
electrical potential on the cranium surface
are measured. The signals are recorded in a
variable number of channels, e.g. 21, placed
in the skin over key points on the cranium.
Thus, the activity in different parts of the
brain can be identified separately. An
absolute strength of the EEG-technique is
its potential for registration of physiological
signals of even very short duration, i.e.,
down to millisecond intervals. On this point,
the EEG-technique is superior to both the
fNMRI and the PET technique. Fur-
thermore, the EEG technique is much less
sensitive to movement artifacts compared to
other methods. The drawback of the EEG
technique, especially in relation to fNMR, is
the poor spatial resolution obtainable. To



some extent, this explains the relative
sturdiness towards head movements during
the examination.

The origin of the EEG signals seems to
come from fluctuations in the resting
membrane potential of the dendrite tree in
cortical neurons. It is created by synoptic
activity such as excitatory and inhibitatory
postsynoptic potentials. Fluctuations in the
membrane potential result in compensating
passive current floating both intracellulary
and extracellulary. Especially extracellular
currents spread through the surface of the
skull from where the EEG electrodes can
register them. However, here the signals are
to some extent contaminated with currents
from depolarization of muscle membranes,
e.g., from the muscles on the surface of the
cranium or from the heart.

MAGNETOENCEPHALOGRAPHY
(MEG)

MEG recordings are based on a non-
invasive registration of weak magnet fields
appearing from neural electrical currents
[8,2,3]. They are actually the same currents
which generate the electrical potentials on
the cranial surface registered by EEG, but
while EEG measures currents in the
extracellular volume, the MEG technique
primarily rely on magnet fields appearing
due to intracellular currents. These magnet
fields are quite weak - typically in the area
of 10" to 10" Tesla. This means that the
magnet field introduced by the neuron
currents is about one billion times smaller
than the magnet field of the earth. Signals
are acquired by superconducting fluxtrans-
formers and are detected in so-called
SQUIDS (Superconducting Quantum Inter-
ference Devices) which are extremely
sensitive towards changes in magnet fields
(Fagaly 1990). Among other things,
SQUIDs contain superconducting materials
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FIG. 7.  Principal SQUID

diagram  of
magnetometer. The externally applied flux
passes through the loop of the detection coil.
The current induced in this superconducting flux
transformer by the external magnetic field
couples to the SQUID.

which means that even very small magnet
fields can introduce currents in the SQUID
circuit (Fig. 7).

The registration of very weak magnet
fields implies that the equipment has to be
installed in some kind of open area without
interfering magnet fields, e.g., from cars, or
alternatively measurements should be made
in a magnet shielded room. Together with
the necessary signal technology, this means
that the MEG technique is relatively
expensive to establish.

Primarily, the origin of the EEG signals is
in a direction parallel to the dipole axis
whereas the shift in negative and positive
potentials are limited to the direction
perpendicular to the dipole. This is opposed
to the MEG technique, and in practice this
means that EEG recordings from the cranial
surface detect both tangential and radial
signal sources, e.g., the activity both in sulci
and on gyri, whereas the MEG technique
selectively registers the tangential sources,
i.e., the electrical activity related to sulci
[S].

As with EEG, the poor spatial resolution is
also the weakness of the MEG technique.
However, today MEG's resolution is about
'/3 better than surface EEG because the
magnetic field is not distorted by different
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resistance in the cranium and the skin above
[6]. PET and especially NMR operate with
a much higher spatial resolution but in
contrast to these, the MEG technique has a
significantly better temporal resolution
which is fully sufficient for the registration
of even the shortest action potentials. The
spatial resolution of the MEG scanner
systems are now being improved by the
introduction of more SQUID channels.
While the first instruments were based on
sequential mapping on the cranial surface
with up to seven channels, it is now possible
to record signals simultaneously from the
entire cortical area by 122 channel systems.
(Fig. 8).

The limitation in interpretation of MEG
signals is the ambiguity of the mathematical
so-called inverse problem [7]. While a
function only has one solution for each
projection, some inverse functions have
several solutions and are thus not defined as
a function in these areas where more than
one solution appear. In practice this means
that by MEG, several current distribution
patterns inside the brain can produce
identical signals outside the brain. Thus,
MEG signals, which at first seem identical,
can originate from totally different areas in
the brain. Therefore, phantom examinations
are always necessary in MEG.

THE FUTURE

New techniques for neurofunctional imaging
which overcome the neurovascular delay of
today’s PET and fMRI techniques are
coming up [15]. One is fMRI based on the
sodium magnetic resonance signal. These
ions cross the cellmembrane of the neurons
when they activate and fire. By flowing into
the neurons, the magnetization properties of
sodium is changed in a way which is
detectable in a magnetic resonance scanner.
However, the signals are very weak and to
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FIG. 8. Schematic illustration of a wholehead
neuromagnetometer. It consists primarily of a
dewar containing the cryogens for maintaining
the squid centers superconducting. Today more
than 120 channel devices can be purchased.

improve the signal to noise ratio, a huge
amount of repetitive excitations have to be
performed. This of course reduces the
temporal resolution, but technical im-
provements might change this drastically.
Another functional imaging technique
coming up is technically much simpler and,
compared to high field magnetic resonance
scanners, far less expensive. Near-infrared
light from a fiberoptic source placed on the
scalp can penetrate into the brain tissue
[13]. Some light is reflected by the cortical
tissue and can be captured by light sensors
placed a few centimeters from the light
emitter encircling it. The lightscattering is
influenced by the activity in cortical
neurongroups responding to sensory sti-
mulation activity. The temporal resolution is
of the same magnitude as seen in EEG.
Improved imaging methods are providing
new insight on our brain functions. Timing
is the more important factor in order to
further this field of research. Both fNMRI



based on sodium, MEG and light re-
flectance are candidates for this. However,
one thing, which we have all learnt from the
very fast technical development during the
last five years, is that it is impossible to
predict technical improvements favoring one
of the candidates.
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Virtual Reality in medicine
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Virtual Reality technology enables an individual to become actively im-
mersed in a simulated environment. This offspring of computer graphics will
rely increasingly on the development of more sophisticated hardware and
software programs as efforts intensify to make the environments more
“real”. The presentation of Virtual Reality environments ranges from theatre
style viewing on large screens to those displayed on computer monitors, and
through helmets with stereoscopic screens and headphones. The experience
is multisensory: sight, sound, and touch are the most common. The technolo-
gy facilitates the viewer’s understanding of interrelationships among con-
textual elements, and provides a means by which the viewer can learn to re-
spond effectively and efficiently to the available data.
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endoscopic retrograde cholangio; eye surgery; virtual hospitals; virtual nav-
igation.

Jorgen Erik Assentoft, biomedical engineer, senior member of IEEE, Carl
Bro Informatics, Nordlandsvej 60, DK-8240 Risskov, Denmark.

INTRODUCTION

Virtual Reality is one of the hottest research
and development areas in the computer in-
dustry today. Its potential applications range
from medical imaging and interior design to
intercontinental videoconferencing and the
exploration of future worlds.

Virtual Reality is often thought of as new
technology, but its development actually
dates back almost 50 years to flight simu-
lators built by the aircraft industry and the
U.S. Air Force during and after World War
IT [1]. Student pilots learned how to man-
euver airplanes by manipulating the controls
in specially built airplane cockpits. These

* CAVE™ is a trademark of the Board of Trustees of the University of Hlinois, USA. CAVE™ s reg-

istered in the USA.
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cockpits, which were actually removed from
the airplanes themselves, were mounted on
movable platforms that tilted and rolled
based on the pilot’s actions on the controls.

One area of artificial intelligence research
conducted in the late 1950s and 1960s ex-
plored building better interfaces between
people and machines. In the early 1960s a
graduate student named Ivan Sutherland
presented a Ph.D. thesis in this area that
demonstrated a new way to interact with
computers. Sutherland believed that display
screens and digital computers could offer a
means of gaining familiarity with concepts
not realizable in the physical world by pro-
viding a window, or looking glass of sorts,
into the mathematical wonderland of a com-
puter. Sketchpad [2], the program Suther-
land developed and described in his thesis,
used computer technology to create images
from abstract ideas. Using Sketchpad and a
penlike device, a computer could create so-
phisticated images on a display screen re-
sembling a television set. The system re-
sponded by rapidly updating the drawing so
that the relationship between the user’s ac-
tion and the graphical display was clear.
Computer-aided design (CAD) grew out of
Sutherland’s thesis and became one of the
most powerful components of Virtual Real-
ity development in the 1990s.

Sutherland next focused on developing
technology that would allow computer users
to actually enter the world of computer-
generated graphics. In 1965, with support
from the Department of Defense’s Ad-
vanced Research Projects Agency (ARPA)
and the Office of Naval Research Suther-
land unveiled the head-mounted display
(HMD), which took users inside a three-
dimensional world by limiting visual contact
to the displays shown by small computer
screens mounted in binocular glasses. It be-
came a cornerstone of Virtual Reality tech-
nology. Today Sutherland has a company

supporting image processing and Virtual
Reality.

In the mid-1980s, the different tech-
nologies that enabled the development of
Virtual Reality converged to create the first
true Virtual Reality system; Virtual Inter-
face Environment Workstation. It was the
first system that combined such standard
Virtual Reality elements as computer
graphics and video imaging, 3-D sound,
voice recognition and synthesis, and a head-
mounted display. A data glove, based on an
invention designed to play air guitar, com-
pleted the system.

From there, it was only a matter of time
before Virtual Reality programs began ap-
pearing in settings ranging from Virtual Re-
ality theme parks to operating rooms,
largely aided by products developed by
Jaron Lanier [3], whose programming lan-
guage operated the first data glove at the
NASA research center. Lanier’s company,
VPL Research, was the first company to fo-
cus its efforts on developing products for the
infant Virtual Reality industry, and provided
the headgear and gloves used in many early
Virtual Realities applications.

The computer generated environment, or
virtual world, consists of a 3-D graphics
model that is implemented as a spatially-
organized object-oriented database in which
each object in the database represents an
object in the virtual world. A separate mod-
eling program is used to create the indi-
vidual objects for the virtual world. For
greater realism, these modeling programs
apply state of the art computer graphics
techniques, such as texture mapping and
shading, to all objects of the scene. The ob-
ject database is manipulated using a real-
time dynamic controller, which specifies
how objects behave within the world ac-
cording to natural laws, such as gravity, in-
ertia, or material properties. These laws are
application specific. The dynamics control-



ler also tracks the position and orientation
of the user’s head and hand.

Although original applications in Virtual
Reality for medicine pertained to the plan-
ning of surgeries, efforts have now shifted
to the use of data fusion, i.e., to fuse virtual
patients onto real patients as a navigational
aid in surgery. Medical care with multiple
professionals will be provided in a shared
virtual environment in different locations
via high speed network that incorporates
shared decision making for an actual sur-
gical intervention or a rehearsal. Histori-
cally, physicians learn new surgical proce-
dures through observation, practicing on
animals and cadavers, and then performing
the procedure on patients under the supervi-
sion of an experienced surgeon. With the
computer simulation, physicians can train in
a virtual environment in which there are no
risk to patients, and the procedure can be
reviewed from new insightful perspectives
that are difficult if not impossible in the real
world.

Current Virtual Reality in medicine

and surgical simulation

Several research efforts in Virtual Reality
are described below. First is a description of
CAVE Automatic Virtual Environment
from University of Illinois [4], which is a
big room with video projectors on 3 walls
and floor, then from Georgia Institute of
Technology descriptions of endoscopic ret-
rograde cholangio-pancreatography simula-
tion, eye surgery simulation, simulated car-
diac catheterization. The last section is
about cybersickness.

Use of the CAVE by persons with
disabilities

Common Virtual Reality systems use head
mounted displays that require duplicating
user input devices in virtual space for inter-
active environments. A major advantage of
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projection based Virtual Reality systems
such as the CAVE Automatic Virtual En-
vironment (CAVE) is the ability of the user
to see his/her own body and real objects in a
virtual environment, an example is shown in
Fig. 1. The developments of specialized in-
terfaces for virtual environment exploration
by people who use wheelchairs are de-
scribed [5]. These real, tangible interfaces
are intuitive and most appropriate for
wheelchair simulations. Examples of these
are interfaces that match the user’s wheel-
chair dynamics for joystick or tiller operated
electric wheelchairs. The importance of this
research is in applications where users of
wheelchairs analyze proposed constructed
environments. Additional applications in-
clude wheelchair mobility training and
wheelchair controller design.

The Virtual Reality Cave

Virtual Reality is created by a three dimen-
sional computer graphics system using real-
time interactive control and displaying
viewer-centered perspective. Virtual Reality
usually has panoramic binocular display
with a large angle of view. These features
are included in the immersive technologies
of head-mounted displays (HMD), boom-
mounted displays and surround-screen pro-
jection-based displays.

The Electronic Visualization Laboratory at
the University of Illinois, USA has de-
veloped a new Virtual Reality interface
called the CAVE [6]. It surrounds the
viewer with projected images of a virtual
environment. Three rear-projection screens
make up three walls of a ten-foot-cube that
disappear when illuminated with computer
graphics. A fourth data projector illuminates
the floor for complete immersion.

The projectors are high-resolution data
type projecting stereo images on alternating
fields. Active liquid crystal display (LCD)
stereo shutter type glasses are worn by
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FIG. 1. National Center for Supercomputi%ig Applications Senior Research Programmer, Rachel Brady

traces a chick embryo inside the CAVE
Board of Trustees).

viewers to separate the alternate fields to
the appropriate eyes, while viewer head po-
sition is tracked by an electromagnet-
sensing device attached to one of the pairs
of stereo glasses. A Silicon Graphics Onyx
with multiple processors generates the com-
puter graphics for each projector. The
viewer can move around the virtual en-
vironment and see his own body as he inter-
acts with real and virtual objects.

Real objects and real interfaces

With typical head-mounted or boom
mounted displays the viewer is isolated from
the real world. To see one’s own body parts
in a virtual environment, those parts must be
recreated graphically [4]. A glove-input de-
vice is often used to control a representation
of the hand while interacting with the virtual
world. Other real world objects must also be

using Crumbs software. (Copyright University of Illinois

modeled in computer graphics to include in
the virtual space. These objects might in-
volve interface devices such as vehicle con-
trols.

Superimposition of virtual objects and real
objects is possible with the use of half-
silvered mirrors in head-mounted display
[4]. Because the viewer sees through the
virtual objects this technique is most useful
for virtual objects in a real environment as
opposed to real objects in a virtual envir-
onment. A useful application of this feature
would be virtual overlays on real control
panels for instructional purpose [7].

The CAVE also allows for combining real
world objects in a virtual environment but
these objects are unobstructed by the virtual
environment. Real objects can, however,
occlude virtual objects if the real object is
behind the virtual object’s virtual location.



This would be the case with virtual over-
lays. Alternatively, highlights can be em-
ployed with virtual outlining of a real object
or adjacent graphics and text can provide
directions. For example the sequence of op-
erations in using wheelchair controls could
be highlighted with animated symbols and
virtual directions. Occlusion also happens if
a virtual object is intended to be near the
center of the CAVE and a viewer or real
object is between the virtual object and the
screen. Careful planning can avoid these
situations.

Real navigation with real objects

For virtual environments that require less
than 10 feet of movement to navigate, the
user can move as normally in the CAVE. In
simulating accessible interior spaces, real
interfaces and real objects can be installed
in the virtual environment. An example
would be the interior of a mass-transit
vehicle. Wheelchair securement devices
such as the Seattle Red-belt can be used
with a folding transit-style seat to mock up a
wheelchair tie down, while the rest of the
interior is modeled in Virtual Reality. The
user can analyze reach requirements of the
belts as well as clearances in maneuvering
his/her wheelchair into the tie-down area.
Using real objects, with their ability to have
physical feedback and greater detail, a
simulation can be made far more accurate.

Virtual navigation

Larger spaces can be virtually navigated
using a joystick interface. For example a
person could virtually traverse the length of
a train station platform while checking ac-
cessibility features. This joystick interface
was built to simulate an electric wheelchair.
It can be attached to an existing wheelchair,
manual or electric, or to any chair. The
physical nature of this joystick interface can
make a simulation very compelling. Al-
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though a “treadmill” style interface would
be most appropriate for manual wheelchair
[8], a joystick approach was convenient and
more universal.

Shared or guided experiences

The CAVE has the ability to augment real-
ity for multiple viewers as well. Although
only one viewer would be position-tracked,
additional viewers need only wear the stereo
glasses to see what the other people see.
This is very important for collaborative
work such as analyzing design models for
accessibility or evaluation of a disabled cli-
ent for reach limitations. Since only one
person's motion can be tracked, priority
must be given to the person who is evalu-
ating distances. For evaluation of a transit
model, the tracker glasses can be passed
between the person in a wheelchair and the
person who is checking clearances. For
training or therapy situations the client can
be guided through a session in a truly shared
experience with effective communication,
not second hand interpretation. Guided ses-
sions are also important for the potential oc-
currence of cybersickness and the need for
intervention.

Input devices for Virtual Reality
Access to Virtual Reality interfaces by per-
sons with disabilities is similar to the prob-
lems of access to computers in general. For
people with physical disabilities the input
devices of greatest concern have been the
keyboard and mouse. A variety of keyboard
and mouse aids and substitutes are now
available. These devices are typically used
for text and numeric data entry and cursor
steering. In Virtual Reality these functions
also exist with an emphasis on three dimen-
sional cursor steering or navigation.

Another common adaptive input technique
is head control. With this technique an ul-
trasonic device is strapped to the user's head
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for cursor steering. Since a position tracker
would normally be mounted to the CAVE
user’s head, gaze monitoring is automatic.
With 3D-position tracking, gesture recogni-
tion techniques can be used for head ges-
ture, hand gesture or wand gesture as an al-
ternative input method. Gestures can be
small and subtle or large and obvious.

The digital wand

Until recently a prototype wand input device
was used that contains a position sensing
device and three digital button switches.
The position-sensing device is the same as
the device attached to the stereo glasses for
head position monitoring. The three buttons
were simply wired in parallel to the buttons
of a mouse attached to one of the worksta-
tions. In many ways it can function as a “3D
mouse” for cursor steering in three dimen-
sions. Navigation is accomplished by
pointing in the desired direction of travel
while pushing the appropriate button to
move. Object manipulation is accomplished
by pointing at the object and intersecting it
with a virtual wand extension.

The analog wand
Connecting to the existing mouse interface
of a workstation, although expedient, did
not allow for more accurate navigation or
precise control as afforded by analog de-
vices. To remedy this situation an IBM PC
clone was used as our input device inter-
face. By doing this advantages could be
taken of the wide variety of devices and
software available on the market. For ex-
ample most PC clones now include a mouse
input and game port. Many types of joy-
sticks for flight simulators or other game
software exist at low cost. In addition a
wide variety of digital and analog I/O
boards are available at reasonable prices.
Using the PC interface also meant that the
many adaptive input devices available for

persons with disability could be used for
virtual environments. For example chin op-
erated track balls or foot operated joysticks
can replace typical mouse operations. For
text or numeric input specialized keyboards
are available that replace or augment a
standard keyboard (expanded keyboard,
mini keyboard, key latches, key guards). Of
course voice input systems hold great po-
tential for controlling all aspects of the
Virtual Reality interface by persons with
movement limitations and are readily avail-
able for the PC at prices that keep falling.
Head control software may also be adapted
to the CAVE environment.

