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Summary

The physician's duty and purpose is to provide patients with successful therapy. Biomedical engineering supports
the physician in this mission by developing diagnostic and therapeutic tools that the physician can usein hisor her
practice. In order to continually improve the physician's means of ensuring the patient's wellbeing, it is funda-
mentally necessary to make steady progress in both medical therapy and the toolsthat it uses. Thisarticle attempts
to better illuminate the ways and means by which this progress can be actively pursued. Progressis achieved in a
number of ways, and its character can range from the occurrence of a spectacular event to the modest collection
of detailed information. Thus, many different methods can be followed, each with its own characteristic strengths
and weaknesses, and these methods are complementary to each other. However, all knowledge, which ultimately
formsthe basis for any progress, is dependent on categories of superordinate nature. In order to provide examples,
the article will include discussions on applicability of methods, the framework of observation determined by the
selection of terms and concepts, the significance of results, and time considerations. Communication between all
parties involved has continually shown itself to be of central importance, and is beneficial in a number of ways. In
particular, the extremely interdisciplinary zone at the intersection of clinical therapy, medical research, and med-
ical technology places high demands on communication among all parties. However, these diverse points of view
on the shared problem also offer new chances to understand its nature. When everything is viewed as a whole, the
available information can be used more completely, and thus more responsibly, in order to accomplish the shared
goal of developing a more successful therapy.
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Introduction

Successful treatment of patients is dependent on the
expertise and the skills of the physician. Compared to
earlier times, the abilities of the physician have been
greatly expanded due to our ever-increasing insight
into the pathophysiology of diseases, and due to the
support provided by increasingly elaborate diagnostic
and therapeutic devices. However, each successful step
in this development always reveals new challenges,
which become apparent only due to the new situations
and perspectives brought about by previous successes,
and which must now be contended with. Continuously
assuring the wellbeing of the patient by the best means

possible requires steady progress in the physician's
knowledge and experience, in medical diagnostics and
therapy, and in the tools that are used.

Among the indicators for medical progress are certain-
ly criterialike morbidity, mortality, incidence and pre-
valence of diseases, as well as the patient's quality of
life. Based on the genera goal of providing the best
possible therapy for a patient's disease, progress should
be defined as every insight that contributes to an
improvement in the success of therapy. This may take
the form of a purely empirical rule that has proven
itself in clinical practice. This definition of progress
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also includes the recognition of the relationships that
lie behind these rules, so that their limits can be better
defined or even expanded. Findly, this definition like-
wise includes functional or adaptive improvements in
the capabilities of the diagnostic and therapeutic tools
that biomedical engineering makes available to the
physician.

Progressin biomedical engineering is apart of medical
progress, and as such it is also inextricably linked with
the requirements of clinical practice regarding the
tasks that must be fulfilled and the methods and crite-
ria for evaluation. The question of what ways and
means are necessary to achieve progress in biomedical
engineering can thus only be asked within the context
of the larger question regarding medical progress in
general. In both cases, "How can we make progress?”
means the same thing as "How can we learn more?"
The means by which progress can be pursued in the
field intersecting clinical therapy, medical research,
and medical engineering is the subject of this article.
In accordance with the main focus of this issue of
"Progress in Biomedical Research”, the examples used
are predominantly taken from the field of intervention-
al cardiology, but this should not in any way limit the
applicability of the considerations made here.

Waysto Progress

Medical Milestones

Events that are commonly recognized as milestonesin

medical progress can certainly offer an initial aid to

orientation in the search for ways to achieve progress.

Thelist below, which was chosen subjectively, offersa

few possibly enlightening and inspirational examples

from medical history:
The introduction of the smallpox vaccine by Edward
Jenner in 1796. From empirical observations, Jenner
discovered arelationship between previous surviva of
cowpox and an immunity against smallpox; he then
saw the possibility of immunization against smallpox
by means of intentional infection with cowpox [1].

- Thefirst heart catheterization by Werner Forssmann
in 1929. Forssmann's confidence in his ideas that
vascular catheters would be ideal for access to the
heart was so strong that he experimented on himself
to demonstrate the method [2].

- Theintroduction of coronary angiography by Mason
Sones in 1958. Having unintentionally delivered a
contrast-medium bolusinto the right coronary artery

of a patient during aortographic examination, Sones
recognized the potential of this type of procedurein
the depiction of vessels[3].