Wheelchair simulation
Although wheelchair simulations could be
performed using the capabilities of the wand
joystick we decided to develop a separate
wheelchair displacement style joystick that
can be mounted to the armrest of a chair or
wheelchair. Navigation with this joystick
can be programmed to accurately simulate
electric wheelchairs of many sorts. For con-
ventional electric wheelchairs pushing the
stick forward produces forward travel while
reverse travel would be controlled by push-
ing the stick backward. Pushing the stick
further in either direction increases the
speed of travel. Left/right movement of the
joystick would rotate the user relative to the
virtual environment as if turning the wheel-
chair. Simply stated, pushing the joystick in
the desired direction of travel will turn and
move the wheelchair in that direction at a
speed proportional to the displacement of
the joystick. Alternatively an omni-
directional wheelchair can be simulated by
programming the joystick such that pushing
the stick in the desired direction of travel
will move the wheelchair in that direction
without turning.

Other electric wheelchair dynamics can be
simulated as well. For example different



wheelchair configurations (front or rear
caster design, size of caster, etc.) or con-
troller designs (sensitivity, oversteer, under-
steer, smoothing, etc.) can be programmed
into the software [9].

Transportation compliance

Public transit agencies are obligated to pro-
vide access to their services to people with
disabilities. Transportation providers must
scramble to meet accessibility deadlines,
which force them to face reconstructing fa-
cilities, which can date to the nineteenth
century. Current conditions must be evalu-
ated and design strategies developed to fit
within today's limited transit budgets.

The Design Visualization Lab currently
has a proposal in to the Chicago Transit
Authority to develop strategies for making
Key stations wheelchair accessible. Innova-
tive new ways to raise patrons to platform
level at elevated stations need to be devised.
The standard method of making a station
accessible is to install an elevator. At many
Chicago Transit Authorities stations, this
would require widening the platforms and
support structure to accommodate the in-
creased width of an elevator. This would
require tearing down private and public
structures making the job prohibitively ex-
pensive. By surveying state of the art ac-
cessibility equipment and developing new
ideas, they hope to solve the problem. The
Cave would be used extensively in this pro-
cess to view and evaluate models of existing
conditions and simulate new access meth-
ods. Tremendous amounts of time and
money could be saved in the design and
prototyping phases of the project by work-
ing bugs out of potential solutions before
they are sent to an engineering firm for final
planning.

Mass transit interior design
At University of Illinois at Chicago they are
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continuing to develop accessible vehicle in-
teriors. Models of the University campus
shuttle bus and various public transit
vehicles have been built for evaluation in
Virtual Reality. Bringing these models into
the CAVE has allowed us to evaluate inte-
rior layouts for wheelchair accessibility.
The wheelchair lift area can be inspected for
clearance and the stanchions checked for
position and height. By having the primary
investigator wear the head-tracking device,
accurate clearance measurements can be
made around wheelchairs, real objects and
virtual objects.

Instruction for people using wheelchairs

It also makes possible instruction before a
person learns to run a wheelchair. In the
safe environment of the Cave, you can make
errors, which may be fatal outside of Virtual
Reality. You can also try maneuvers which
one is afraid to try for fear of injury, ie.,
crossing traffic at an intersection. In the
case of teaching people to use a powered
chair, much of the fear and danger can be
removed from the experience, making the
transition easier.

The Cave can be used for teaching ambu-
latory persons how people in wheelchairs
function in everyday life. Designers can
evaluate their ideas before committing to
manufacture, and architects can see how
much space is required around a chair for
ease of use. Employee sensitivity training
could be much more effective if participants
viewed boarding a bus from the position of
a passenger in a wheelchair

Endoscopic Retrograde
Cholangio-Pancreatography Simulation
Endoscopic Retrograde Cholangio-Pan-
creatography (ERCP) is a minimally in-
vasive technique for evaluating and treating
pathologic conditions of the biliary and pan-
creatic ducts. The major benefit of ERCP is
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that it allows patients to avoid more in-
vasive surgical or radiological procedures,
and the therapeutic applications of ERCP
significantly lower the risk of infection,
speed recovery time, and reduce the cost of
delivering care. However, while ERCP pro-
vides the patient with substantial advantages
over traditional methods, ERCP requires
advanced skills and extensive experience to
minimize the risk of complications. The
Biomedical Interactive Technology Center
(Georgia Institute of Technology [GA
Tech], USA) is working with the Medical
College of Georgia to develop an interactive
computer simulation that will improve
training of ERCP skills. The simulator con-
sists of several physical components and
several “virtual” or computer generated
components. The physical components form
the interface through which the physician
performs the procedure in the simulated
environment.

The simulated session begins as an endo-
scope is inserted through the “mouth” of the
simulator. The endoscope is guided into po-
sition using standard endoscopic techniques.
Two display options are provided: the view
that would be seen through the optics on the
endoscope, and a view of the endoscope in
relation to the surrounding anatomy. The
second view is not available in real life, but
this view may help training physicians to
better understand the 3D geometry and po-
sitioning maneuvers. Both views are com-
puter generated imagery of the virtual anat-
omy. The stomach, duodenum, and papilla
are represented by three-dimensional com-
puter models that are texture mapped with
photographic images of the anatomy ac-
quired during endoscopic examinations.

Eye surgery simulation

The Georgia Institute of Technology, USA
and the Medical College of Georgia, USA
have developed a proof-of-concept eye sur-

gery simulation that provides both visual
and tactile feedback while a surgeon oper-
ates on a computer model of the eye in a
virtual environment. In practice, ophthalmic
surgeons operate on an eye by looking
through a stereo microscope while steadying
their hands (holding the surgical instru-
ments) on a wrist rest that surrounds the pa-
tient's head. The simulator also includes a
stereo operating scope and a wrist rest, but
instead of looking directly at a real eye, the
surgeon interacts with a virtual eye using a
virtual surgical instrument controlled by a
hand held 3D position tracking stylus that
continuously reports position and orientation
to the computer. The tip of the stylus is con-
nected to three motors that generate compo-
nent force feedback in response to the tool-
tissue interaction. The simulation includes
options to change instruments, record and
playback training sessions, reset the models,
and peel away outer layers of the eye to re-
veal interior anatomical components. Dials
allow the surgeon to rotate the model,
change transparency, zoom, and adjust ste-
reo viewing parameters. An instrument acti-
vation switch on the stylus controls actions
such as opening and closing forceps and
scissors.

In the virtual environment, the eye and the
surgical instruments exist only as computer
models. The eye is represented by a collec-
tion of deformable three-dimensional mod-
els. The models of the sclera, iris, zonules,
and retina are texture mapped with photo-
graphic images of these components. The
lens and cornea are modeled as semi-
transparent objects. An overhead light
source included in the simulation produces
specular highlights on the ocular compo-
nents. Interaction between the instruments
and the eye is dependent upon the currently
selected tool, the location of the instrument
in the anatomy, and the kind of action re-
quested by the surgeon. For example, as the



knife makes contact, the sclera slightly de-
forms until the blade penetrates and starts to
cut. The tactile feedback system produces a
compliant resistance as the sclera deforms
and then allows the blade to slice through
the sclera with a small viscous resistance in
the cutting direction after penetration. As
the blade is cutting, a strong compliant
resistance is generated at the stylus tip in
the direction orthogonal to the cutting direc-
tion to produce the same type of resistance
that would be experienced if the surgeon
tried to lift the incision with the flat portion
of the blade. Forceps can be used to grasp
and stretch the sclera while opening the
wound. Both visual and tactile feedback are
provided to the user: if the forceps are
opened during the grasp and pull action, the
sclera reverts to its original shape, and the
tactile resistance is removed.

Simulated cardiac catheterization

Coronary angiography is widely used to as-
sess the extent and severity of coronary ar-
tery disease and is clinically performed by
the procedure of cardiac catheterization
Cardiac catheterization involves advancing
a catheter under fluoroscopic guidance
through the femoral and iliac arteries into
the abdominal and thoracic aorta, and fi-
nally into the left and right coronary arter-
ies. The cardiologist relies on visual feed-
back from the fluoroscopic display and from
the resistance felt from the catheter to de-
termine how the catheter should be ad-
vanced, withdrawn, or rotated. However,
the vascular structures are essentially in-
visible unless dye is injected and becoming
proficient in maneuvering the catheter re-
mains a key challenge for training cardiolo-
gists. The Biomedical Interactive Technol-
ogy Center, GA Tech, USA, is developing
an interactive computer simulation for
catheterization training. 3-D computer mod-
els of the vasculature and catheter are dis-
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played on a monitor while the student guides
a real catheter into a dummy patient on the
table. A tracking system in the dummy
monitors the catheter’s rotation and ad-
vancement. This position and rotation in-
formation is passed to the simulation com-
puter, which updates the display of the vir-
tual catheter moving through the vascular
tree. The vasculature can be rotated to
simulate any viewing geometry. The model
is rendered with flat shading to simulate the
fluoroscopic display or it is rendered with
full shading to provide the clear 3D visuali-
zation.

Cybersickness
Real world references assure a viewer of
their balance and equilibrium. Losing a
sense of location and orientation in a virtual
world can lead to fear in the viewer and
potential nausea (Cybersickness) [10-13].
In a projection based system like the CAVE
disorientation and nausea are less of an is-
sue because the user's view is not isolated.
The viewer can be immersed in a virtual
environment but still be conscious of the
real world surroundings and their own body.
Cybersickness can be very important in
applications involving people with disabil-
ity, particularly those disabilities that affect
balance and equilibrium. If Virtual Reality
is used for mobility training, the user must
be able to deal with the potential isolation of
a virtual environment. If the user cannot
maintain their equilibrium in Virtual Real-
ity, the training will not only be useless, it
could also be harmful [14,15].

FUTURE AND CONCLUSION

The hospital of the 21st century could turn
out to be a real-world medical center com-
bined with an electronic counterpart in cy-
berspace! That may sound like pure science
fiction, but it’s what physicians and others



90 Jgrgen Erik Assentoft

at the University of Iowa have already
started to build. They are in the midst of an
ambitious project to digitally clone the uni-
versity’s health science colleges, library,
hospitals, clinics, and medical curriculum.
The architects of the “Virtual Hospital”
plan to make the entire project accessible
electronically in the form of a multimedia
database containing text, images, audio, and
video. Their long-term goal: use new com-
puting and telecommunications technology
to transform medical education and patient
care in Iowa and beyond.

The Virtual Hospital relies on a very
popular database format called the World
Wide Web, which provides a common lan-
guage for computers to share multimedia
information. The WEB spawned many in-
novations quickly integrated with browsers
through mechanisms such as Sun’s Java,
Microsoft’s Blackbird, Macromedia’s Di-
rector or Virtual Reality Modeling Lan-
guage (VRML). As indicated, Java lets you
download platform-independent code that
enables local execution. Java is built on C
and C++ languages optimized for client-
server on-line applications. Code is dynami-
cally linked on the fly through an interpreter
so that an application runs without precom-
pilation. A Java application or applet can be
sent from the server to the client running
HotJava, the player that automatically runs
the application. The server can then con-
tinue to update the application.

In the USA the Pentagon funds a telesur-
gery project called MedFAST, or Medical
Forward-Area Surgical Telepresence [16].
The concept is to place the surgical unit in
areas of conflict, accidents or natural disas-
ters. The surgeon, from a safe distance,
controls the remote operation through force-
feedback devices such as surgical instru-
ments.

With the proper software, you can view all
portions — not just text — of the Virtual Hos-

pital. This prototype of a “ubiquitous or-
ganization” is designed to offer access to
up-to-date information at the point of care —
wherever that may be.

Such access to information will free physi-
cians, health care workers, and patients
from the need to go somewhere to get in-
formation or to rely on what Dr. Galvin (di-
rector of the Virtual Hospital) called “your
faulty database of memory”.

The Virtual Hospital (they’ve applied for a
trademark on the name) is a prominent ex-
ample of how the much-heralded informa-
tion superhighway is being exploited within
the health care sector. Such projects will go
beyond traditional hospital information
systems by making resources available
electronically to a potentially unlimited
audience outside hospitals.

The Virtual Hospital was originally
planned only as a way to serve lowa citi-
zens and to help the State retain physicians
in rural areas. But it soon became clear that
the project could serve a much wider pur-
pose and help build a “virtual medical
community”.

Soon the database will include diagnostic
algorithms, clinical practice guidelines, the
pharmacy formulary, selected grand rounds
and lectures, course notes, a link to the hos-
pital’s patient database, and videoconfer-
ences.

On-line information from the project will
also be made available to consumers and to
the State school system. Patients will be
able to use a physician’s directory, get
health education materials, or download
maps to find their way to the medical center.

Behind the Virtual Hospital’s high-tech
glitz, lies a philosophy of medical education
that Dr. Galvin calls “just-in-time learn-
ing”. The problem is that physicians have
trouble keeping up with current knowledge.
What physicians know closely reflects what
they learned in medical school. Their



knowledge tends to grow increasingly spotty
and outdated after school, despite heroic
efforts to keep up with the journal literature

If physicians have direct access to elec-
tronic textbooks and other on-line informa-
tion tools, they can learn what they need to
know when they need to know it. For exam-
ple, at the University of Iowa, anatomists
Drs. Bergman and Afifi are working with
Teresa Chol to enter their textbook “Illus-
trated Encyclopedia of Human Anatomic
Variation” to the Virtual Hospital program.
This will have a significant impact on stu-
dents and healthcare professionals. The
medical knowledge base will be limitless!

The CAVE is an important and effective
design tool for evaluating environments and
products. The ability to include real world
objects in a virtual environment sets the
CAVE apart from other Virtual Reality
systems, which entirely replace the viewer’s
environment. By being able to experience a
Virtual Reality simulation with more than
one person, the CAVE allows for shared or
guided evaluations, which can be highly ef-
fective. Joystick navigation in the CAVE is
a natural interface for all people as well as
those who use joystick controlled powered
wheelchairs. Additional adaptive input de-
vices may also prove to be beneficial to
nondisabled CAVE users. This allows pro-
viding a smooth transition to the virtual
world. The CAVE is accessible to a larger
percentage of the population by virtue of its
roll-in construction and real world inter-
faces making it ideal for accessibility simu-
lations.

A lot of Universities and Biomedical Engi-
neering Departments all over are developing
different applications in this area [17]. The
main area investigated in Virtual Reality is
surgical simulation and it is expected that
this will continue. New medical imaging
techniques are developed which combines
MR, CT, PET Images in such a way that it
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is possible to use the acquired data in
simulation in real time. The next main area
in Virtual Reality is the teaching of
physicists.

The next couple of years will be show the
areas in Virtual Reality that will survive.

In Denmark there is a tradition to develop
different biomedical equipment (from
chemical analysis to ultrasonic imaging
equipment) from several companies. The
theoretical and practical knowledge in com-
panies and universities in Denmark is high
and therefore the potential to develop new
Virtual Reality equipment is there.

One of many projects could be to use the
knowledge of Biomechanics to find the
force for penetrating flexible tissues to
make a new Virtual Reality Surgical
Equipment. But before that would be possi-
ble new transducers and surgical tools
should be developed. The development of
new transducers based on Micro Electro
Mechanical System (MEMS) should be
used. The advantages of MEMS transducers
are that they are very small and lightweight.
These transducers mounted on a glove used
by a surgeon could find the relative position
and orientation of the hand (Gyroscope).
The transducers would need to have a feed-
back correlated to the force in such a way
that the surgeon can “feel” the tissue
strength. Such a project is a multidisciplin-
ary work with knowledge of Computer Sci-
ence, Physics, Biomechanics, Transducers
Design, Medical Science and Material Sci-
ence. But this knowledge we have in Den-
mark and therefore new Virtual Reality
projects are waiting to get started.
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The Vikings are coming !
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The present paper describes the Viking Electromyography (EMG) systems
developed jointly by the Danish company Judex Datasystemer A/S and by
the US company Nicolet Biomedical. The Viking was introduced in 1985 as
a totally new concept in clinical neurophysiology. The Viking was the first
system to use a computer to control the signal recording and stimulation and
to do real-time, on-line analysis of the EMG signal. Other innovations in-
cluded the introduction of automatic measurements and simultaneous dis-
play of EMG signals and measurements on the same screen.

To achieve the necessary performance, the first generation was based on
many custom-made hardware and software components. The technological
development has gradually made it possible to replace these components.
The shift towards less expensive standard components will be complete in
the latest generation of Viking systems that, apart from amplifiers and
stimulators, will use standard PC components and a standard Windows NT®
operating system.

The Viking has a comprehensive repertoire of EMG tests, and has
achieved a position as market-leader in the high-end EMG and intra-
operative monitoring markets and a solid position in the area of evoked po-
tentials. We believe that this position has been achieved 1) by insisting that
technological expertise, combined with a thorough understanding of the
clinical application, forms the best basis for the development of biomedical
equipment and 2) by maintaining a long standing collaboration between
companies with complementary skills.

Key words: Neurophysiology; electromyography; equipment.
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INTRODUCTION

In the late 1970s and the early 1980s micro-
computers were slowly making their way
into biomedical equipment. However, due to
the limited data processing capacity the
computers were mainly involved in control-
ling the equipment, e.g., the routing of the
signal from the input amplifiers to analogue
filters and averagers, not the signal analysis
itself. In the 1980s electrocardiographs with
computerized calculation of the heart rate
were on the market, but analysis of signals
from muscles and nerves demanded 10 to
100 times higher sampling frequencies, and
thus put much higher demands on the data
processing capacity of the computer.

The Danish company Judex was one of the
prime actors in computerized analysis of
electromyographic (EMG) signals. Judex
was founded in 1981 with a basic idea of
utilizing some of the research results gener-
ated at the Department of Biomedical In-
formatics and Image Analysis at Aalborg
University. From the onset the development
work in Judex was based on the assumption,
that innovative equipment for the health
care sector can only be developed by a team
that has both a solid understanding of the
medical area and expertise in the latest de-
velopments in hardware and software de-
sign.

Over the years Judex has participated in a
number of national and international re-
search projects and have been able to utilize
results from these projects in commercial
products. The company is specialized in re-
search and development activities within the
biomedical field and several of the devel-
opment projects have been joint-venture
projects with international partners. Today
the main research and development activi-
ties are:

e The Viking family, a number of systems

for recording and analysis of signals
from nerves and muscles. The Viking
products are developed in co-operation
with the American company, Nicolet
Biomedical Instruments.

e The Nightingale and the RespTrace,
polygraphic systems for analysis of
sleep and sleep-related respiratory dis-
orders. The Nightingale is a modular
system which can be configured for si-
multaneously recording of signals from
up to four patients. The system includes
software for sleep analysis, apnea
analysis, video registration, EEG spec-
trum analysis etc. The RespTrace is a
dedicated one patient system equipped
with a 12 or 16 channels amplifier and
an oxymeter and with software for sleep
and apnea analysis.

e BLAQ (Booking Log Anesthesia Qual-
ity), a medical informatics system for
registration of data for quality assur-
ance in anesthesiology and anesthetic
record keeping.

e DIAS (Diabetes Advisory System), a
knowledge based system for adjustment
of insulin therapy.

Of these activities the Viking family has far
the longest history. The present paper de-
scribes the development of the Nicolet Vi-
king EMG systems from the very beginning
and to the latest Windows NT® based gen-
eration. An overview of the evolution of the
Viking systems and the tests supplied for the
systems is shown in Table L.

PRE-VIKING DEVELOPMENTS

The first system to be developed by Judex
was a system for the Royal Dental College
in Copenhagen [1]. The system was dedi-
cated to quantitative analysis of the EMG of
up to 8 different chewing muscles to evalu-
ate muscular pain and results of
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TABLE 1. Milestones in the development of the Nicolet Viking EMG systems. For each model the opera-
tm% system and the computer platform (at introduction) is listed. The dates of introduction of the tests and
i

utilities are approximate.
Year: Model: Operating sy- Computer platform, New tests and utilities:
stem: Processor/speed,
Memory/Storage:
1998-  Viking and Microsoft PC, EOG, ERG,
VikingQuest for Windows NT Intel Pentium/233 MHz,  Collision Neurography
Windows NT 32 MB/6 GB
1997  VikingQuest Portable PC, MuscleNotes
Intel Pentium/133 MHz,
16 MB/1.6 GB
1996 EP+ suite (SEP+, AEP+,
VEP+), P300A
1995  Viking IV Review Viking networking,
Motor Unit Number Estima-
tion
1994 Electrode and stimulator
switching
1993  Viking IV Intel iRMX for PC, Report MSW,
Windows Intel 80486/33MHz, NCS Reference Values
12 MB/100 MB
1992 H-reflex, Blink Reflex,
IOM with Processed EEG
1991 IntraOperative Monitoring
1990
1989  Viking I Intel PC, Quantitative EMG,
iRMX for DOS Intel 80386/16MHz, Integrated Report
2 MB/32 MB
1988
1987 MultiMode Program,
Developers Kit, Automatic
Decomposition EMG
1986 Repetitive Stimulation,
Evoked Potentials
1985  Viking Intel iRMX86  MuitiBus computer, Motor and Sensory Nerve
Intel 8086/5 MHz, Conduction Studies,
512 kB/10 MB F-waves,
Motor Unit Potentials,
Spontaneous EMG,
Interference Patterns,
Single Fiber EMG
1984
1983  Prototype EMG sy-
stem
1982  Dental EMG sy- NUC86 MuitiBus computer,
StEm Intel 8086/3 MHz,

256 kB/8” floppydisk
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dental correcting procedures. Manual analy-
sis of these signals from paper-chart re-
cordings was tedious and could last several
days, and was thus not applicable in a rou-
tine clinical setting.

The output from the system consisted of a
plot on a high-bandwidth pen-chart recorder
(Siemens-Elema) of the EMG signals, their
envelopes, and a set of markers indicating
start, 50% 100%, 50% and stop of each
chewing cycle to a pen-writer. The signal
analysis involved continuous sampling of
each channel at 2.5 kHz, or a total sampling
frequency of 20 kHz. To find the envelope
of the signals, the absolute value was cal-
culated and the results were passed through
a 2nd order digital low-pass filter. The
markers were set automatically, based on
the envelope of the signals (Fig. 1). In addi-
tion to output on the pen-chart recorder the
system generated a statistical analysis of the
signals to be used for diagnostic purposes.

All signal processing was performed by
the computer, an Intel 8086 based MultiBus
system. This pushed the processing speed of
the computer to its limits, and to achieve
such throughput using a 16-bit microcom-
puter a special analogue-to-digital (ADC)
and digital-to-analogue (DAC) converter
board with Direct Memory Access (DMA)
was constructed. Likewise, since the few
existing real-time operating systems were
not fast and flexible enough, a real-time op-
erating system, called NUC86, was devel-
oped. The system was controlled through an
ASCII terminal.

The software of the dental-EMG system
has been modified several times over the
years, but the system is still in use.

THE FIRST VIKING

Based on the experience from the develop-
ment of the dental system development of a
general computerized EMG system was ini-

1 sec.

FIG. 1. The EMG signal from a chewing muscle
during two chewing cycles (upper trace) and the
envelope of the signal (lower trace). For each
chewing cycle markers were set by the computer
to indicate start of activity, 50% of maximal ac-
tivity, maximal activity, 50% of maximal activ-
ity, and end of activity.

tiated. At the time, commercially available
EMG equipment consisted of a collection of
amplifiers, analog filters, delay lines, aver-
agers and oscilloscopes. In the most sophis-
ticated equipment the signal was routed
between these hardware signal processing
units by relays, controlled by a microproc-
essor. The vision was to develop an inte-
grated EMG system where the signal rout-
ing and processing was performed by the
computer, and to add the possibility of
making automatic or semi-automatic meas-
urements, directly from the screen display-
ing the EMG signals.

An example of this type of display, mixing
EMG signals and measurements is shown in
Fig. 2. Fig. 2 shows the EMG test used to
determine the conduction velocity of nerves
innervating skeletal muscles, in this case the
median nerve innervating the abductor pol-
licis muscle, in the hand. The computer
controls a stimulator, which delivers an
electric shock to the median nerve through
the skin. In the upper trace the shock is de-



livered to the median nerve at the wrist. The
latency from the shock to the EMG activity
in the muscle is 3.6 ms as indicated by the
vertical marker, which is set automatically
by the computer. By stimulation at other
points along the nerve as done in the traces
below the conduction velocity can be deter-
mined.

To make the EMG system clinically at-
tractive, it was necessary to develop a sys-
tem that from the onset could perform all the
most commonly used EMG tests.

These ambitions made it necessary to have
a high resolution color display system, that
allowed fast updates of curves. Graphic
boards with sufficient resolution and speed
were not commercially available at the time
and Judex developed a graphics board with
a resolution of 1024 x 512 pixels in 256
colors, programmable in 8 individual bit-
planes.

The collection of EMG tests necessitated
sampling of EMG signal from up to 8 chan-
nels with sampling frequencies up to 50
kHz, both as continuous data collection and
in bursts. This made it necessary to develop
an ADC-board with a DMA-channel with
special properties.

The computer selected for the EMG sys-
tem was the Intel 8086 microprocessor in a
MultiBus system, as in the dental EMG
system. Fortunately the processor speed had
increased, and the custom-made NUC86
operating system was replaced by Intel’s
iRMX86 real-time operating system. With
the custom-built ADC and graphics boards
the system could display the acquired EMG
signals with a delay of less than 50 ms.

A prototype of a computerized EMG sys-
tem was ready in the late 1982 and was sold
to the Department of Clinical Neurophysi-
ology at Aalborg Hospital. Transforming a
prototype into a working clinical system
was an expensive and difficult task, and
since at most 10 such systems could be sold
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to the Danish market, the system had to be
marketed internationally. This seemed an
impossible task for a small company, and
after negotiating with other major compa-
nies, Judex joined forces with the American
company Nicolet Biomedical in 1983 to de-
velop and market a computerized EMG sys-
tem. Judex became responsible for devel-
opment of the dedicated digital hardware
and all software for the system, while
Nicolet was responsible for analog hard-
ware, production, sales, and marketing.

Viking I

The resulting system, called the Nicolet Vi-
king, was put on the market in 1985, and it
was the first EMG system where the built-in
microcomputer was the main signal proc-
essing unit.

The Viking was launched with a number of
tests divided into two groups: Nerve Con-
duction studies (NCS) and EMG studies.
The NCS tests included Motor and Sensory
Nerve Conduction studies, analysis of F-
waves, and Repetitive Stimulation, all with
automatic measurements of latencies and
amplitudes.

The EMG tests were Spontaneous EMG
(Free-running EMG or triggered traces),
Turns and Amplitude (automatic calculation
of mean rectified voltage, signal power and
number of turns), Analysis of Motor Unit
Potentials (automatic extraction of MUP’s
and measurement of duration, amplitude,
and number of phases), and Single Fiber
EMG (Jitter analysis). The basics of the
Motor Unit Potentials analysis in the Viking
system were the studies by Buchtal and Ro-
senfalck [2] on visual analysis of Motor
Unit Potentials and by Andreassen [3] on
computerized extraction of Motor Unit Po-
tentials from the EMG signal.

The Viking was controlled through a con-
trol panel with dedicated keys and a set of
12 software controlled keys which could be
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FIG. 2. The Motor Nerve Conduction test of the
Viking. Left part of the screen shows the EMG
responses of the abductor pollicis muscle in the
hand to stimulation of the Median nerve at the
wrist (upper trace), the elbow (middle trace) and
the axilla (lower trace). Right part of the screen
shows the measurements (latency, duration,
amplitude and area) of the individual potentials.
The latencies from the stimulation to the EMG
activity in the muscle is meassured automati-
cally (3.6 ms, 8.6 ms and 12.2 ms, resp.). From
these latencies the nerve conduction velocities of
the 2 nerve segments were calculated (50 m/s
and 53 m/s, resp.).

set-up for different functions in different
tests. The system was equipped with 2, 4, or
8 amplifiers, a temperature probe, two inde-
pendent electrical stimulators, and audio
output.

The size of the software far exceeded the
512 kBytes of memory (Table I) available
in the computer. To achieve reasonably fast
shifts between the different EMG tests the
software was divided in a basic part, which
was always loaded, and a set of overlays
(comparable to a dynamic link library),
which contained code specific for individual
tests.

This modularity made it possible to add
new tests, as an integrated part of the soft-
ware. This option was exploited by re-

searchers at Stanford University, who de-
veloped an ADEMG software package for
Automatic Decomposition of the EMG sig-
nal into individual motor unit potentials [4]

This option was also used by Judex, and
the most important expansion of the Viking
I software was the addition of Evoked Po-
tentials tests (Sensory, Auditory and Visual
Evoked Potentials), which significantly ex-
panded the market potential of the Viking.

A new concept in computerized biomedical
signal analysis was created with the launch
of the Multi Mode Program package
(MMP). The MMP allowed simultaneous
acquicision of free-run, triggered and
stimulated traces, highly programmable by
the user. The test is used e.g. for Macro
EMG and autonomic system testing.

The Viking was in 1986 awarded the
American IR100 award as one of the 100
most significant new technologies of the
year. The award is given by a board set by
the American magazine Research and De-
velopment.

Expert systems and reference values

In the period 1985 - 90 Judex participated
in the project “Knowledge Based Assistant
for Electromyography” supported by EU’s
ESPRIT program. The aim of the project
was to design an expert system for diagnosis
of neuromuscular disorders. The system
should be able to import results from EMG
systems. Based on these results the expert
system should give the most probable diag-
noses or suggest further tests to be per-
formed.

In the part of the project where Judex par-
ticipated, a novel technology, causal prob-
abilistic nets, also sometimes referred to as
Bayesian nets, was used. The expert system
was never expanded to contain a large
enough part of the anatomy to make the ex-
pert system clinically interesting, but within
the limited anatomy the system performed



quite well [5,6]. The work with the system
brought out some interesting observations,
primarily that clinical practice was quite
different in different European countries
[7,8].

The differences in approach also applied to
reference values for the different EMG
tests, where each EMG lab tended to have
its own set of reference values. Judex de-
veloped the NCS Reference Values package
for the Viking, containing reference values
for nerve conduction studies. Reference val-
ues, either from a textbook [9] or the users
own reference values could be accessed
from the individual Nerve Conduction tests,
and text and graphical instructions on how
to perform a specific test were made acces-
sible on-line.

THE NEXT GENERATIONS

Viking IT

The Viking had changed the appearance of
EMG systems. By 1989 other manufactur-
ers had developed EMG systems that could
mix the presentation of EMG signals and
text and measurements on the display. It had
also become standard practice to use the
EMG system’s computer to do the required
signal processing.

It was decided to introduce a new genera-
tion of Vikings, the Viking II. Throughout
its lifetime, the Viking had been expensive,
compared to traditional equipment from
other manufacturers, and for the Viking II
the goal was to obtain a substantial reduc-
tion in price. On the medical side the goal
was to develop a system that had a full
range of EMG tests.

The reduction in price could only be
achieved by replacing some of the expensive
custom-built components with less expen-
sive standard hardware and software. The
IBM-compatible Personal Computer (PC)
had become a de-facto standard computer in
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the late 1980’s. For the PC a wide range of
add-on boards, including fast graphics con-
trollers, were available. These standard
units replaced the MultiBus-based computer
and the custom-made graphics board in the
Viking II. The operating system was
changed to Intel iRMX for DOS, that al-
lowed the users to run DOS programs on the
computer along with the Viking software.

To ensure that the Viking II had a full
range of EMG tests the nerve conduction
tests were supplemented with specialized
tests for H-reflex and Blink Reflex studies.
The EMG tests underwent a major revision
and expansion. They were reorganized into
the Quantitative EMG package which con-
tained tests for basic motor unit analysis and
recruitment interval analysis, EMG signal
power analysis and evoked EMG signal
analysis in addition to the existing Single
Fiber EMG and Automatic Motor Unit Po-
tentials tests.

A new application area for the Viking
came with the Intra-Operative Monitoring
(IOM) Package for monitoring surgical pro-
cedures in which the brain and nervous
system are at risk. The IOM package was
developed in collaboration with the Mayo
Clinic. This package allows simultaneous
recording of a variety of neurophysiological
signals, both free-running and evoked re-
sponses at different timebases. The IOM
package was later supplemented with a
package (IOM with processed EEG) for
frequency analysis of EEG signals including
calculation of activity in the traditional fre-
quency bands (delta, theta, alpha, beta) and
Color Density Spectral Arrays.

Viking IV

In the summer of 1993 the Viking IV gen-

eration was introduced. The goals for the

Viking IV was

1. to continue the trend towards use of in-
expensive standard hardware and soft-
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ware components, including Windows,
to make the price of the systems even
more competitive

2. to make the facilities offered by Win-
dows available as an integrated part of
the EMG system and

3. to extend the success of the Viking as
an EMG system into the adjacent areas,
intra-operative monitoring and evoked
potentials.

The Viking IV was based on a PC platform
and updated amplifiers, stimulators and
ADC-board. With a new operating system,
the Intel iRMX for Windows, it became
possible to use Microsoft Windows 3.1 for
the user interface and still obtain the real-
time, multitasking capabilities of the iRMX
operating system. It also became possible to
use the Windows mouse or other pointing
devices in addition to the control panel.
From a developmental point of view the use
of Microsoft Windows removed the burden
of having to develop new drivers for the
ever-changing graphics adapters and print-
ers, since these could be controlled through
Windows drivers supplied by the manufac-
tures. Together these changes reduced both
hardware costs and the cost of software
maintenance.

The facilities for clinical reporting of the
results of the EMG tests, which had been
part of the Viking since its introduction,
were replaced by the Report MSW package,
which generated reports from the Viking
tests using a standard word processing pro-
gram (Microsoft Word). Using this report-
ing tool it became convenient for the users
to design the layout of their reports and to
add curves from selected tests to the reports.
The use of the Windows operating system
also made it possible to let Vikings operate
in local area networks with centralized data
storage and printing facilities.

The Viking II had established itself as one

of the most sold computerized EMG sys-
tems in the world. To secure this position,
the existing EMG tests were updated and
extended with the Motor Unit Number Es-
timation test, developed in collaboration
with the Mayo Clinic, and with Muscle-
Notes, a special notepad for rapid scoring of
EMG findings.

The facilities offered by the Viking II for
intra-operative monitoring had turned out to
be quite successful, and in the Viking IV
this facility was enhanced with new hard-
ware for switching of stimulators between
16 stimulation sites and amplifiers between
32 recording electrodes. On the software
side, intra-operative monitoring became
networked, allowing clinicians outside the
operating theater to monitor IOM recordings
on-line on standard PCs.

Most EMG labs also perform evoked po-
tential testing. In the Viking IV the rela-
tively simple averager for evoked potential
studies offered by previous Viking genera-
tions was replaced in 1996 by a suite of
programs with support for the three standard
modalities (sensory, auditory and visual
evoked potentials) and a more specialized
test, the P300A.

VikingQuest

The tests offered in the areas of EMG, in-
tra-operative monitoring and evoked poten-
tials has allowed the Vikings to achieve
prominent market positions in EMG and in-
tra-operative monitoring and an increasing
role in evoked potentials. The Vikings are
addressing the upper end of these markets,
and with the Vikings firmly established in
that segment of the market, Nicolet saw the
opportunity for introducing a less expensive
EMG system for smaller EMG clinics. Such
a system was introduced in the form of the
portable  VikingQuest in 1997. The
VikingQuest was based on different hard-
ware, where up to 4 amplifiers, electrical



and auditory stimulators and control panel is
contained in one unit functioning as a base
for a portable computer. The tests are in
general simplified versions of the EMG,
nerve conduction and evoked potential tests
running on the Viking IV.

CONCLUSION

In the future the basic strategies that have
guided the development of the Viking sys-
tems will be continued. The work at Judex
will continue to be based on the conviction
that technological expertise, combined with
a thorough understanding of the clinical ap-
plication, forms the best basis for the devel-
opment of biomedical equipment.

In Viking generations to be introduced in
the near future, the gradual transition from
custom-made hardware and software to-
wards inexpensive standard hardware and
software components will be completed, for
example by replacing the old iRMX oper-
ating system by Windows NT.

Judex will also continue to update the

software and add new tests as required by
the clinical applications. An example of this
will be the expansion of the software for
evoked potentials by specialized tests for
analysis of the ElectroOculoGram (EOG),
and the ElectroRetinogram (ERG).
The Viking family have now been on the
market for more than 10 years. Over that
period, the Vikings have repeatedly set
trends in the technological and medical de-
velopment of the EMG market. The Viking
has obtained a position as a market leader in
the high-end EMG market. The positive re-
ception of the less expensive VikingQuest
may in the years to come provide a similar
position in the low-end market. The strategy
of expanding in adjacent areas, such as in-
tra-operative monitoring, evoked potentials
and oculography also seems successful.

This could not have been achieved by a

The Vikings are coming ! 101

small company alone. The basis for the de-
velopment has been a long standing collabo-
ration with a major company, Nicolet Bio-
medical, which has the production facilities
and a sales network that can effectively
market the Vikings worldwide. We believe
that such a strategy of collaboration may be
a good solution for many small companies
and it is a strategy that will be considered
when Judex is developing other business
areas.
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experiments which started in 1976 in the
Psychiatric Department at Rigshospitalet
(one of the hospitals affiliated to University
of Copenhagen).

In the 1970s, focus was placed on neuro-
psychological tests of high content validity
and with sufficient differential power in re-
lation to distinguishing between healthy
functions and a beginning brain impairment
(i.e., with a good balance between sensitiv-
ity and specificity). In 1977, a research
project was carried out on the neuro-
psychological consequences of city air pol-
lution [1]. Experience from Finland and
Sweden [2,3] was a great help in composing
and refining a suitable neuropsychological
test battery for that particular problem. Al-
though the new test battery worked well it
could still be refined, particularly in relation
to parameterization and administration.
Furthermore, the project revealed a great
need of representative and reliable reference
values.

In 1981, when the interest in health effects
of industrial chemical exposures was at its
highest in Denmark, the first step was taken
to computerize neuropsychological exami-
nations. The high interest meant rather free
hands and a sufficient budget. At the same
time, the first true microcomputers had be-
come available on the market. Although
they had only limited power compared with
the microcomputers of today, it was obvious
that a combination of comprehensive series
of neuropsychological tests and a compre-
hensive computer program would give a
hitherto unknown opportunity to create
standardized and precise psychometric
measurements and examiner-independent
test scoring.