- The introduction of coronary angioplasty by
Andreas Grintzig in 1977. While peripheral angio-
plasties had aready been successfully performed
using catheters with fixed diameters (as per Dotter)
since the 1960s, and the idea of cardiovascular bal -
loon dilatation already been proposed (Porstmann),
Grintzig concentrated his energies on finding an
appropriate technological implementation for the
balloon catheter that, while maintaining a given
maximum diameter, could deliver the high pressure
necessary for dilatation, and continued to develop
this technology further until it could be applied in
the coronary vessel system [4].

These examples illustrate how diverse the origins of
progress can be. Inthefirst caseit was—in modern lan-
guage — an inductive conclusion drawn from purely
descriptive statistics, while the second example was
essentially a deductive trandation from known princi-
ples into a new field of application. Aside from this,
coincidences, accidents, or even setbacks can lead to
new and unexpected better methods, aslong asthe sig-
nificance beyond the current caseiskept in view which
may be used to show the way to new positive applica-
tion. The example of Grintzig shows the decisive
importance of interdisciplinary research and communi-
cation in attaining progress, especialy in medical engi-
neering: It took the formulation of the medical task, the
proposal of a material by a chemist, and the appropri-
ate technological realization in order to engineer a bal-
loon catheter that was applicablein practice and thusto
allow theidea of percutaneous coronary angioplasty to
become aredlity; the catheter then entered into compe-
tition with other therapies, and is still proving itself to
be a successful therapy today. It isthus worth the effort
to also stay aware of activity at the borders of one's
own field. Communication, especially interdisciplinary
communication, is beneficial in multiple respects,
becauseit leadsto clarification of the conceptsin one's
own field, and can (through conversation and coopera-
tion with a partner) lead to completely new perspec-
tives. Patience, careful observation and interpretation,
an active vision toward the future, courage, endurance,
and often also the necessary hit of luck — these are the
characteristics that characterize many of the unique
individuals that contributed to the milestones listed
above, and to other similar milestones.
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However, progress does not occur only in individua,
spectacular steps, but also in conjunction with many
individual, often inconspicuous contributions of
detailed information, which continually add to the state
of knowledge, and even gradually change existing con-
ceptions. This process involves diverse approaches,
which we categorize roughly using the key words "syn-
thetic", "descriptive", and "analytic", and which we will
characterize more completely in the following sections.

"Synthetic" approach

Typical examples of this approach are laboratory tests
using cell cultures that are performed under well-
defined conditions with targeted variations of isolated
parameters. Analogous to an experiment in the inani-
mate physical sciences, one begins with building
blocks that are each well defined and have widely
known characteristics, and then combines these to
make a model of a certain aspect of an organism. The
objects of study are the known or suspected active in
vivo mechanisms, control systems, reaction paths, etc.
that are affected by a therapy. On the basis of a com-
plete-as-possible understanding of the relevant pro-
cesses and relationships, therapeutic interventions can
then be developed and molded so that the expected
changes are as beneficia as possible. The insights
gained here are then proposed for application in vivo.
An example of successful progress in vascular interven-
tion that was achieved using this approach is the devel-
opment of ahemocompatible silicon-carbide coating for
stents[5]. Here, physical tests of the influence of foreign
bodies (implants) on blood clotting had shown that even
a the precelular level (blood plasma), an eectronic
mechanism existed that could trigger blood clotting.
More detailed research revealed that this mechanism
congists in an eectron transfer from fibrinogen mole-
culesto the metallic implant, by means of which thefib-
rinogen — as otherwise occurs only through the coagula-
tion cascade — transforms into fibrin and coagulates.
Oncethis process was explained, away to prevent it was
immediately apparent, namely through the application
of a semi-conducting coating that, because of its elec-
tronic bandgap, cannot accept an electron offered by the
protein. Stents with a semiconducting aSiC:H coating
actually show no clotting activation in blood plasmain
vitro, and show much less activation in full blood than
do uncoated stedl stents [6]. In the meantime, &SIC:H-
coated stents have also proven themselves many times
over inclinical application [7-9].