A STEP TOWARDS
COMPUTERIZATION

By the end of 1981, a plan for the following

five years was ready. A sensitive computer-
based test battery for the examination of
brain function was to be composed. There-
fore new tests and new testing procedures
had to be introduced and computer programs
had to be developed. In the new system high
emphasis was put on:

1) test characteristics such as:
* coverage of a number of basic cognitive
functions
* better differential power between heal-
thy persons and impaired persons than
conventional clinical tests could provide
* highest achievable degree of standard-
ization (instructions, recording, scoring
and time-taking)
e parameterization suitable for statistical
processing
* high motivational impact on the exam-
inee (i.e., high face validity which is of
utmost importance for cooperation and
the activation of all the patient's poten-
tials)
* computerization without losing essential
clinical information
* language independence
* re-examination possibilities with lowest
possible experience-transfer from pre-
ceding examinations.
2) suitable hardware allowing:
e graphic input similar to conventional pa-
per-and-pencil tests 1
* precise time measurements to /io of a
millisecond
* automatic result recording on magnetic
media
e ergonomic design.
3) administration, i.e., software allowing:
« full integration of test scoring and eval-
uation
* fast and compact code granting smooth
and stable program execution
* time-efficiency
* easy operation
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* simple interfacing to standard statistical

packages like SAS, SPSS, etc.

4) evaluation of validity and sensitivity of
all included tests on the basis of:
a large-scale epidemiological study of
the general population.

5) establishment of a set of reference val-
ues to be used in future diagnostic ex-
aminations.

The latter was probably the most ambitious
goal. However, it would place the new sys-
tem among the few leading international
neuropsychological examination systems
featuring representative norms. Although
psychological testing has been used as a di-
agnostic tool for a century only a few inter-
nationally known test systems include repre-
sentative and reliable reference values.

The experience with manual tests from the
preceding five years led to a unique test se-
lection. No other published psychological
test system - manual or computer-based -
featured the depth and width in relation to
the functions covered, the administration
and the parameterization of what was later
to become the Cognitive Function Scan-
ner®. Tests of memory and visuomotor
functions were developed from scratch
while existing tests of attention, concentra-
tion, perception and vigilance were modified
to meet our demands. The test selection was
made so that both the lateral and the longi-
tudinal organization of the brain was con-
sidered. The covered functions are shown in
Table 1.

Unlike most other neuropsychological test
systems the Cognitive Function Scanner®
features a parameterization allowing a si-
multaneous threefold standardized access to
performance evaluation on the basis of
1) psychometric test scores, 2) performance
time and 3) response process recording. The
latter two are of utmost importance for dif-
ferential diagnosis, e.g., distinguishing be-

tween dementia of the Alzheimer type and
depression.

The prototype was based on the Tektronix
4050/4950 desktop computer series. Al-
though it was a very advanced computer at
the time it was soon surpassed by techno-
logical development.

Already from the beginning several col-
leagues both in Denmark and abroad ex-
pressed interest in the system. From 1981 to
1986 the interest had become so strong that
it was seriously considered to develop the
system for the new types of microcom-
puters: the IBM PC, the IBM RT, the Mac-
Intosh, and UNIX-operated workstations.

In 1987, it was decided to start developing
a prototype for the PC, which had turned out
to be the most popular type of microcom-
puter. The firm Cognitive Research Scandi-
navia was founded. With assistance from an
engineering firm a new prototype was intro-
duced to the public in the autumn of 1988
under the name: The Cognitive Function
Scanner®. In December of that year the
system was demonstrated at the Third Inter-
national Symposium on Neurobehavioral
Methods in Occupational and Environ-
mental Health, Washington D.C. [5]. The
first Cognitive Function Scanner® systems
were sold the following year.

Along with the development of the system
a representative reference material was es-
tablished and standardized on age, educa-
tion, and gender. It means that by the end of
an examination with the Cognitive Function
Scanner® the outcome is automatically re-
lated to 50 and 90 percentile values of the
reference material and printed with the ex-
act values as a profile for immediate
evaluation.

RESEARCH

The first Cognitive Function Scanner® was
taken into use at the Department of Pro-
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TABLE 1. Psychological functions covered, types of stimulus, way of presentation and response

media used in the Cognitive Function Scanner®.

Psychological function Type of stimulus and presentation Response medium
Attention and vigilance Visual: print on drawing plate Digitizer pen
Auditive: tones in headphones Reaction handle
Concentration Patterns: separate template Digitizer pen
Learning and memory Verbal: words on screen Examinee keyboard
Verbal: numbers on screen Examinee keyboard
Non-verbal:  pictures on screen Examinee keyboard
Reaction time Auditive; tones in headphones Reaction handle
Visuomotor coordination Continuous:  print on drawing plate Digitizer pen
(both body sides) Discrete: print on drawing plate Digitizer pen
Visuospatial capacity Template Print on drawing plate Digitizer pen
Visual perception Template Print on drawing plate Digitizer pen

For detailed information on the tests and their parameterization please see [4].

spective Medicine at Copenhagen County-
Hospital in Glostrup in the late autumn of
1982. A total of 32 psychometric parame-
ters could be recorded for each examination.
All test parameters were made subject to a
thorough analysis by means of multivariate
statistical modelling including 16 indepen-
dent factors. The factors were age, gender,
schooling, social group, smoking and drink-
ing habits, occupational activity status, con-
sumption of drugs affecting the central
nervous system, earlier or present diseases
or injuries affecting the central nervous
system, lead burden, time of day and time of
year, and finally, the impact of the examiner
presenting the test instructions. The analysis
was based on the examination of a stratified
sample (N=1,026) of the general population
[4].

In 1992, the Danish Research Council on
the Humanities granted funds for a follow-
up study of the group examined 10 years
earlier. The aim of the study was to investi-
gate the effect of chronological aging on
cognitive functions. 711 persons from the

original group of 1,026 subjects were re-
examined over a two year period and a
comprehensive report was made [6]. Be-
sides valuable knowledge on aging and cog-
nitive functioning the follow-up study sup-
plied the necessary information for the up-
dating of test norms and new important ex-
perience on the parameterization.

With the distribution of the Cognitive
Function Scanner® other teams of clinicians
and researchers started doing investigations
with the system. Their projects covered a
spectrum from stress-induced functional
brain impairment [7] and neurotoxic expo-
sures [8] to neuropsychological deficits due
to whiplash injuries [9,10] and stroke [11].

USER-PRODUCER DIALOGUE

A close dialogue between the users and
Cognitive Research Scandinavia was estab-
lished in order to adjust the Cognitive Func-
tion Scanner® to meet the different needs of
neuropsychologists and psychologists in
psychiatric wards. The system was pre-
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sented and discussed at conferences and
symposia of international professional as-
sociations [12-14]. The feedback led to fur-
ther development, especially of the record-
ing of qualitative information on the details
of the response process which is important
for the decision-making in complex dif-
ferential diagnostic problems. The feedback
also led to the development of a verbal
learning and memory test which, together
with the already existing non-verbal test,
allows a balanced evaluation of the memory
functioning of the two brain hemispheres.

In the prototypes and in the first two series
of the Cognitive Function Scanner® the test
scoring was based on decision rules incor-
porated into the software. However, deci-
sion rules are rather rigid and may in some
cases lead to incorrect evaluation - espe-
cially in relation to the graphical infor-
mation where drawing of even simple pat-
terns elucidates very different and in-
dividual characteristics which are difficult
to tackle with a rigid system. From 1992
when the capacity of PCs had become much
more powerful, the Cognitive Function
Scanner® featured artificial neural network
technology for the evaluation of the most
complex test responses [15].

THE PRESENT COGNITIVE
FUNCTION SCANNER®

The Cognitive Function Scanner® is a com-
puter-aided diagnostic tool for examining
the functioning of the brain. The Cognitive
Function Scanner® consists of a set of psy-
chological tests covering the functions listed
in Table I. All measurements and result
evaluations are controlled by specially de-
signed software and hardware.

Software
The present Cognitive Function Scanner®
software package is release 3.11 (autumn

Memory testing: Responding to the Face Recog-
nition Test.

1997). 1t is a full 32-bit package of execut-
able modules compiled for operation on x86
computers driven by DOS, Windows95, etc.
Each software package is linked to a par-
ticular hardware assembly. Communication
with the system is user-selectable in Danish,
English, Finnish, French, German, Swedish,
and Turkish. A detailed manual is included
in each software package. Manuals are
available in Danish, English, Finnish and
Swedish. Other languages are possible and
may be prepared according to user specifi-
cations.

Hardware

The Cognitive Function Scanner® hardware

package includes all dedicated equipment,

ie.

e drawing plate (high resolution/high ac-
curacy digitizer) with cordless pens

e examinee keyboard

e sound module

* reaction handle

* headphones.

All parts are prepared or supplied by sub-

contractors. Every system is taken through a
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thorough test at Cognitive Research Scandi-
navia before delivery.

THE FUTURE

With the Cognitive Function Scanner®,
Denmark has taken a leading position in the
development of diagnostic psychological
tools. From correspondence and reviews
[16,17] we know that the Cognitive Func-
tion Scanner® is recognized as an extensive
and reliable clinical tool in international cir-
cles within neuropsychology, neurology, oc-
cupational medicine, and psychiatry. At pre-
sent, 12 units are in service at university
hospitals and district hospitals in the Scan-
dinavian countries. Most of them are up-
dated to the latest version. Even with the
very limited marketing capacity of Cogni-
tive Research Scandinavia it has been pos-
sible to export half of the units produced.
With the international interest in reliable
and standardized methods for examination
of brain function we have every reason to
believe that it should be possible to install
one Cognitive Function Scanner® per
1,000,000 inhabitants worldwide.

Cognitive Research Scandinavia, the for-
mal developer, producer and distributor of
the Cognitive Function Scanner®, is cur-
rently related to the Symbion Science Park
in Copenhagen. Until now, all manpower
involved has been scientists with no training
in production and marketing. Yet, it has
been possible to cover the Scandinavian
countries. However, to reach the markets in
the rest of the European Union and overseas
the production and marketing should be in
the hands of a well-established pro-
ducer/supplier of neuro-diagnostic equip-
ment with a good international reputation
and with a well-established marketing and
distribution network. A complete integration
of neurophysiological and neuropsycholo-
gical methodology would add a powerful

dimension to the diagnostic practice of to-
day. With the best achievable assets in our
hands: a state-of-the-art system and up-to-
date representative reference values, we
hope to be able to negotiate such an agree-
ment.
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‘Needle gI'ype PVDF
Hydrophones with
Calibration Certificate

High quality measuring devices for
e Testing and labelling of medical equipment
e Transducer design - Imaging systems optimization

Excellent features such as
e Band width from < 1MHz to > 20 MHz
e Small physical dimensions for high geometrical resolution

Calibration of hydrophones
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e Calibration in accordance i e
with the quality assurance SEESEES
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e An assessment of the
measuring capability of
the laboratory by DANAK
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to recognized international
standards
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Development and quality documentation
of miniature ultrasonic hydrophones

ALLAN NORTHEVED, CARSTEN LANGKJZAR & TORBEN SEVEL
FORCE Institute, Brgndby, Denmark

Development and testing of specialized ultrasonic systems for medical ap-
plications have been major activities first at the Danish Institute of Biomedi-
cal Engineering and later at the FORCE Institute over the past 25 years.

In the mid seventies a strong need was experienced to possess an instru-
mentation to measure the output characteristics of ultrasonic transducers in
order to be able to make sufficient progress in the development of the new
medical systems such as scanners for heart mechanisms and for ultrasound
assisted biopsy. A needle type PVDF ! miniature hydrophone was developed
for this purpose.

Implementation of time delay spectrometry for substitution calibration of
hydrophones has been utilized over the years for essential improvements of
the performance and quality of the hydrophones. This has made the FORCE
Institute one of the world’s leading hydrophone manufacturers.

The main application of the hydrophone today is related to quality and
safety assurance regarding labeling of the medical equipment and exposure
of the patient to ultrasonic fields. The hydrophones find their way around di-
agnostic scanning equipment to therapeutic ultrasonic equipment and shock
wave litotriptors.

Quality assurance and documentation of the hydrophones themselves is
now secured by accreditation under the Danish National Accreditation
Scheme DANAK to perform accredited calibrations and issue calibration
certificates for ultrasonic hydrophones.

Key words: Accreditation; calibration; certificate; diagnostic scanning
equipment; frequency; hydrophone; needle type PVDF hydrophone; output
characteristics; quality and safety assurance; sensitivity; therapeutic ultra-
sonic equipment; ultrasonic transducers; ultrasound.

Torben Sevel, FORCE Institute, Park Allé 345, DK-2605 Brgndby,
Denmark.

' PVDF: Polyyinylidene fluoride.
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INTRODUCTION

In 1973 the Danish Institute of Biomedical
Engineering (in Danish: “Medicoteknisk
Institut™) was established with the objective
to act as the engineering partner in multi-
disciplinary research and development proj-
ects in close co-operation with medical
doctors and scientists also including manu-
facturers of biomedical instrumentation and
devices. Today the biomedical engineering
field of activity forms an integral part of the
FORCE Institute which is a non-profit re-
search and service corporation affiliated to
the Danish Academy of Technical Sciences
working with measurements, testing, in-
spection, diagnostics and processing related
to industry, energy, environmental and the
medical sector.

Development and testing of specialized
ultrasonic systems for medical applications
have been major activities first at the Dan-
ish Institute of Biomedical Engineering and
later at the FORCE Institute over the past
25 years.

ULTRASONIC SYSTEMS IN
MEDICAL DIAGNOSTICS

In the early seventies the research and de-
velopment activity within the field of diag-
nostic ultrasonic systems was high in Den-
mark. The major break through in applica-
tion of the techniques was made with the
fetus scanning of pregnant women. The
transducers used were relatively simple,
whereas the scanning mechanisms became
quite sophisticated. The imaging systems
were far less advanced than today mainly
due to the comparatively primitive computer
and dataprocessing capability. The noninva-
sive ultrasonic principle, however, proved
its value as a diagnostic tool.

More complex problems were addressed in
the mid seventies. An important example is

projects concerned with scanning of the
heart, which were conducted in a close co-
operation between H.H. Holm, MD who at
that time was affiliated to the Copenhagen
Council Hospital in Gentofte, and Allan
Northeved, director of the Danish Institute
of Biomedical Engineering [1]. This co-
operation has continued ever since, profes-
sor H.H. Holm now being professor at the
Copenhagen Council Hospital in Herlev.

Scanning of the heart posed substantial
challenge to the development of new trans-
ducers with improved characteristics to get
efficient measurements on details in the
heart chambers, because the objects are
small and the mechanism to be studied dy-
namic.

Another early achievement in said co-
operation was the development of ultra-
sound assisted biopsy for taking samples of
inner organs like kidney and liver at the ex-
act desired position for identification of
cancer tumors. Special transducers with a
central lead for the biopsy needle were de-
veloped. Similar technology was applied for
sampling for amniocentesis [2].

During the seventies a co-operation be-
tween Briiel & Kj®r A/S and the Danish
Institute of Biomedical Engineering was
established and in the late seventies Briiel &
Kjar A/S took over all rights for industrial
production and commercialization of the ul-
trasonic scanning systems. The concept is
continued today in B&K Medical A/S.

In the eighties and nineties FORCE Insti-
tute, Biomedical Engineering has addressed
its developments of advanced transducers
and scanning systems to highly specialized
purposes like dermatology scanning and
bone scanning. The first issue has led to es-
tablishing of an entirely new company,
Cortex Technology A/S, which produces
and sells dermatology scanners worldwide.
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DEVELOPMENT OF THE NEEDLE
TYPE PVDF HYDROPHONES

At the time of establishing the Danish Soci-
ety of Biomedical Engineering the tools for
measuring the output characteristics of an
ultrasonic transducer were rather simple.
The main principle was based on recording
of reflection from a spherical object im-
mersed in a water tank back to the emitting
transducer itself. Sensitivity, spatial resolu-
tion power, and frequency response were
not optimal.

This became in particular true as the de-
velopment within ultrasonic scanning sys-
tems as described above accelerated. The
simple measurement systems were not able
to fulfill the requirements for measurements
in connection with development of transduc-
ers for heart scanning or ultrasound assisted
biopsy.

Imaging of heart function required trans-
ducers focusing on small areas and dynamic
response. Ultrasound assisted biopsy re-
quired high precision in guiding the systems
in the right direction.

The shape of the emitted ultrasound pulses
from the transducers is important for ob-
taining good spatial resolution and imaging
power in dynamic systems. Better resolution
calls for shorter pulse length relative to the
ultrasound frequency which for medical
systems is in the range from a few MHz to
several MHz. Accurate focusing requires
good and well known directional character-
istics of the ultrasonic field emitted from the
transducer.

No solution as to a measuring instrument
for control of the properties of ultrasound
transducers was available at that time, nei-
ther commercially nor in research laborato-
ries.

The Danish Institute of Biomedical Engi-
neering experienced a strong need to pos-
sess such an instrumentation in order to be

able to make sufficient progress in devel-
opment of the new medical scanning sys-
tems. The concept was to develop a meas-
uring equipment — a hydrophone — which
could operate in the ultrasound frequency
domain in the same way as microphones
work in the audible frequency range. A
miniaturized probe was envisaged for the
purpose of getting the proper frequency re-
sponse and obtaining high spatial resolution.

The Danish Institute of Biomedical Engi-
neering chose the piezoelectric polymer
material, PVDF as the active sensorelement.
Thin PVDF foils of 20 to 30 um thickness
were suitable for the desired frequency
range, and a simple hydrophone was con-
structed. Piezoelectric PVDF was not com-
mercially available at that time. Instead it
was obtained from high tone loudspeaker,
which was purchased and demounted to
obtain a sheet of 3x5 cm” PVDF foil. As the
area need for a hydrophone is approxi-
mately 1 mm’ this could do for a while.

Through professor Leif Bjgrng from the
Technical University of Denmark a contact
was made with Dr. Peter Lewin who simul-
taneously had come up with a needle type
ultrasonic hydrophone based on a ceramic
piezoelectric material. Peter Lewin, who is
now professor at the Drexel University,
Philadelphia in USA, was then employed at
the Danish Institute of Biomedical Engi-
neering.

This lead to combining the choice of
PVDF as sensorelement and the concept of
a needle type probe yielding the miniature
PVDF needle type ultrasound hydrophone.

Basically this concept from the seventies is
maintained in the FORCE Institute hydro-
phones of today and the modern hydro-
phones appear much like the early ones.
However, extreme improvements in the
performance have been achieved over the
years especially with respect to sensitivity,
stability and frequency response.
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Although the hydrophone was developed
with the main purpose of fulfilling the inter-
nal need for assisting transducer develop-
ment, a few hydrophones were sold to col-
leagues and research partners abroad in the
early days. A breakthrough in sales, how-
ever, was only achieved after the develop-
ment of improved methods for controlling
and calibrating the hydrophone itself and
thereby ensuring improved and uniform

quality.

TIME DELAY SPECTROMETRY FOR
SUBSTITUTION CALIBRATION OF
HYDROPHONES

In the late seventies oscilloscopes were used
for sensitivity measurements of the hydro-
phones. The methods were rather time con-
suming and only allowed measurements at a
few frequencies. Any unlinearities between
these test points were not discovered.

Around 1980 Carsten Langkjer invented
the Time Delay Spectrometry (TDS) method
for measuring the sensitivity as function of
frequency for ultrasound hydrophones using
electronic spectrum analyzers.

The Time Delay implies that the receiving
system is delayed corresponding to the pulse
travel time from the emitter. All other sig-
nals from reflections are suppressed giving
the advantage that disturbances and meas-
urement noise are minimized.

Spectrometric measurements are obtained
in the frequency domain by sweeping over
the range of frequencies of interest and ob-
taining the whole sensitivity versus fre-
quency curve in one sweep. This gives the
great advantage that the complete sensitivity
variations are shown. This in turn enables
constructural changes of the hydrophone to
be made in order to improve the frequency
characteristics. Further the measurements
are fast, allowing for easy access to many
measurements during the trial-and-error

process of improvement of the hydrophones’
quality.

Calibration of the hydrophone sensitivity
was made by substitution, which implies
that the sensitivity response for an unknown
hydrophone is obtained by comparison with
a standard hydrophone thus eliminating
disturbances from the calibration set-up.

A typical example of a calibration curve is
shown on Fig. 1.

The implementation of this method was not
only the backbone in performance and qual-
ity improvements of the hydrophones. It also
attracted considerable interest from abroad
when it was published in 1981 [3].

Early in the eighties this lead to compari-
son measurements with Physikalisches
Technisches Bundesanstalt (PTB) in Ger-
many and National Physics Laboratory
(NPL) in England. A reference hydrophone
was measured by other more fundamental
and more time-consuming methods thus
linking the results of TDS calibrations to
recognized international standards. This
may be seen as an early example of me-
trological traceability. Co-operation espe-
cially with PTB continued over the years
and is still vital.

THE NEEDLE TYPE PVDF
HYDROPHONE TODAY

In the early eighties the commercial interest
increased considerably, and for nearly 15
years now, an annual, worldwide sales rate
of up to 100 items has been obtained. This
has made the FORCE Institute one of the
world’s leading hydrophone manufacturers
and for a number of years FORCE Institute
has been the main supplier of hydrophones
to the Japanese market.

Today the key specifications of the needle
type miniature PVDF hydrophones from
FORCE Institute are:
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FIG. 1. Sensitivity versus frequency for a PVDF miniature ultrasonic hydrophone.

e diameter of active element: 0.4 - 1.0
mm

e sensitivity: 25 - 150 nV/Pa depending
on diameter
frequency range: 0.5 - 20 MHz
Dynamic range: 0 to > 100 MPa.

The hydrophones comply with IEC 1102
[4].

The application of the hydrophone today is
not only for development of transducers and
ultrasonic systems as was the original pur-
pose. Quality and safety assurance regard-
ing labeling of the medical equipment and
exposure of the patient to ultrasonic fields
are the dominating concerns of the users.
The hydrophones find their way around di-
agnostic scanning equipment to therapeutic
ultrasonic equipment and shock wave lito-
triptors.

CERTIFIED CALIBRATION OF
HYDROPHONES

Due to important applications of the hydro-
phones, the users’ interest in the quality as-
surance and documentation of the hydro-
phones themselves has been ever increasing.

Already in the late eighties, a round robin
was organized by the European Community,
in which PTB, NPL, the Danish Institute of
Biomedical Engineering and others took
part. This project documented the measuring
ability of the hydrophones. Since 1990
yearly comparisons have been made with
PTB.

Late in 1997 FORCE Institute obtained
accreditation under the Danish National
Accreditation Scheme DANAK to perform
accredited calibrations which implies that
the calibration is in accordance with the
quality assurance standard EN 45001.

An assessment of the measuring capability
of the laboratory has been made by
DANAK including evaluation of measure-
ment uncertainty. This means, e.g., that the
uncertainty of the sensitivity calibration of
the FORCE hydrophones can be guaranteed
to be within +1.5 dB or better over the en-
tire frequency range from 1 to 20 MHz.

Further the FORCE Institute calibration
certificates document traceability to recog-
nized international standards.

The calibration laboratory performs initial
calibration of all FORCE Institute hydro-
phones delivered and offers recalibration
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when needed, e.g., on annual basis. Also
other marks of hydrophones are calibrated
with certificates.

Supplementary the laboratory makes
measurements for outside customers on their
ultrasound transducers and ultrasound sys-
tems for medical diagnosis and therapy us-
ing the needle type PVDF hydrophones.
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AN IMPORTANT DECISION

The Danish parliament made an important
decision in 1950 which resulted in a small-
scale production that has developed into a
worldwide export operation today.

The decision was that “defective hearing
must be regarded as a handicap equal to the
loss of a limb or similar afflictions”. This
legislation not only opened up new possi-
bilities with regard to compensation for loss
of hearing, but also led to the establishment
of completely new industrial production and
research activities, with the result that
Denmark became the first country in the
world to produce not only hearing instru-
ments, but also instrumentation for the diag-
nosis of hearing loss.

Madsen Electronics was founded in 1960
by Poul Madsen in Hellerup, a small suburb
of Copenhagen. He was born in 1923 in
Odense (the city of the world famous writer
Hans Christian Andersen), where he was
educated as an electronics technician and
worked for Bang & Olufsen, a Danish com-

pany renowned for the innovative and har-
monious design of its hi-fi, TV and video
products.

After some years with Bang & Olufsen,
Poul Madsen acquired a small radio shop in
Odense, and when the above-mentioned de-
cision was made by parliament, which re-
sulted in legislation providing free hearing
instruments to all hard-of-hearing in Den-
mark, he was contacted by Doctor Ole
Bentzen, who wanted him to produce audio-
meters for the first Hearing Center to be set
up in Odense. A few years later, Ole
Bentzen established a second Hearing Cen-
ter in Aarhus, and Poul Madsen constructed
the audiometers for this center as well.

A COMPANY IS FORMED

All this work was done on a free-lance ba-
sis, and the success continued when Poul
Madsen was asked to build equipment for a
Hearing Center in Lund, Sweden. The pro-
duction of audiometers had by now become
a full-time job, and Madsen found it neces-
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sary to form a company and sell his radio
shop. His first company (called AMPLEX)
was founded in Odense in the late 1950s
and produced a clinical audiometer desig-
nated “OB 1” — the OB standing for Ole
Bentzen, who remained one of Poul Mad-
sen’s best friends.

In the late 1950s, a new hearing test in-
strument was invented by Doctor Otto
Metz. This unit was a mechanical device,
which could measure the acoustic imped-
ance of the ear, and the first experimental
instrument may still be seen in the Depart-
ment of Audiology at the University Hospi-
tal of Copenhagen.

Dr. K. Therkildsen of the University Hos-
pital of Copenhagen and Eng. Scott-Nielsen
of the Hearing Center in Copenhagen be-
lieved it might be possible to make such an
impedance tester with electronics — and they
contacted the small audiometer manufac-
turer Poul Madsen at his company
AMPLEX in Odense.

This all resulted in the company moving to
Copenhagen and being renamed Madsen
Electronics in 1960.

At this time, things started to move rapidly
and orders for audiometers came in from
many parts of the world. In the course of its
first year, Madsen Electronics introduced
both a small portable diagnostic audiometer
“TAN 60” and a new clinical audiometer
“OB 60”. The following year, 1961, saw
the introduction of the first commercially
available electronic impedance bridge, the
“ZO 617,

In the next two decades, Madsen Elec-
tronics expanded its product line to com-
prise other kinds of audiological test equip-
ment including ABR and ERA instrumenta-
tion and hearing instrument fitting and test
systems, but audiometers and impedance
bridges remained the company’s core busi-
ness.

The electronic audiometer became rapidly

accepted throughout the world as the natural
replacement for the tuning fork, giving much
more detailed and precise information about
the patient’s hearing loss.

However, the electro-acoustic impedance
bridge, which is now known to give addi-
tional and important information concerning
the function of the middle ear, was much
more difficult to introduce in most parts of
the world. In fact, the three inventors Poul
Madsen, Scott-Nielsen and K. Therkildsen,
on behalf of Madsen Electronics, spent
some 8-10 years travelling around the world
holding symposia on impedance in most
countries throughout Europe and the U.S.
until the impedance test principle was fi-
nally accepted in the late 1960s.

From the beginning, the greatest interest in
impedance instruments was in the U.S.,
which led to the establishment of Madsen
Electronics (Canada) Inc. devoted to the
production of all MADSEN impedance
bridges. The production of audiometers, and
later of ERA equipment and Hearing In-
strument Fitting and Test systems, remained
in Denmark, where close cooperation with
several leading scientists at hospitals in Co-
penhagen, Odense and Aarhus led to the de-
velopment of new and exciting audiological
products.

MADSEN LANDMARKS

Since the introduction of the first audiome-
ters and the invention of the impedance
bridge, Madsen Electronics has introduced
many exciting products to the market, in-
cluding new ideas and inventions never seen
before but later copied by many other
manufacturers, such as:

1972-74

The first commercially available ERA sys-
tem (ERA74), which included the world’s
first digital calibration memory; the idea of



“post-stimulus delays” for the elimination of
artifacts in ABR recordings; the data inter-
face communication port.

1981-82

The first computerized clinical audiometer
(OB802/822), including such exciting fea-
tures as: two-way data communication in-
terface, fully electronic attenuators, elec-
tronic calibration memory, electronic system
for interlocking stimulus and masking to en-
able synchronous masking in audiometry,
and “limited extended range” at certain fre-
quencies for patient safety.

1983-84

The first computerized impedance bridge
(ZO174), which was the first impedance
system using a video monitor for the display
of test results.

1985-86

The first menu-driven Insertion Gain
(REM) Test System (IGO 1000), which
was also the first multi-lingual system in-
cluding the following languages: English,
German, French, Italian, Spanish, Portu-
guese, Russian, Serbo-Croatic, Swedish,
Finnish and Danish.

1988-89

The first softkey-driven clinical/diagnostic
audiometer (Midimate 602/622) with user-
programmable tests, non-volatile calibration
memory (without battery back-up), fully
click-free attenuators, multi-lingual display
(English, German, French, Italian and
Spanish).

1989

AUDIOCOM,; the first commercially avail-
able audiological software program, with its
own database for audiometric and imped-
ance measurement data. Subsequently re-
placed (1990) by MateBasel.
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1992

Madsen audiometers and impedance bridges
feature “connectivity”, i.e., interface to PC
and other Madsen instruments for communi-
cating measurement data to audiological
software programs, or for print-out.

1993

Orbiter 922 clinical audiometer replaces the
best-selling OB 822 (over 4,000 units sold
world-wide). In addition to providing every
conceivable audiometric function, the Or-
biter features direct control of a conven-
tional CD player for presenting speech ma-
terials.

1993-1994

Introduction of the HI-PRO hardware in-
terface box — a successful attempt to get
manufacturers of hearing instruments to use
the same interface for their programming
software. Over 15,000 units sold to date
(1998).

1995

The Aurical, a PC-based, combined audio-
diagnostic and hearing instrument fit-
ting/testing system. This system incorpo-
rates the first commercial audiometer capa-
ble of SPL audiometry and auditory area
mapping by means of loudness scaling.

1995
Introduction of Voyager 522, featuring data
storage on a credit-card sized memory card.

Madsen Electronics has also contributed to
audiology by means of extensive educa-
tional programs during the past 30 years,
such as:

1960-70
Impedance Schools throughout the world.
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1974-84
ERA Schools throughout the world.

1986-89
Insertion Gain Schools throughout the U.S.

1993-95
Seminars in otoacoustic emissions (Europe/
U.S).

1995-
Seminars in loudness scaling and SPL audi-

ometry.

THE 1990s

The two Madsen companies in Denmark
and Canada merged in 1988 to increase
productivity and to reduce expenses, how-
ever, the Canadian firm proved not to be vi-
able and became a sales office for Madsen’s
operations in North America in 1990. Then,
in June 1990 Madsen Electronics, Denmark,
was purchased by GN Danavox, a leading
manufacturer of hearing instruments, and a
member of the Great Nordic group.

In April 1993, Madsen Electronics and
GN Danavox moved to new premises in
Taastrup, near Copenhagen, a move which
allowed the synergies between the two com-
panies to flourish. With the background of
GN Danavox’s active role in EHIMA (the
European Hearing Instrument Manufactur-
ers’ Association), the first mutual project
was the HI-PRO interface box. The HI-
PRO has gone on to become the industry
standard for communication between PC
and programmable hearing instruments.
Clearly the common ground between the
manufacturer of hearing instruments and the
manufacturer of audiological equipment lies
in the area of testing and fitting hearing in-
struments. Following the move to Taastrup
and the subsequent integration of various
functions, development of an innovative PC-

based testing and fitting system, the Aurical,
was commenced. This inter-company proj-
ect also embraced the two companies’ sub-
sidiaries in the U.S. (in 1992, the Toronto
sales office was closed down and operations
were moved to the premises of GN Danavox
Inc. in Minneapolis).

Launched first on the U.S. market in the
summer of 1995, and later in Europe, the
Aurical has proved a great success, and has
even been recommended by other hearing
instrument manufacturers as the system of
choice for testing, fitting and programming
their hearing instruments. The modular
Aurical platform has been designed with
subsequent software and hardware upgrades
in mind, upgrades which will not only im-
prove and update present capabilities, but
actually add to the system’s functions. Auri-
cal software runs under NOAH, the soft-
ware platform developed by HIMSA (a con-
sortium owned jointly by the 3 major Dan-
ish hearing instrument manufacturers, and
Phonak) for the purpose of allowing dis-
pensers to run different brands of hearing
instrument programming software at the
same time. This software platform dovetails
with the HI-PRO hardware interface box,
and reflects GN Danavox’s position as a
company with a firm belief in developing
industry standards for the benefit of the dis-
pensers and users of hearing instrument
technology.

By early 1998, the PC-based Aurical has
made Madsen the supplier of choice for a
growing number of hospitals, as well as
some of the world’s largest chains of hear-
ing aid dispensers, all of which network
their shops. Madsen firmly believes that the
future of audiology lies in computerised
technology integrated with office networks
and the Internet. We will continue to har-
ness the power of personal computers for
our future products, even as we explore new
ways of using this technology to improve



the precision and efficiency of modern audi-
ology.

APPENDIX

Below some examples of audiological tests
are given.

Evoked response audiometry

Evoked response audiometry (ERA) is used
to assess auditory sensitivity in difficult-to-
test populations, to detect neuropathologies
of the auditory system, and to monitor the
physiologic status of the auditory system
during surgery. ERA is a type of electro-
physiologic test. It makes use of the
physiological activity in nerves, muscles
and other biological tissues that gives rise to
electrical changes. These electrical changes,
or potentials, can be measured by means of
an electrode placed in proximity.

Evoked potentials occur in response to a
sensory stimulus, and can be extracted from
the ongoing physio-electrical activity.
Auditory evoked potentials are elicited by
sound stimuli, and arise from different loca-
tions in the auditory system. Fig. 1 sche-
matically illustrates the auditory pathway,
and the panels to the right show examples of
which auditory evoked potentials are asso-
ciated with the different structures in the
auditory system. The potentials shown in the
bottom two panels result from peripheral
(cochlea and auditory nerve) activity, and
occur within 10 ms of the presentation of
the stimulus. The middle panel shows po-
tentials that arise from brainstem activity,
which occur up to 15 ms post stimulus. Fi-
nally, the top two panels show potentials
which come from activity in the auditory
cortex.

In performing ERA, electrodes are placed
either in the region of the middle ear or ear
canal, or on the surface of the scalp, de-
pending on which part of the auditory sys-
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FIG. 1. Auditory evoked potentials.

tem is to be evaluated. Auditory stimuli
consisting typically of clicks, filtered clicks
or tone bursts are delivered via a shielded
transducer to the ear, and the signal picked
up by the electrodes is recorded during a
specific time epoch. The signal-to-noise ra-
tio is improved by means of differential re-
cording, filtering, artifact rejection and time
domain averaging.

Real ear measurement

The development and use of real ear meas-

urement (REM) has greatly advanced the

understanding of how the outer and middle
ear influence hearing instrument fitting, as
well as the impact individual differences in
these structures can have on hearing instru-
ment performance.

The term real ear measurement (REM)
refers to two types of measurement:

1. the change in behavioral thresholds
demonstrated when a hearing instru-
ment is worn (a psychoacoustic meas-
ure also known as functional gain), and
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FIG. 2. Real ear unaided response (REUR).

2. the determination of sound pressure
levels developed in the ear canal using
a probe tube microphone (a physical
measure).
The latter, also known as probe tube meas-
urements, are accomplished by placing a
narrow silicone tube, which is attached to a
microphone, in the ear canal in close prox-
imity to the eardrum. A known stimulus —
typically a swept pure tone or broad-band
noise signal — is presented in the free-field,
and the sound pressure levels near the ear-
drum are simultaneously recorded. The re-
sult of this measurement is called the real
ear unaided response (REUR), and demon-
strates how the outer ear serves to enhance
certain frequency regions. The setup and an
example of an REUR are illustrated in
Fig. 2.

This measurement is subsequently repeated
with a hearing instrument in place in the ear
canal. The resultant curve can be subtracted
from the unaided response to determine the
hearing instrument’s effective gain, or real
ear insertion gain (REIG). Fig. 3 shows the
setup for this type of measurement. The
bottom curve is the REUR, and the top
curve is a REIG showing the relative in-
crease in gain with a hearing instrument in
place.

Real Ear Gain
| |

The primary reason for carrying out REM
is that the performance of a hearing instru-
ment on a given ear is difficult to accurately
predict based on average data. Thus, REM
is helpful in verifying that a hearing instru-
ment fitting is appropriate for the individual.

Acoustic immittance

The eardrum and other middle ear structures
provide a degree of opposition to the flow of
acoustic energy through the system. This is
referred to as the acoustic impedance of the
middle ear. Conversely, the ease with which
acoustic energy flows through the system is
termed the acoustic admittance. Acoustic
immittance is the all-encompassing term
used to describe measures of middle ear im-
pedance or admittance.

Both the acoustic impedance and acoustic
admittance are governed by the mass, stiff-
ness, and frictional resistance of the system
and are influenced by frequency. Fig. 4 is a
diagram of an electroacoustic immittance
meter. A probe containing three tubes,
which are attached to a receiver, a miniature
microphone and an air pump are sealed in
the ear canal using a rubber cuff. The probe
is usually attached to one side of a headset,
with an ordinary earphone from an audio-
meter attached to the other side.
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FIG. 4. Diagram of an electroacoustic immittance meter.
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The receiver emits a probe tone of typi-
cally 220 Hz, and the voltage changes nec-
essary to maintain a constant sound pressure
level in the sealed ear canal are registered
during the various types of measurements.

In general, three types of acoustic immit-
tance measurements are performed:

1. static compliance, which indicates the
mobility of the eardrum

2. tympanometry, which is the mobility of
the eardrum as a function of pressure in
the sealed ear canal, and

3. acoustic reflex, which is a contraction
of the middle ear muscles in response to
intense sounds, and which has the effect
of increasing the impedance of the sys-
tem.

Acoustic immittance measurements have
become an indispensable diagnostic tool.
They provide the clinician with accurate,
objective information, which can be used to
determine the nature of the hearing loss, to
assess the integrity of the acoustic reflex
pathways in the lower brain stem, and to
help quantify the degree and slope of sen-
sorineural hearing loss.

Reference: Morrison P. The Madsen story. In:
The Danish Society for Biomedical Engineering,
ed. Aspects of biomedical engineering in Den-
mark. Copenhagen, 1998: 117-24.
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INTRODUCTION

Bang & Olufsen Technology a/s is a wholly
owned subsidiary of Bang & Olufsen
Holding a/s with the overall objective of
strengthening earnings through the devel-
opment of new business areas based on in-
house competencies in markets outside the
audio/video industry. When Bang & Oluf-
sen Technology was established in 1988 the
idea was to create a “nesting box” for new
independent business areas.