Advantages of this bottom-up approach are that it
allows relationships and causal mechanisms to be iso-
lated and — at least in principle — explained in detail.
There are no ethical limitations on the parameters or
processes to be tested. On the other hand, the main
problem of this approach is the question of whether it
can be trandlated to the entire system in vivo; in other
words, the question of how good the model is. By def-
inition, amodel cannot include all physiologically rel-
evant effects and control systems, and thusin vitro one
must always be prepared for the fact that compensato-
ry or amplifying effects may not have been not consid-
ered. An extreme example of this (one that has been
used positively in clinical diagnostics for quite some
time) is the reaction of smooth muscle cells (SMC) to
acetylcholine (ACh). ACh causes a strong reaction
upon coming into direct contact with SMC; however, if
the SMC are covered by a layer of endothelia cells,
ACh has a relaxing effect [10,11]. In this example, it
would be possible, in principle, to better approximate a
real cell wall by augmenting the model, but even if a
complete piece of an artery were used, the nerval and
humoral (endocrine) interactions would still be lack-
ing, as would be the characteristic mechanical stimuli.
In addition, as the number of model components
increases, so too do the degrees of freedom in their
mutual interplay, so that the model becomes less com-
prehensible, and thus less able to provide insights.
Since even individual cells can react to stimuli both
linearly (e.g., adaptive hypertrophy) and nonlinearly
(e.g., thresholds), even an agglomeration of cells can-
not be described simply as the sum or product of its
constituents. On the other hand, there are also collec-
tive phenomena — such as rotors in excitation propaga-
tion on the cardiac muscle — for which a sufficiently
large agglomeration of cells must be present to form
the necessary substrate for its existence, such that this
type of phenomenon can never be studied in "small”
cell cultures. The situation becomes even more com-
plicated dueto the fact that, asarule, questions of ther-
apeutical interest are concerned not with physiological
but with pathological conditions of the organism which
may be highly individual in nature.

Overal, the "synthetic" approach offers the possibility
of obtaining a detailed picture of individual causa
chains that are active in vivo; however, only under cer-
tain conditions is it suitable for estimating the relative
significance of these effects for the entire system in
vivo.
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"Descriptive" Approach

In this section, we wish to describe attempts to obtain
information about, for example, the effectiveness of an
applied therapy, that are based on observations in
patients. Since the purpose and measure of atherapy is
the successful treatment of a patient, the patient is ulti-
mately the only "sufficiently complete model system”
for atest. However, there are complications both regar-
ding the method of description, since a complete
organism is far too complicated to describe as a whole
(see above), and regarding the performance of the test,
since the patient, as a human being, cannot be subject-
ed to any number and kind of tests that one desires.
The description starts from the (essentialy tautologi-
cal) statement that there is variation between individu-
als. Also, each individual is an open and changeable
system, so that individual observations are only condi-
tionally transferable both between individuals and
between different times for the same individua. The
reasons for these differences may include genetic pre-
disposition, environmental conditions (nutrition, sleep,
stress), or life history (previous diseases, immuniza-
tion, obesity); it should also not be assumed that all rel-
evant influences are known in their effects and their
relative importance to each other. Each individual case
istherefore dependent on a number of partly unknown,
partly indeterminable factors.

On the other hand, there are also great similarities
which can be found on the cellular and organizational
level throughout all animals, and all the more within
single species. Biology shows that many of the ele-
mentary processes (which are understood increasingly
better, or at least to more detail) operate in much the
same way for different individuals. With this in view,
it would be a reasonable approach to consider the
existing similarities to be "standard behavior" with a
certain "distribution” contributed to by the incidental
or unknown systematic influences. If one considers
this (subjective or objective) lack of knowledge as sta-
tistical uncertainty, one can apply statistical methods to
come to (probability-) statements about a"standard” or
"expected" behavior and a "dispersion spread”. This
stochastic description does not primarily serve toward
the modeling of chance or randomness, but rather
toward the modeling of complexity. The many influ-
encing factors that were not or could not be recorded,
whether they be systematic or incidental in nature, are
thus — with remarkable success — regarded to be essen-
tially stochastic.

A characteristic procedure for this approach is to per-
form studies with a large number of patients. For this,
it is necessary to classify the patients according to var-
ious categories; the results that are achieved can then
be used to characterize (with a certain probability) all
patients of the same "type". For such probabilistic con-
clusions based on the epistemological "method of sim-
ilarity”, there is generaly some kind of "uncertainty
relation” between the trandatability of statements and
their certainty or predictive ability. For example, pre-
dictions regarding life expectancy that are only deter-
mined for the collective type "human" have wide valid-
ity, but due to the high variability only low quantitative
certainty or predictive ability can be attained. How-
ever, if thistypeis limited to a small, very rigorously
classified group, a much more precise conclusion is
possible, but this is hardly relevant anymore for any-
one outside of this group. To strike a balance between
these extremes, a classification into a few general risk
characteristics is used in order to attain a certain level
of external applicability with middling predictive abil -
ity. Classification, however, always means a certain
loss of information, since observations made on
patients are not assigned to the risk combination con-
cretely present in that patient, but rather to the risk pro-
filefor the group. The principle of classification isboth
the strength and weakness of this approach, since it
allows the results to be externally applicable, but also
leads to aloss of information in the individual case.