So far this has led to the establishment of
independent companies such as Ericsson
Diax a/s, Bang & Olufsen Telecom a/s and
Beologic a/s.

Very early on the Health Care market was
identified as an area of interest.

Following the establishment of Bang &
Olufsen Telecom and Beologic as independ-
ent companies, the Health Care business has
become the main activity of Bang & Oluf-
sen Technology.

Until recently Bang & Olufsen Technol-

ogy’s involvement with the Health Care
business has mainly been the manufacture
of durable injection pens for Novo Nordisk
A/S. The co-operation with Novo Nordisk
has over the years expanded to include
product engineering and manufacturing of
several products for Novo Nordisk. See
Fig. 1.

The platform which Bang & Olufsen
Technology has established during its co-
operation with Novo Nordisk has been the
starting point for a range of new activities
within the area of Drug Delivery Systems.
This platform is based on core skills such as
project handling according to EN 46 001
standards, from basic research through con-
cept development, product development and
production engineering to manufacturing.

As it can be seen from Fig. 2, Disease
Management is today a keyword for Bang
& Olufsen Technology and activities are
focused on developing and manufacturing
non-invasive diagnostic and monitoring
systems as well as advanced drug delivery
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FIG. 1. NovoPen® 1.5 manufactured by Bang &
Olufsen Technology for Novo Nordisk A/S.

systems. By combining these skills with the
skills of pharmaceutical companies, the idea
is that value can be added to existing drugs.
For the Home Care market, users of these
drugs can be provided with easy-to-use,
high quality monitoring- and drug delivery
systems.

As well as aiding users in the actual drug
intake, technology will also facilitate users
in managing the dosage and time for ad-
ministering the drugs. Telemedicine, de-
scribed later in this article, could also es-
tablish an improved means for communica-
tion between patient and doctor.

On the Doctor’s Office side, instruments
employing non-invasive diagnostic systems,
based on digital signal processing on acous-
tical, electrical and optical input, are also in
the mold. In the future these principles could
potentially be transferred to the patient’s
home.

Bang & Olufsen Technology aims at es-
tablishing strategic partnerships with a few,
highly regarded companies in the medical
market: the combination of Bang & Olufsen
Technology’s technological expertise with
strategic partners’ distribution networks,
sales and marketing force and knowledge of
the market, are considered a powerful
means of operating in the competitive
Health Care market.

Backed up by the distinct expertise of the
rest of The Bang & Olufsen Group, such as
simplified user interface and quality design,

DISEASE MANAGEMENT

Doctor's office

Home care

| Drug

ol A

il
TECHNOLOGY Bf5 _.

|
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Diaghostics  Monitoring,

Drug, delivery system

Fig. 2. An illustration of Bang & Olufsen Tech-
nology’s skills within Disease Management
(drug delivery systems, diagnostics, monitoring
and telecommunications).

Bang & Olufsen Technology a/s considers
itself a competent strategic partner within
the Health Care market.

In the following, Bang & Olufsen Tech-
nology activity areas within drug delivery
systems and non-invasive diagnostics/moni-
toring systems will be described further.
The focus will be on the research intensive
area of non-invasive technologies as well as
on the emerging activities within telemedi-
cine.

Drug delivery systems
As the demand for total Disease Manage-
ment grows the area of drug delivery sys-
tems, e.g., equipment for injection or inha-
lation of medicine, becomes increasingly
important for the pharmaceutical industry.

On the basis of many years’ experience
with precision mechanics and molded plas-
tics, Bang & Olufsen Technology’s opera-
tions within drug delivery systems were ini-
tiated in 1989 through the co-operation with
Novo Nordisk. This co-operation has led to
the establishment of a range of new activi-
ties, from basic research, concept develop-
ment and product engineering to manufac-
turing within this field.

The prevailing focus on Home Care and
Disease Management Systems gives rise to
a demand for simple, reliable and discreet



drug delivery systems, while the presence of
unpatented generic medicine from different
suppliers, and differentiation as to how
medicine is administered, has greatly sharp-
ened the competition.

Features which allow the users of drug de-
livery systems to monitor precisely the
number of doses remaining, the number of
doses taken, the day or time that the next
dose should be taken or statistics on the ac-
tual intake of medicine, are already in de-
mand.

These increasing demands on drug delivery
systems call for the implementation of ad-
vanced technologies such as the use of mi-
croelectronic control, data storage, visual
communication and telecommunication.
Miniaturization becomes essential in order
to maintain acceptable physical dimensions
for the drug delivery system.

Fig. 3 shows an example of how such fea-
tures could be implemented in a future drug
delivery system.

The necessary technical expertise, such as
miniaturization and cost optimized design
and production, required to realize these ad-
vanced delivery systems is often not avail-
able within pharmaceutical companies.
Bang & Olufsen Technology has therefore
focused on offering advanced turnkey tech-
nical solutions that incorporate these ad-
vanced technologies.

At present Bang & Olufsen Technology is
in the process of further developing its co-
operation with a number of pharmaceutical
companies.

Monitoring / diagnostics

Acoustics

Recent advances in non-invasive and inva-
sive cardiac imaging, along with the devel-
opment of color Doppler echocardiography,
provide the physician with an impressive
arsenal of instruments for the diagnosis of
cardiovascular diseases.
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Fig. 3. Schematic of a future drug delivery sys-
tem.

However, heart sounds and murmurs re-
main prime sources of essential information
in the discovery and evaluation of cardio-
vascular diseases in general practice.

With the French physician Lennec’s intro-
duction of the stethoscope in 1816, auscul-
tation grew into an art, providing the physi-
cian with valuable information about the
functioning of the heart in a more conven-
ient way. The stethoscope has scarcely been
changed in design or functionality since
1816, and today considerable experience is
still needed to perform a proper ausculta-
tion.

With this in mind, Bang & Olufsen Tech-
nology has developed VibroCard 2000, a
modern, portable heart sound analyzer de-
signed to facilitate auscultation by objecti-
fying and quantifying the interpretation of
the auscultation. See Fig. 4.

VibroCard 2000 is based on core expertise
within acoustics and digital signal process-
ing, and features simultaneous display of
sound wave patterns and ecg data, sound
analysis including display of total energy
distribution and sound windowing functions.
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Fig. 4. VibroCard 2000, a heart sound analyzer,
developed by Bang & Olufsen Technology.

VibroCard 2000 has formed the basis for a
general digital signal processor platform de-
signed for exploring new application areas
employing sound analysis.

The prime activity within biomedical
acoustics is basic research into the moni-
toring of the heart, heart valves, implants,
joints and muscles to detect changes or de-
velopments in the function of these parts.

A new project has recently been estab-
lished through the Center for Biomedical
Engineering at Aalborg University. The
project has been initiated by the National
Institute of Occupational Health and is con-
cerned with measuring and subsequently
analyzing acoustical properties of muscles
in order to detect muscle fatigue.

Electrocardiography
The analysis of Heart Rate Variability
(HRYV) data has been the object of great in-

terest for many years. This is because HRV
is influenced by the activity of the Autono-
mous Nervous System (ANS). By analyzing
the HRV data, the ANS activity, which has
been found to be descriptive of the wellbe-
ing of the heart, can be monitored. See Fig.
Sa and 5b.

Literature shows that HRV is a strong pre-
dictor of survival after an acute myocardial
infarction and is also usable for evaluation
of diabetic neuropathy.

A whole range of other applications is
presently being investigated by researchers
worldwide.

Based on the hardware platform of Vibro-
Card 2000, the analysis of ECG data has
been further developed into the area of HRV
through the development of ElectroCard
2000. ElectroCard 2000 is a portable, bat-
tery-powered, real-time HRV-analyzer,
suitable for short time HRV-analysis.

ElectroCard has been used for evaluation
of HRV data in several studies. Different
kinds of tests has been used to identify the
influence of stress and pain on the ANS.
Emotions, like depression, fear, anger and
joy, which are known to influence the ANS,
have been induced by hypnosis to investi-
gate the effect on HRV. In acupuncture
treatment, points related to sympathicus and
parasympathicus were stimulated, and HRV
has then been used to classify the effect of
this treatment by monitoring the change in
the low frequency and high frequency com-
ponent. A study on the effect of treatment of
depression has also been done.

All studies show significant and promising
results.

Currently, resources within this area are
focused on verifying application areas and
contacting potential strategic partners.

Optics
In relation to the development of minimal
and non-invasive diagnostic methods, opti-
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Fig. 5a and 5b. A scattergram is a visualization of the beat-to-beat variation of the heart. A normally
regulated heart is characterized by the shape of a baseball bat (Fig. 5a). Other shapes (Fig. 5b) sug-

gest abnormal regulation of the ANS.

cal principles are considered to be an area
of significant potential. This is due to the
ability of light to penetrate to considerable
depths in tissue without inconvenience to the
patient, and due to the fact that many pa-
rameters interact with light in a measurable
manner by affecting absorption, scattering,
refractive index and polarization.

Within the field of optics, the research at
Bang & Olufsen Technology has concen-
trated partly on non-invasive measurements
of glucose in tissue, and partly on the de-
termination of multiple parameters in whole
blood.

Both of these media scatter light which re-
sults in a complex propagation path. Efforts
have therefore been directed towards estab-
lishing and developing tools for simulation
of light propagation in models of real life
optical systems such as the structure of tis-
sue or an optical cuvette.

Tools for research measurements have also
been designed and constructed, including a
number of probes optimized for non-
invasive measurements on human tissue.

Light propagation is described using either
Monte Carlo simulation or diffusion theory.
These tools are used to analyze realistic
measurement geometrics, thereby enabling

the optimum design of an instrument for a
given application.

Fig. 6 shows a Monte Carlo simulation of
the light absorption in a 4-layer model of
human tissue. It is obvious that the wave-
length used in this simulation is primarily
absorbed in the capillary loops, due to the
high absorption of the hemoglobin in the
blood. Each layer in the model is specified
by its geometrical and optical data.

The simulation tools have been used in the
design of the probes that Bang & Olufsen
Technology uses in clinical studies, allow-
ing the optical front-end of the probes to be
designed for optimum data acquisition. Ef-
forts have been directed towards miniatur-
izing these probes by employing thickfilm
techniques and wire-bonding of optoelec-
tronic components such as LED’s and de-
tectors.

Current activities are aimed towards the
optimization of whole blood measurements.

Data analysis

When extracting clinical information from

raw measurement data based on acoustical,

electrical, optical or ECG input, advanced

data analysis is an essential discipline.
Analysis of biological systems is very of-
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Fig. 6. A Monte Carlo simulation of the light
absorption in a 4-layer model of human tissue.

ten complex, because observations are usu-
ally a result of several phenomena interact-
ing. For instance, when analyzing whole
blood, constituents in the blood have over-
lapping absorption spectra and some will
exhibit scattering. Another example is that
when characterizing murmurs and heart
sounds, it is imperative to listen at various
locations and to distinguish between special
temporal patterns.

To extract the clinical information from the
observed or measured data, multivariate
mathematical techniques must be employed
to extract the required signal from interfer-
ing information.

Basically, features are extracted from the
transducer signals using advanced signal
processing employing for example Fourier
and wavelet transforms. Models are built
based on these features using ordinary che-
mometric techniques such as partial least
square and principal component regression

Horme tesfing Dactor’s
Equipment office

Fig. 7. Schematic of a future telemedicine appli-
cation.

for linear systems. If necessary, non-linear
systems such as fuzzy techniques can be
applied. Further genetic algorithms are em-
ployed to optimize the models.

Telemedicine

The area of telemedicine is one of the fastest
growing segments within the health sector,
and as telemedicine applications are ex-
pected to be part of most medical devices in
the future, Bang & Olufsen Technology has
started researching this field.

Telemedicine is basically about transmit-
ting medical data from one place to another.
With the current trend towards Home Care
and Disease Management Systems, the need
for exchanging medical information be-
tween patient and hospital or between gen-
eral practitioner and hospital becomes in-
creasingly important. See Fig. 7.

Telemedicine is an extensive area which
requires the mastery of a range of different
technological disciplines such as knowledge
of PC technology (Internet access), digital
signal processing in telecommunications and
wireless applications.

These disciplines are in-house skills at-
tained through our close co-operation with
Bang & Olufsen Telecom, with their many
years of experience within both wireless and
plain old telephone systems (POTS) related
to the consumer end of telecommunications.



With this strong background, Bang &
Olufsen Technology is now intent on incor-
porating telemedicine technology in a medi-
cal device.

SUMMARY

Since the identification of the Health Care
market as an interesting business area in the
late 1980s, Bang & Olufsen Technology has
put great effort into attaining its present po-
sition as a competent strategic partner
within the Health Care Market.

Bang & Olufsen Technology sees itself as
a total supplier of basic research, concept
development, product development and pro-
duction engineering right through to manu-
facturing.

Based on technological skills within drug
delivery systems, acoustics, electronics, op-
tics, data analysis and telecommunications,
Bang & Olufsen Technology aims at enter-
ing strategic alliances with companies con-
cerned with drug delivery systems and non-
invasive medical devices.

So far, Bang & Olufsen Technology has
established strategic partnerships with sev-
eral world market leaders within its focus
areas.
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Reference: Zinck JP, Jensen HJ, Rasmussen
JK, Fabricius PE, Dalgaard T, Rasmussen KM,
Schilkowski G. Bang & Olufsen Technology a/s
— A new partner in Disease Management. In:
The Danish Society for Biomedical Engineering,
ed. Aspects of biomedical engineering in Den-
mark. Copenhagen, 1998: 125-31.
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25 years of RADIOMETER"™

blood gas analyzers

CARL C. HOLBEK

Radiometer Medical A/S, Copenhagen, Denmark

The 25 years in which the Danish Society for Biomedical Engineering has
existed have been characterized by an unprecedented growth in medical
technology. RADIOMETER has taken part in this process within the niche
of STAT (Short-Turn-Around-Time) analyses, i.e., analyses required for
patients in a critical state.

The development of RADIOMETER during these 25 years is illustrated by
comparing the vintage 1973 Acid Base Laboratory, ABL1™, with the 1998
analyzer, the ABL700. ABL1 was the world’s first fully microprocessor-
run blood gas analyzer, and thus fittingly marked the beginning of the era of
the Danish Society for Biomedical Engineering, and the ABL700 is the cur-
rent top analyzer. Some obvious differences between the two instruments
are the number of parameters measured as well as derived, the decreased
sample volume, and the vastly increased use of Information Technology for
a number of purposes. For some of these differences, the development and
the idea and research behind the product are discussed in more detail. In this
25-year period RADIOMETER has successfully competed internationally,
exporting 96% of its products to a large number of countries.

Key words: ABL; blood gas analysis; blood oximetry; electrolytes; glucose;
history; lactate; OSM; RADIOMETER; STAT analysis.

Carl C. Holbek, Ph.D., Radiometer Medical A/S, Akandevej 21, 2700
Brgnshgj, Denmark.

INTRODUCTION

Until 1973, analysis of pH and blood gases
(pCO2 and pO») was a manual process, re-
quiring highly trained laboratory techni-
cians. It was therefore typically carried out
in a centralized laboratory function often far

away from the clinical departments. From a
practical, clinical point of view this was less
than ideal: these particular parameters were
often needed within minutes to decide on a
possibly life-saving therapy to be initiated
or adjusted. On the technical front, attempts
had been made to produce analyzers, which
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FIG. 1. The Astrup Micro Equipment (AMEI)
for measurement of pH and pCO, was intro-
duced in 1959.

were suited for use outside the laboratory.
However, these met with limited practical
success because the basic complexity and
consequent need for technically trained per-
sonnel remained. Fig. 1 shows an example,
the AME1 Astrup Micro Equipment from
1959-60.

For RADIOMETER, the era can be illus-
trated by the development in the pH/blood
gas analyzers, leaving a discussion of other
areas such as the evolution of transcutane-
ous pO, and pCO; measurements, for the
future. The introduction of the world’s first
fully microprocessor run ‘Acid-Base Labo-
ratory’ ABL1, late 1973, marked the begin-
ning of a long process where microproces-
sors gradually took over more and more of
the technically demanding processes. Thus

the analyzers gradually became suited for
placement close to the patient. For the
ABLI itself, even though an operator with
no technical training but just a few minutes’
instructions could obtain accurate results,
the analyzer still required a high level of
technical training for daily maintenance and
quality control. The analyzer of today is
much more technologically advanced and
much simpler to use and service.

Being a part of this process of development
has been exciting and rewarding for
RADIOMETER. The process has been de-
manding and has brought about significant
changes in the company, just as it has in
hospitals. Part of the process and some of
these changes as seen from the vantage
point of RADIOMETER, will be described
in the next few pages.

Before 1973: History and status
RADIOMETER was founded in 1935 as an
electronics company with a ‘mission’ to
build analytical equipment for the growing
radio-industry, hence the name. After only
two years, RADIOMETER received an im-
portant request from Gotfred Haugaard
(1894-1969), one of the assistants to the
famous S.P.L. Sgrensen of the Carlsberg
Laboratory, to build a high-impedance volt-
meter for use with a glass electrode. Even
though the original request to build pH me-
ters was well within the scope of the elec-
tronics company, subsequent requests for
pH electrodes expanded the field into
chemistry. Over the next several years
RADIOMETER developed an expertise in
electrochemistry, not only in the theory of
the subject but also concerning the practical
problems of making pH electrodes in glass.
From then on, the combination of electro-
chemistry, electronics and mechanics
formed a second platform on which further
developments were based, in parallel with
the company’s original line.
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In 1954, the next crucial year in the for-
mation of RADIOMETER of today, elec-
trochemistry was still the junior brother,
seen from a commercial point of view. That
year, RADIOMETER was once more ap-
proached with a request for a specialized
equipment, this time by Poul Astrup, then
newly appointed head and later professor, of
the clinical chemistry laboratory at Rigs-
hospitalet, the main University Hospital in
Copenhagen. Like much of the world, Den-
mark had been hit hard by the polio epi-
demics, and the condition of patients was
difficult to explain from just pH and total
CO measurements. Astrup had a brilliant
idea of how to obtain the necessary infor-
mation, which required the construction of
an analyzer for the ‘Astrup’ equilibration
method. Fortunately for RADIOMETER,
we were the ones asked, and within a few
months the first device, named E50101 The
Astrup Apparatus, was delivered. For
RADIOMETER this was the first highly
significant step into the area of building
analyzers specifically for the medical field.
Within the following years the medical part
of the business grew by leaps and bounds.

1973

Characteristics of the market

The pH/blood gases belong to the STAT
(Short-Turn-Around-Time) parameters,
where the results are often needed within
minutes, rather than hours or days. The
majority of tests requested from the clinical
laboratory, however, are not urgently
needed. Hence, the work in the laboratory is
organized with other priorities, such as of-
fering a large variety of tests, a large sample
throughput, economic operation, and ade-
quate quality control. All of these require
fairly complex analyzers attended by highly
trained specialists. Rapid response to indi-
vidual tests, however, does not belong in the
mainstream of the laboratory operation,

even though some laboratories offer such
services.

The requirements of STAT analyzers dif-
fer significantly from those above as they
are geared for small sample throughputs.
They should be made for operators whose
main concern are the patients, not the tech-
nical details. Thus, the analyzer should al-
ways be ready for the single test, be simple
and reliable to use, and not require any ex-
tensive sample treatment prior to analysis,
ie., whole blood rather than serum or
plasma should be accepted. These require-
ments combined with the clinical imperative
for accurate blood gas analysis, defined by
the National Committee for Clinical and
Laboratory Standards (NCCLS), fitted well
with the RADIOMETER tradition of small
production series and good craftsmanship.
NCCLS states that “Blood gas and pH
analysis has more immediacy and potential
impact on the patient care than any other
laboratory determination. In blood gas and
pH analysis, an incorrect answer can often
be worse that no result at all” [1].

Obviously, such demands are reflected in
the construction of the analyzers.

Birth of the ABL

In 1973, the time was ripe for change, based
on the newly developed microprocessor
chip. The idea to use the microprocessor to
make blood gas analysis so simple that any-
body could be instructed in the use in just a
few minutes, had come up some years ear-
lier during a meeting between a research
and development team from RADIO-
METER, and Professor Ole Secher and Dr.
Erik Jacobsen from the Anesthesiology
Dept. at Rigshospitalet. The final concept of
the ABL1 may best be described by the very
simple, four point User Manual envisioned:

The operator should
1. open the inlet flap
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2. inject the blood sample

3. close the inlet flap
4. tear off the strip from the printer and
walk away with the results.

Fig. 2 shows the ABL1 (Acid Base Labo-
ratory) as it was introduced in December
1973 [2].

Measuring technology and parameters
The measuring chamber and the equilibra-
tion towers were all thermostatted at 37.0
°C. The measurement was automatic, in-
cluding a rinse. Once the sample had been
injected or aspirated into the analyzer pH
and pCO; were measured by potentiometric
electrodes, pO; by the amperometric elec-
trode described by Leland C. Clark jr., and
the concentration of hemoglobin (ctHb) by
measuring the absorbance at 506 nm on un-
hemolyzed blood. Hemoglobin was included
to allow calculation of various derived pa-
rameters, which require knowledge of the
hemoglobin concentration.

The microprocessor was used not only to
run the analyzer but also to calculate de-
rived parameters of interest in the clinical
interpretation of the results.

Calibration

Calibration was automatic on two buffers,
equilibrated inside the analyzer at 37 °C
with two internally produced gas mixtures
to known values of pCO; and pO.. As the
buffer systems were known, the pH was
also known as a function of the pCQO;. The
barometric pressure was measured to allow
for its effect on the partial pressures. The
gas mixtures were obtained by mixing
100% CO. in known proportions with at-
mospheric air. The mixing proportions were
determined by the lengths of two metal cap-
illary tubings, a principle patented some
years earlier by RADIOMETER. The use of
atmospheric air and 100% CO- rather than

FIG. 2. ABLI, the world’s first fully microproc-
essor run analyzer for measurement of pH, pCO>
and pO; was named Acid-Base Laboratory in
honour of Prof. Astrup.

ready-mixed gas mixtures had the important
advantage that pure COz (and air) were far
easier and less costly to obtain in most lo-
cations over the world than ready-mixed
gases.

The choice of calibrating the gas electrodes
on buffers with known gas tensions rather
than directly calibrating on the gas mixture,
was made to reduce errors in the pO> meas-
urements. Due to the fact that pO» elec-
trodes consume oxygen during measure-
ments, the results depend on whether the
sample is in the gas or liquid phase. This
difference is reflected in the gas/liquid ratio
which ranges from 1 to about 6%, making
measurements on liquids based on gas cali-
brations somewhat uncertain. In 1973 the
gas/liquid ratio varied from one electrode to
the next and changed with time for the indi-
vidual electrode, making corrections for the
gas/liquid ratio inaccurate.

Developments 1973 to 1998

The ABL1 was an undeniably success but
one that carried costs along with the more
obvious rewards.

Consequences of the success
The introduction of the ABL1 and its wide-
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spread use revealed a number of derived
needs:

1. Requests for performance specifica-
tions, raising the question as to how to
define and verify these.

- RADIOMETER established a refer-
ence system for pCO; and pO; using
bubble tonometers and whole human
blood, to determine the performance
specifications on one series of ten ana-
lyzers from a production series, and
verifying the specifications on another
series of ten. Even today, the specifica-
tions presented in RADIOMETER’s
user documentation is the most exten-
sive in the industry.

- RADIOMETER set up a pH Refer-
ence Laboratory with one of the few
operating Hydrogen electrode systems
in the world [3]. The Chemical Refer-
ence Laboratory’s Hydrogen Electrode
System is accredited by the Danish Ac-
creditation Scheme (DANAK) to cer-
tify primary buffer solutions.

- RADIOMETER has been active in a
number of international groups and
committees working to define various
reference systems, e.g., for pH, pCO»
and ionized calcium.

- reference methods for the blood gases
were internationally defined at a much
later date [4,5].

2. Requests for automatic monitoring of
the measuring quality.

- Today’s analyzers closely monitor all
essential functions.

3. Requests for quality control (QC) pro-
grams for the users.

- The first RADIOMETER QC system
for blood gas analyzers was introduced
1979. Over the years this has been ex-
panded, responding to the addition of
new parameters, the developments in
theoretically based use of QC (e.g. the

Westgard rules), and the increase in
data handling capabilities. Today
RADIOMETER has established a sys-
tem allowing the QC results from the
single analyzer to be compared to other
users’ analyzers (World Wide Data-
Check).

4. Requests for a large number of refine-

ments, including lower sample volume,
more parameters (measured and calcu-
lated), faster cycle time, and simpler
maintenance, especially of the elec-
trodes.
- Some of the more important RADIO-
METER developments are (1) intracu-
vette hemolyzation which allows ox-
imetry to be built into blood gas ana-
lyzers for a more complete description
of oxygen status in arterial blood and
(2) sensors for whole blood glucose and
lactate measurements with a lifetime of
one month and no interference from
most of the commonly seen interfering
substances.

The success of the ABL concept and the
efforts required to solve the technical prob-
lems and continue development left little
time for other product lines, a fact which
over time caused the original Radiometer
A/S (the parent company) to split up: one
part focussing on electronics, another on the
industrial analytical market, and a third,
Radiometer Medical A/S serving the medi-
cal market. This article deals solely with
Radiometer Medical A/S.

The 25-year period witnessed a continued
cooperation with distinguished scientists
and clinicians to develop top line analyzers.
This cooperation was facilitated by the
RADIOMETER tradition of good crafts-
manship emphasizing quality: the concept
had to be theoretically sound as well as
technically viable. As a consequence, on
several occasions RADIOMETER has not
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been the first to release, for example, new
sensors. On the other hand, when introduced
the sensors have been well received. Two
areas will be discussed in more detail: de-
velopment within the electrode area, and the
combination of oximetry and blood gas
analysis into one analyzer.

Electrode developments

In general electrodes were miniaturized to
allow for smaller samples, and many other
improvements were introduced, including
some that shortened the formerly tedious
and demanding process of replacing the
electrode membrane to a matter of seconds.
The production process and the construction
of the oxygen electrode were improved to
the extent that the gas/liquid ratio could be
accurately predicted. This allowed the sim-
pler gas calibrations to be introduced with
the ABL500 series (1989) without sacrific-
ing accuracy.

New electrodes were developed for various
electrolytes, such as potassium (needed in
connection with heart transplants), ionized
calcium (clinically more relevant than total
calcium), sodium (to a certain extent re-
quested by the market because sodium and
potassium had a history of being measured
in parallel, e.g., on the flame photometer),
and chloride (traditionally used with the
other electrolytes and bicarbonate to calcu-
late a derived parameter, the anion gap). In
the 1990s, a number of enzymatic elec-
trodes for glucose and later for lactate built
into blood gas analyzers were introduced on
the market. The lactate electrodes in par-
ticular, however, suffered from serious
drawbacks such as short lifetimes counted
in days or at the most a couple of weeks,
and interference caused by various sub-
stances, which often occurred in the blood
samples. In a concerted effort a group of
scientists at RADIOMETER has managed
to significantly improve on both counts, es-

pecially by improving the immobilization of
the enzyme and the membrane construction,
shown in Fig. 3.

FIG. 3. The numbered arrows illustrate the flow
of various sample components:

1. blood cells, 2. lactate, 3. interfering sub-
stances, 4. H2O.

The outer membrane turns back the red blood
cells, eliminating hematocrit as an interfering
substance. The dense inner membrane blocks
other types of potentially interfering substances
which would otherwise diffuse through to the
anode and there become oxidized. Thus, the
special construction of the membrane makes the
lactate measurement very robust.

Combination of oximetry and

blood gas analysis

With the advent of the oxygen electrode pO2
became the oxygen parameter of choice in
spite of obvious clinical shortcomings. pO2
which reflects the oxygen activity, does not
provide any information on the 99% of the
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oxygen which in normal arterial blood is
transported bound to hemoglobin. Accord-
ing to Siggaard-Andersen [6] a complete
description of the arterial oxygen status re-
quires information on oxygen concentration
(ctO2) and the relation between pO, and
ctO2, in addition to pOz. Thus measure-
ments of the concentration of hemoglobin
and other hemoglobin parameters are
needed. In practice, hemoglobin and its de-
rivatives are most easily measured by opti-
cal methods.

Optical methods

In the early 1960s, Siggaard-Andersen had
developed a simple photometer (OSMTMl)
with RADIOMETER using absorbance
spectrometry to measure hemoglobin and
oxygen saturation. Accuracy required the
blood to be hemolyzed before measurement,
i.e., the red blood cells should be ruptured to
provide an optically clear solution. At that
time blood was hemolyzed in a capillary
tube by freezing, before transfer to the
measuring cuvette in the analyzer. The
wavelengths were selected by filters.

In 1976 RADIOMETER introduced the
OSM2, an automated oximeter for measur-
ing hemoglobin and oxygen saturation[7].
One important novel feature was automatic
hemolyzation, which took place inside the
measuring cuvette by the application of ul-
trasound. This reduced the volume required
to just 25 pL of whole blood (and the result
was available in 25 seconds). Even though
the optical system had been improved com-
pared to OSM1, it was still based on two
wavelengths selected by filters. The small
volume, the speed, and the convenience of
automation made this instrument a favorite
in cardiac departments for more than a dec-
ade.

However, the market needed easy meas-
urement of the dyshemoglobins, carboxy-
hemoglobin and methemoglobin, which

were not available on the two wavelengths
analyzer, OSM2. Cooperation with Profes-
sor W.G. Zijlstra in Groningen, The Neth-
erlands, and Professor O. Siggaard-
Andersen, Chief Physician N. Fogh-
Andersen and P.D. Wimberley MD from
the Herlev University Hospital, led to the
introduction of OSM3 in 1985, a six-
wavelength oximeter using gratings instead
of filters to obtain the required wavelengths.
Other characteristics included: a sample
volume of 35 L, ctHb, sO;, FO.Hb,
FCOHb, and FMetHb as measured pa-
rameters, results available in 20 seconds,
and the suppression of interference from in-
tralipid and Sulfhemoglobin. Fetal hemo-
globin could be estimated.

OSM3 could be electronically coupled to
the ABL analyzers, allowing the calculation
(estimation) of p50, providing the position
of the oxygen dissociation curve (ODC) that
relates sOz to pO;, and thereby illustrates
the oxygen-hemoglobin affinity. However,
the accuracy of the calculation was not sat-
isfactory for high oxygen saturation values,
and was therefore not performed for these.

In 1984 Siggaard-Andersen described the
ODC by use of the hyperbolic tangent func-
tion, which provided a more accurate fit
between the mathematical curve and the ex-
perimental values, especially at high satura-
tion [8]. The increased computer power
available in the ABL500 Series (introduced
1989) was able to utilize this improved ac-
curacy to determine the ODC for high satu-
ration values as well. Then, the three pa-
rameters needed for complete description of
the arterial oxygen status (pOz, ctO2 and the
relationship between these two parameters)
were available from a single sample.

1998

Todays products

The latest generation of analyzers, the
ABL700, covers a lot more than just the
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FIG. 4. The ABL700, introduced in 1998, is
much more than a blood gas analyzer. The pa-
rameter panel includes hemoglobin derivatives,
electrolytes and metabolites. Furthermore, it has
additional space designated for future parame-
ters, pointing towards a long useful life of the
system.

blood gas parameters of 1973 (Fig. 4). It
utilizes the much increased power of the mi-
croprocessors to allow the laboratory com-
plete remote control of the analyzer, inde-
pendent of its place of use. Thus the accu-
racy and control expected by the biochem-
istry can be achieved even when the ana-
lyzer is used by personnel that are not tech-
nically trained. Some of the key character-
istics of the two generations of analyzers
are listed in Table L.

The emphasis on the combination of ox-
imetry parameters with the traditional blood
gas parameters is continued in the ABL700
series. The oximeter, now using 128 wave-
lengths, automatically suppresses interfer-
ence from substances such as fetal hemo-
globin, intralipid, bilirubin, and various col-
ored substances used for diagnostic pur-
poses. The accuracy and reliability of the
measured and derived parameters alike are
thus increased.

The products related to the RADIO-
METER STAT analyzers are all related via
the Patient Focus Circle (PFC), a concept
which stresses the interrelation between the
preanalytical, analytical and postanalytical
phases in the analytical process (Fig. 5).

Radiometer Medical A/S

Numbers and organization

In 1973 Radiometer A/S employed 873
people, all in Denmark. Sales and service
were handled via sole distributors. The
worldwide sales were 79 million DKK with
medical products estimated to contribute
less than 50% of this. 95% of the sales were
outside Denmark.

In 1998 Radiometer Medical A/S has more
than 1600 employees worldwide, with ap-
proximately 50% in Denmark. The sales
organization spans the globe with subsidi-

TABLE I. Characteristica of the first automated RADIOMETER blood gas analyzer, ABLI and the lat-

est, ABL700.
Characteristica ABLI1 ABL700
Introduced, year 1973 1998

Measured parameters

Sample volume, pL 500
No. of derived parameters 6

Time to result, sec 180
Computer processor 4004 (4 Bit)

Read out facilities

pH, pCOz, p02, (CtHb)

Diode display, printer

pH, pCO; pO,, ctHb, sO,  FCOHDb,
FMetHb, FHHb, FO,Hb, cNa', cK", cCa™,
cCl', ¢Glu, cLac

195

> 40

~ 60

386 + pentium

Color touch screen, printer, diskette, ringnet
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AnapyTichY

FIG. 5. The Patient Focus Circle™ (PFC) illus-
trates the interdependence between the various
phases and activities involved in STAT analy-
sis. The PFC serves to stress the points that
while the quality of the analyzer itself is impor-
tant it is by no means the only essential factor
determining the overall quality of the measure-
ment.

aries in some 10 countries and sole dis-
tributors covering the remainder. The an-
nual sales are more than 1.4 billion DDK,
still with more than 95% of the production
is sold outside Denmark and contributing
positively to the balance of payment and
employment in Denmark.

The birth and growth of RADIOMETER’s
medical involvement are difficult to imagine
without the close and fruitful cooperation
between leading scientists and RADIO-
METER. While this relationship has been
the sine qua non for Radiometer Medical
A/S it has at the same time served to high-
light the contributions of Danish scientists,
transforming their ideas to medical practice
all over the world and illustrating an effec-
tive symbiosis between industry and medi-
cal research.
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The Electromyograph -
a success in Danish industry

“From a biomedical engineering point of view the electromyography

is an exciting experience”

POUL BOELT"

Hvidovre Hospital, Biomedical and Engineering IT-Dept., Hvidovre, Denmark

The article describes DISA’s motives for starting development and produc-
tion of electromyographs and also describes how the technological develop-
ment within electronics during the last fifty years has had great influence
upon the generations of electromyographs that Danish industry has intro-

duced successfully worldwide.

Key words: Action potentials; averaging; concentric needle electrode; DISA;
electrolytical treatment; freqency range; multielectrode.

Poul Boelt, Hvidovre Hospital, Biomedical and Engineering IT-Dept.,
Kettegaard Allé 30, DK-2650 Hvidovre, Denmark.

One of the success stories in Danish bio-
medical engineering is the development
within the field of electromyography.

The Danish Industry Syndicate (DISA),
once known as the “rifle” syndicate (auto-
matic gun factory), intended by the end of
the 1940s to change their activities to a
more civil production. Thus DISA estab-
lished a special electronics laboratory.

Initially DISA started development and
production of electronic therapeutic stimu-
lators. After a successful introduction of
these stimulators, DISA settled a close co-
operation with professor in neurophysiol-

ogy, Fritz Buchthal, at the University Hos-
pital of Copenhagen. This close co-
operation resulted early in the 1950s that
DISA introduced the first commercial elec-
tromyograph in the world. Fig.1 shows
professor F. Buchthal standing by the pro-
totype of the above mentioned electromyo-
graph.

From a technological point of view the
system was at that time a unique equipment
within the biomedical engineering for re-
search purposes as well as for use within the
neurophysiological clinic.

The action potentials of the muscles and

'From 1965-82 leader of DISA's development department for medical equipment.
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FIG. 1. Fritz Buchthal, professor at the Institute
of neurophysiology, University of Copenhagen,
standing by the prototype of the electromyo-
graph.

FIG. 2. The simplest concentric needle electrode

with a diameter from 0.30-0.65 mm.

nerves should be recorded, and this task did
not only require the development of a new
electronic system, but also the development
of a wide range of electrodes from the sim-
plest concentric needle electrode with di-
ameters from 0.30-0.65 mm (Fig. 2) to the
most complex multielectrodes provided with
up to 16 leading-off surfaces arranged with
different distances in a thin slot in the can-

FIG. 3. The most complex multielectrode pro-
vided with up to 16 leading-off surfaces ar-
ranged with different distances in a thin slot in
the cannula tube with diameters from 0.6 — 1.6

mm.

nula tube with diameters from 0.6 — 1.6 mm
(Fig. 3). The requirements of the insulation
resistance between the respective leading-
off surfaces was more than 1,000 MQ!

Up till the middle of the 1960s an electro-
myograph was first of all used for research
purposes and for examination of the periph-
eral muscle system. Amplitudes of muscular
action potentials range from 50 pV to a few
mV peak-to-peak and with a frequency
range from 2 Hz to 10 kHz.

Vacuum tubes were the only items avail-
able for amplification, and the noise level of
the EMG amplifier had to be less than 5 pV
peak-peak with shorted input. It was hard to
fit.

The electromyograph was provided with 3
similar recording channels, and as monitor
they had to use three 1-inch cathode ray
tubes which were placed in a horizontal
line. As user you had no difficulty in com-
paring the noise level of the respective am-
plifiers. Therefore, in production more than
one hundred vacuum tubes were tested, just
to rend three tube pairs suitable for the dif-
ferential amplifier of the EMG pre-ampli-
fier.

Exact measurements of the duration of the
action potentials (5 to 20 msec) as well as
the number of phases (1-10) are important
information when diagnosing neurophysi-
ological diseases. Consequently these de-
tailed analyzes involved permanent record-
ing of the action potentials. When recording
other physiological signals (EEG, ECG and



The Electromyograph - a success in Danish industry 145

blood pressure), pen recorder systems could
be used, but when running EMG’s, you had
to develop a special recording system due to
the wide frequency range of the EMG. The
solution to this problem was to place an-
other three 1-inch cathode ray tubes next to
each other and let a paper film, 10 cm wide
and 10 m long, pass by. When exposed, the
paper film was lead into a big metal box,
and later it was sent to a darkroom for de-
velopment and drying. Not until finishing
the above process you were really sure that
the examination was successful!