The greatest strength of this approach is that it allows
to take advantage of the powerful, largely perfected
tool of mathematical statistics. This makes available a
formalized procedure that can use the recorded data
not only to answer a specific question, but also to eval -
uate the certainty of this answer (up to the point of un-
decidability). The formalism necessarily aways leads
toasingleresult, so that it seemsto provide a"default”
path for further insight in cases of doubt; "if in doubt,
randomize" is the advice that Grintzig often offered
[3]. However, even a carefully randomized study is of
only limited value in the population beyond the ran-
domized group. Also, for ethical reasons, not al inter-
esting questions can be answered in thisway. The eth-
ical responsibility that hasincreased significantly since
Jenner'stime is currently expressed by the Declaration
of Helsinki, which the scientific community is obligat-
ed to uphold [12]. This can, for example, require that
more than one parameter be varied between different
therapy groups in a study in order to ensure the best-
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possible care, even when this makes the evaluation of
the results more difficult. In extreme cases, in the inter-
ests of the patients, it may also be necessary to termi-
nate an ongoing study even before the question that
was posed could be answered.

The formal procedurein studies carries with it an addi-
tional special characteristic; it allowsthe study plan for
agiven point of inquiry to be tailored regarding classi-
fication and scope so that the question can be resolved
to a certain degree of prospective significance. Thisis
of extreme practical importance, since it makes the
required expenditure possible to predict, and allows
responsible procedures in recruiting patients. On the
other hand, such studies are no longer "open-result” in
the sense that an answer to the question outside the pre-
determined horizon of inquiry could be found; the
results could not serve toward gaining qualitatively
new information. However, this concept is very suit-
able for estimating the practical relevance of known or
suspected correlations (even quantitatively). In this
regard, the "descriptive" and the above-described "syn-
thetic" approaches are complementary to each other.

"Analytic" Approach

In the effort to achieve medicine's goal of improving
therapy, there is another helpful approach which starts
searching for areas of improvement from the cases in
which previous therapy has not achieved the desired
success. The main idea is to use detailed analysis of
these cases to reveal the processes that may be corre-
lated with this failure, or even to explain individual
mechanisms that were responsible for the (total or par-
tial) failure of the best available therapies. Based on a
deeper understanding of the relationships involved, it
is then possible to submit these obvioudy insufficient
therapies with appropriate expansion, adaptation, or
modification.

Useful contributions are offered primarily by pathol og-
ic studies during dissections or aso tissue samples
resulting, e.g., from atherectomies or bypass opera-
tions. Regardless of their potentially great significance,
pathological analyses of human coronary arteries, for
example, occur very rarely in the clinical literature
[13,14]. Even when the number of reported cases is
small and the results are "unspectacular”, since they
usually confirm mechanisms that were suspected due
to insights from animal models, this type of confirma-
tion aloneis already one further step of insight that has
not been there before. Moreover, in contrast to the arti-

ficidly created stenoses in animal models, the analysis
here is based on typical stenosis formations with "nat-
ural" pathogenesis and the environment of a human
organism, so that in addition to showing the limits of
the animal model (e.g., time scales), new insights into
the relevant relationships can also be gained.
Likewise, expanded in vivo diagnostics too can make
essential contributions toward explaining pathological
mechanisms, as shown by the example of an examina-
tion of typical restenosis mechanisms for patients with
and without a history of diabetes who underwent inter-
ventional treatment [15]. Here, an IVUS analysis of the
wall structure of a restenotic lesion helped find two
different active mechanisms (intimal proliferation and
arterial remodeling) that were dominant in the different
patient groups, but which led to the same angiograph-
ic findings. On the basis of this type of observation,
therapy that is better adapted to these individual sub-
groups can now be developed instead of searching for
"the" therapy for treating restenosis, which under such
circumstances may not even exist.

The largest advantage of this type of "analysis' liesin
the fact that it provides, in principle, a view into the
causal chainsthat are actually relevant to the success as
well as to the failure of the "best available therapy",
and also allows one to assess the mutual importance of
these factors. In this way, even the dill-remaining
weak points in an aready mature therapy could be
improved in atargeted fashion. Especially with respect
to implants such as stents, one can not only establish
relationships between the implant and the organism
response, but also further explore the type of interac-
tion involved (e.g., predominantly chemical or
mechanical), so that criteriafor technological improve-
ments can already be formulated in the language of the
technology. The primary disadvantage of this approach
is that pathological studies can hardly be planned sys-
tematically, and this is even more so the case for rela-
tively young, very successful therapies such as percu-
taneous interventions. Also, the time delay until thera-
peutic innovations can be submitted to this type of
examination is very long (which it should be, for the
sake of the patients); even an extremely detailed eval -
uation of the few cases that occur early on can hardly
offset this fact. Finally, it should also be noted that the
results come mostly from the examination of static
preparations; these alow direct statements on dynamic
processesin vivo only in so far as these processes have
evolved up to the point at which they are examined. Of
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course, thisis not true for in vivo diagnostics, but these
only alow access to a much smaller (but again, com-
plementary) amount of information.