The second generation of DISA’s EMG
was developed in the middle of the 1960s,
and I participated from the very start. For
me this was also the beginning of many
years’ excellent co-operation with professor
Buchthal. Every Thursday the professor
himself examined patients at the University
Hospital of Copenhagen, and I often had the
opportunity to attend these examinations. I
soon learned from the professor the impor-
tance of a detailed knowledge of working
methods in the clinic if you should develop
and design biomedical systems. As a bio-
medical engineer, you must have a thorough
knowledge of this if you shall co-operate
successfully with the clinicians.

In the EMG of the second generation the
most important news was the use of tran-
sistors in a large scale as well as the three
recording channels which could now be ob-
served below each other on a 17-inch
monitor. From a clinical point of view it
was certainly an improvement! Due to the
fact that the input impedance must be very
high (100 MQ), special vacuum tubes still
had to be used in the pre-amplifiers and the
“camera” using the 10 cm wide paper strip
was basically used unchanged in the new
model.

In the 1960s professor Buchthal also
started research in sensory neurography.
The amplitude of the potentials were here

between 2 to 3 decades lower than the mus-
cles potentials and the signals were often
below the noise level of the amplifier. The
sensitivity was increased through develop-
ment of a very special transformer which
had a turns ratio of 1:30. But as the elec-
trode impedance consequently was in-
creased by 30%, a new range of sensory nee-
dle electrodes had to be developed. These
were constructed of stainless steel, but as
even the slightest oxidation increased the
electrode impedance, the electrodes had to
undergo an electrolytical treatment before
use in order to ensure an impedance less
than 5 kQ, which was the condition for a
correct frequency range for the transformer
cobbled to the input of the EMG amplifier.
The electrolytical treatment consisted of
placing the electrode into a physiological
saline solution and allowing a current of 10
mA/mm’ to flow until a few bobbles rise.

Worldwide there was an increasing inter-
est for sensory neurography studies, so
within the biomedical engineering there was
an intensive development of equipment that
could improve the signal-to-noise ratio. One
of the solutions was the use of electronic
averaging.

Averaging serves to improve the signal-to-
noise ratio of the signals triggered by stim-
uli — synchronized to the memory circuit in
the averager. When averaging, the ampli-
tude of the signals increases linearly with
the number (n) which represents the number
of the evoked responses resulting from
summation of the responses, while the noise
amplitude increases by the square root of
this number — consequently the signal-to-
noise ratio is improved by the factor (Vn).

DISA also succeeded in developing the
sensory amplifier. It had a maximum sensi-
tivity of 0.5 pV/div and a special feature
called stimulus artifact compensation. With
this feature, in counter phase to the stimulus
artifact, it was possible to enter a signal so
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that the blocking problem from a stimulus
artifact in the sensory amplifier was reduced
considerably.

In DISA’s averager sold at the end of
the1960s, digital technology was used, and
at the same time the range of components
for the design of digital circuits exploded.

This saturated DISA’s third generation
EMG’s, The 1500 System. Digital tech-
nique was used in a large scale: 4-channel
monitor with a separate storage function on
4 traces, digital delay lines with variable
delay from 1 — 20 msec, two channel aver-
ager function, and the great news: the Disa-
graph.

This was a 4-channel recording system
with a frequency range of DC — 10 kHz!
With the background in the multielectrode
technology, a recording electrode was con-
structed with approximately 300 steel pins
placed in a row of 10 cm. The aim was that
a special film should pass by this multielec-
trode, constructed of a basis paper inked in
a black color liquid and coated with a thin
aluminum foil. Across a reference electrode
and the 300 steel pins, pulses were switched
(100 volts, 5 psec and 50 kHz). During this
process, the aluminum foil was burned away
when in contact with the active steel pins.
On-line EMG curves, expanded action po-
tentials as well as text could be recorded in
this system as required.

The 1500 System was in the early 1970s
marketed as the first digital EMG system in
the world!

From the beginning of the 1960s and the
next 10 years the EMG passed through
three major technological changes: transis-
tors, operational amplifiers and digital tech-
nique. The next big jump was the micro-
processor.

With this technology the door was opened
for new advanced features in the EMG, and
the software controlled electromyograph
was introduced as Neuromatic 2000. Auto-

matic programming of the EMG for specific
examinations, and on-line calculation was
carried out.

DISA changed their name to Dantec, and
they have succeeded in installing more and
more programs in the electromyograph
which is a great help for the increasing
number of clinical users.

The electromyographs from DISA (now
Dantec) has from the start of the fifties and
until today been the leader in the world
market. The reason for this success is a
close co-operation with the leading scien-
tists within the neurophysiology, beginning
with professor Fritz Buchthal. Further rea-
sons for the success is the fact that DISA
always has developed complete measuring
instruments, i.e., electrodes/transducer,
equipment for measurement and recording
as well as documentation including not only
users manual but also excellent application
papers.

This profile and product concept is also
characteristic for other Danish firms that
have succeeded in manufacturing medical
equipment.

The neurophysiology over the past 30
years has really undergone many changes!
As a medicoengineer who has followed the
changes within this area, I find especially
the neurophysiology very exciting, as it
makes the greatest demands concerning
physiological measurements!

Reference: Boelt P. The Electromyograph — a
success in Danish industry. In: The Danish So-
ciety for Biomedical Engineering, ed. Aspects of
biomedical engineering in Denmark. Copen-
hagen, 1998: 143-46.
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Efficient workflow management for
radiology

WERNER OFFENMULLER, NIKOLAS WIRSZ, ERWIN WIRSZ &
HELLMUT GNOYKE

Siemens Medical Engineering Group, 91052 Erlangen, Germany

The pre-requirements for instituting a comprehensive workflow management
in radiology are described. Besides the connectivity of systems and modali-
ties based on international standards, interoperability must be guaranteed.
The workflow will be explained using the example of the total radiological
process and in detail the radiological reporting process. In the second part,
practical solutions using SIENET"", Siemens PACS, are explained. Today’s
current RIS/PACS applications, the description of an optimal workflow
during softcopy reporting and solutions for image distribution are discussed.
The last chapter rounds off with an overview of routinely used integration
functions in SIENET installations.

Key words: DICOM; image distribution; integration; PACS; softcopy re-
porting; workflow management.

Contact address: Kim Heuschkel, Siemens Medico A/S, Borupvang 3,
2750 Ballerup, Denmark

Abbreviations:
SIENET: Siemens brandname for their MR: Magnetic Resonance
PACS product line PET: Positron Emission Tomography
PACS: Picture Archiving and Commu- NM: Nuclear Medicin
nication System US: Ultrasound
RIS: Radiological Information System MIP: Maximum Intensity Projection
DICOM: Digital Image Communication MPR: Multiplanar Reconstruction
(standard) HIS: Hospital Information System
CT: Computed Tomography HL7: Health level 7 (standard)
1. INTRODUCTION been an ongoing process worldwide during

the last 10-15 years. Denmark was one of

Digitalization of radiology departments has few countries in Europe where this process

! SIENET® is a trademark of Siemens AG, Erlangen, Germany.
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was started very early. In the late 1980s
three sites were planning total digital radi-
ology departments: Viborg Sygehus, Skejby
Sygehus, Bispebjerg Hospital. All three
sites started working with digital radiology
in the years 1991-92. Viborg and Skejby
are today two sites which work only on a
digital basis.

Today we have worldwide a situation
where a remarkable number of departments
and institutions have gone through this pro-
cess. Due to lack of finance the role of radi-
ology as a service department within health-
care has been subjected to considerable
change. An increase of efficiency in the
performance of many individual examina-
tions is needed. And this may not only be
achieved through digitalization alone, but
system integration in a much larger scale
than today is needed to achieve the new de-
mands for higher efficiency in a service de-
partment as radiology. However, the quality
of the medical results should be maintained
even if there is a tendency to reduce re-
sources. These problems can only be mas-
tered by applying new Information and
Communication Technologies. In this case
the successful integration of all information
systems and examination-related equipment
is a prime requirement.

This need for system integration has also
been considered at the two major Danish
sites, and Siemens has been developing and
working on even better solutions through the
last 5 years together with the hospitals.
Therefore some of the new possibilities de-
scribed in this article on workflow manage-
ment are also discussed and in the process
of getting more routinely used in the daily
praxis.

2. AUTOMATED WORKFLOW IN
RADIOLOGY

The most important aim in radiology is to

examine a given medical question effi-
ciently and rapidly, using to the full all
available resources and to transmit the re-
sult to the referring person. The co-
ordination of all the necessary actions, the
readiness of the doctors and paramedicals
concerned to cooperate and the availability
of relevant information greatly affect this
process. In conventionally run departments,
these necessary tasks are, by experience,
well distributed and their realization known.
When changing over departmental operation
to a primarily DP supported workflow, pro-
cesses must be re-thought and re-organized.
The better this is undertaken, the more the
efficiency of the department can be in-
creased subsequently.

2.1 Including and networking all systems

and modalities installed
The integration of all systems is the basis
for the establishment of an electronic
workflow. In today’s mainly heterogeneous
product landscape this should be based on
standards in order to safeguard the invest-
ment and to remain open for the future. For
this, DICOM offers an excellent basis to
connect systems to one another. The
DICOM standard covers all medical image
formats (e.g., CT, MR, CR, angiography,
radiofluoroscopy, PET, NM, US). In addi-
tion, network communications such as
SEND, RECEIVE, QUERY/RETRIEVE or
PRINT images are standardized, but also
further non-image related parts are incorpo-
rated. For example, worklists (between RIS
and modalities) or reports can be exchanged
with DICOM. Realizing a successful con-
nection (Plug) as well as performing data
transfer (Exchange) are a reality with
DICOM [1].

Certainly, the user primarily wants to use
the captured data to support his daily work
to the very best. This will then be possible
when the respective application functions
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can also receive and use all the data.
Interoperability, i.e., “the ability to ex-
change medical information which has
clinical utility on both sides of the connec-
tion” can not be automatically guaranteed
with DICOM. Therefore, individual cases
must be checked to see if it is possible to
process and manipulate the data received
(e.g., for 3D reconstruction, MIP, MPR, di-
agnosing, adequate identification of the data
for a patient folder).

Older generations of equipment can be
connected using special solutions for non-
DICOM compatible systems.

2.2 Acquisition and presentation of
workflows

The connection of two systems and, thus,

their functional integration, is an important

pre-requirement for complete integration

[2].
An understanding of the total workflow in
radiology to perform the diverse patient ex-
aminations is the center point of comprehen-
sive workflow management. For this, the
individual working steps must be analyzed
and described in order to illustrate the inter-
play of all the resources involved.
This is best done by workflow modelling
to
e systematically describe all tasks and
sub-processes

e record the information and results re-
sulting from the tasks

e record the person who performed the
task.

In the so-called process model, all radio-
logical main and partial tasks are presented
dynamically, where the tasks are linked with
the information, see Fig. 1. After this the
working processes can be transferred to in-
formation technology systems and related to
persons.

The acquisition and understanding of all

radiological processes before and after the
introduction of systems to automate the
workflow helps users during the change and
is the basis for future process optimization.

2.3 Control Information - Basis of
efficient workflow management

The complete working process is controlled

and monitored by some relevant basic in-

formation:

e subsequent process steps will be dic-
tated by the construction of flexible,
sortable workplace lists on RIS-PC’s,
modalities, workstations or viewing
stations

e after completion of individual work
processes the various status information
is collated throughout the system. This
gives the people involved the decision
base for the following work process.

Examples for control information are:

e from the point of view of the examina-
tion: “Exam requested”, “Exam sched-
uled”’, “Exam performed”, “Exam
quality checked”, “Exam read”, “Result
dictated”, “Result transcribed”, “Result
approved”, etc.

e from the point of view of the patient:
“Patient admitted”, “Patient arrived”,
“Patient examined”, “Patient left”,
“Patient discharged”, etc.

The more completely this information can
be exchanged between the systems involved
and made accessible, the more efficient is
the departmental operation.

3. EFFICIENT DATA AND WORKFLOW
MANAGEMENT BY SIENET®

Siemens as the world-wide leading PACS-
supplier offers networking and system inte-
gration expertise to enable intelligent con-
nections between RIS/HIS/workstations,
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FIG. 1. Radiological workflow with detailed reporting sub-process.

archives and modalities from different ven-
dors.

In the following sections some SIENET
examples of data and workflow solutions
are shown, these cover the areas
RIS/PACS-integration, optimized workflow
for softcopy reporting and intelligent image
and report distribution [3].

3.1 Integrating different radiology and
hospital information systems

The main functional emphases are on the bi-
directional exchange of text-related medical
data such as patient data, reports, worklists
and the control of important processes such
as prefetching of previous images and in-
formation about new examinations. Various
interface protocols based on DICOM, HL7

or project solutions are used to connect as
many RIS systems as possible, Fig.2.

3.2 Optimized workflow at the reporting
workstation

The layout of the workflow at reporting
workstations must meet the highest demands
in order to offer the doctor optimal working
conditions [4].

Reporting can be divided into three sub-
processes:

a) Preparations for reporting

Three solutions are available for preloading
old images:

Each RIS can actively trigger prefetch-
ing, i.e., preloading images from the
SIENET long-term store MagicStore to
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FIG. 2. Important RIS-SIENET connectivity applications.

the fast harddisk and further transmis-
sion to the reporting workstation.

If a new examination arrives at a
MagicView reporting workstation, pre-
vious examinations are automatically
requested. Rules for each preloading
event can be formulated depending on
modality type, organ or period of time.
MagicStore can also undertake pre-
fetching and autorouting according to
similar rules, after receiving a worklist
from RIS.

The report is made available through the
following steps:

Automatic preloading the report occurs
either automatically after receipt of new
images or when actively released by the
user

the related report is shown next to the
images if a study related identification
number is present on the images. If the
assignment is equivocal, then all the
patient’s reports are offered.

b) Softcopy reporting

e The user should only see those func-

tions which are required for reporting:
Doctor and examination dependent
MagicView Tool cards can be easily
generated, Fig. 3.

The really relevant information about
the examination should be shown on the
monitor: a user dependent construction
(what will be shown) and the flexible
sorting of the workplace lists (via vari-
ous criteria like modality type, organ
type, physician, disciplines or location)
are the basis for this. Over and above
this, local worklists (workstation de-
pendent) or shared worklists (location
independent) can be configured.
Automatic arrangement of image series
on the monitor: monitor division is
automatic depending on type of modal-
ity and number of examinations to be
opened.

Combination of individual, repetitive
operating steps: compilation of macros
from all functions available produces
enormous time savings.

Other doctors are informed about the
reporting status when selecting the re-
port status of the study (e.g., new, pre-
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FI1G. 3. Flexible structure of toolcards.

pared, reported, signed off, tran-
scribed).

¢) Report postprocessing

Examinations from the MagicView can
be distributed to any destination de-
pending on  configurable rules:
MagicView can send images automati-
cally depending on the ward informa-
tion from RIS. In addition, the data flow
can be controlled automatically in com-
pressed/uncompressed form, depending
on the examination status (e.g., study
new, prepared, reported, signed off,
transcribed).

The SIENET multimedia report pro-
vides quick and complete radiological
information to clinical areas. For fast
report transmission, it combines im-
ages, written text and digital voice re-
cordings with dynamic annotations.

3.3 Optimized data and workflow for

image distribution

The radiological results should be sent back
to the referrer as soon as possible after

completion of the examination or report.
Various possibilities for efficient image
distribution are available:

e SIENET MagicServe is an intelligent
distribution service in and outside the
hospital. Depending on the respective
modality type or selected organ, com-
pressed or uncompressed images can be
routed to many working places with
DICOM-receive capabilities. Every
source of images can call on this serv-
ice.

e Constructing ward servers allows the
results produced daily to be exchanged
between the reporting workstations and
the clinics and or referrers.

e The RIS can also initiate prefetching
and autoroute images to the viewing
consoles, Fig. 4.

4. EXPERIENCE GAINED FROM
SIENET INSTALLATIONS

- SIENET has been in successful clinical op-

eration, world-wide for several years. The
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Integration Functions ... ———
Softcopy Reporting 100% / 100%
Worklists (RIS-Modality-Interface) 88% / 92%

Display of Reports on MagicView

DICOM-based Integration .
Image Distribution > 29% 1 62%

Prefetching and Autoroute 18% / 85%

Percentages based on 30 out of 250 major SIENET
installations

FIG. 5. Usage of important SIENET workflow-related functions.

technological requirements exist to ade- projects as to the extent of the integration of
quately fulfil the demands of radiology. The important functions.

wish for the increased integration of various
systems can be seen from the continuously
increasing number of projects. Fig. 5 sheds
light on selected SIENET installations or The basis for the workflow is the total inte-

5. CONCLUSION



154 Werner Offenmiiller, Nikolas Wirsz, Erwin Wirsz & Hellmut Gnoyke

gration of all systems. DICOM and other

standards supply a good foundation for this,
however, interoperability has to be im-
proved. SIENET offers various solutions for
optimal dataflow and workflow which can
be routinely applied in many departments
today. The efficiency of all radiological
processes can be greatly increased by the
consequent analysis and conversion of the
workflow.
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- specialists in Electrodiagnostics

The legendary Nicolet Viking provides full
capabilities in EMG and Evoked Potential
testing, with unparalleled features for intra-
operative monitoring. High performance and
unmatched advantages have made the Nicolet
Viking a consistent leader among -electro-
physiological systems.

Nicolet offers a large range of products for the
electrodiagnostic area: EMG, ENG, and
Evoked Potentials testing, Digital EEG and
video, and Transcranial Doppler.

Judex is your Nicolet representative in Norway,
Sweden and Denmark.

To complement the high performance products
offered by Nicolet, Judex offers a full line of
quality electrodes and supplies.

The Magstim Company is manufacturing a large range of Magstim® magnetic
stimulators and Neurosign® intra-operative motor nerve monitors. Judex is your
Magstim representative in Norway, Sweden and Denmark.

Ellipse urodynamic workstation and AUDACT urodynamic evaluation software are
manufactured by Andromeda. Judex is your Andromeda representative in Sweden
and Denmark.

Judex is manufacturing two systems for analysis of
sleep and sleep-related respiratory disorders:
Nightingale and RespTrace. RespTrace is a
dedicated, one patient system, fully equipped with (
amplifiers, oxymeter and software for sleep and

apnea analysis. The Nightingale is a modular system IGHTINGALE
which can be configured after yourneeds: 1, 2,0r4 I
patients simultaneously recording, sleep and apnea analysis, video registration, EEG
spectral analysis, etc. Nightingale and RespTrace are sold world-wide through
representatives.

Special solutions in electrodiagnostics or in the area of medical information
technology are developed by Judex on request.

More information is available at our Homepage: http:\\'www.judex.dk or contact the

sales department: sales@judex.dk.
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Global Safety
Certification

B DEMKO performs safety type-testing of
electrical medical products to both the EMC
Directive and the Medical Device Directive

B DEMKO can participate in product
development to secure fast marketing

B DEMKO and UL provide fastest access to
global markets

B DEMKO is a founding board-member of DGM
which is the Notified Body for the Medical
Device Directive in Denmark and DEMKO can
prepare products for approval with the DGM

©® DEMKO

A subsidiary of
Underwriters Laboratories Inc®

Postbox 514 - Lyskar 8 - DK-2730 Herlev
Tel. +45 44 85 65 65 - Fax +45 44 85 65 00 - E-mail: demko@demko.dk - Homepage: www.demko.dk

ISBN 87-987005-0-2



	side 1
	side 2
	SERVER-C1070072 rettet
	Næstsideste
	sidste