Discussion

None of the approaches described above for pursuing
progress are ideal in and of themselves, but each pro-
vides indispensable information that helps fill in the
gaps left by the other approaches. The targeted analy-
sis of the weak points of a therapy, the macroscopic
evaluation of effects, and the explanation of the ele-
mentary microscopic relationships each contributes in
its own characteristic way to the continual improve-
ment of the best therapies that are currently available.
In particular, progress in the recognition of correlations
often occurs in areas where different approaches can
work together and provide stimuli to each other. Open-
mindednessto all possibilities for attaining progressis
one of the most essential prerequisites for it to actual-
ly occur. For example, Edward Jenner made his contri-
bution to progress in cardiology through his pathol og-
ical-anatomical studies, in that he was the first to iden-
tify a"malorganization” of the coronary arteries as the
morphological correlate of angina pectoris [1].

In the following sections, we wish to discuss a few
general considerations regarding the acquisition of
knowledge, which we view to be an essential charac-
teristic for progress. These considerations are not orga-
nized according to the methodological approaches
defined above because many of the aspects discussed
are relevant to multiple approaches. For example, the
statistical methods discussed above are generaly used
today extensively beyond the pure "descriptive"
approach, and are applied generally in order to quanti-
fy the conclusions made from observations, as well as
their reliability. The goal of this discussion is thus not
to introduce a ranking among these approaches, but to
offer a critique of some important aspects they havein
common in order to improve their utility as tools in
practice.

Correct Application of Methods

Work that is methodically correct is a basic, "self-evi-
dent” prerequisite for obtaining new knowledge. This
includes not only competent use of a method, but also
the testing of whether the prerequisites of the method
itself are fulfilled. This is then no longer self-evident
when the method is taken from a field other than the

one in question, as is the case when mathematical sta-
tistics is applied. In this particular example, the pre-
requisites are defined exactly, so that rigoroustesting is
actually possible; the method actually even makes such
tests available.

Thefact that even atest of thistype can help one obtain
knowledge is shown by an example from the literature
[16]: In astudy on the size of angiographic restenoses,
the authors determined that the measured values did
not follow a normal distribution. Instead of tacitly
assuming thisimportant presupposition of many statis-
tical theories— as a gross approximation, if necessary —
they used this observation to show the existence of two
classes of patients with average restenoses of 30 % and
of 70 %. The identification of such groups is an ele-
mentary precondition for determining different risk-
correlations or even different dominant restenosis
mechanisms between the groups, and for developing
appropriate therapies for each case. In addition, the
authors found that the closeness of their separation cri-
terion (53 % restenosis) to the standard criterion of
"3 50 % diameter stenosis at follow-up", which had
previousy been justified more through historical use
[17] than physiological proof, offered a theoretical
basis for the largely successful application of that cri-
terion in practice.

On the other hand, some conditions required by the sta-
tistical approach are much more difficult to verify than
the normal distribution. Thisincludes especialy the sta-
tistical independence of the observed parameters
(observables) that is required, e.g., for the Moivre-
Laplace limit theorem, and even for the law of large
numbers (inits"strong" form). If one then considersthe
above-mentioned reasons behind differences between
individuals, genetic predisposition can constitute its
own risk, but aso influence sensitivity to externa risk
factors; the probability densities for genetic and envi-
ronmental risks can therefore not be independent (at
least not rigoroudly). In addition — especially for age-
dependent research topics — the dtatistical character of
an observableitself (here "age") must sometimes be put
to question. Because environmenta conditions change
continually in amanner that is not just coincidental, the
dependence on the age of an individual — which could
be more correctly described as a dependence on prehis-
tory — cannot ssmply be modeled through observations
of individuals of different ages at the same time.

These examples should be sufficient to show that it is
anything but "self-evident", and often even impossible
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(in the strict sense) to conduct "work that is methodi-
cally correct” in the gray area between the rigorous
demands placed by methodology and that which isfea
sibleunder real circumstances. It istherefore that much
more important to understand the approximate nature
of the results, and to correctly estimate the limits of
their predictive capability.

Choice of Terms

The basic foundation for every type of description and
exchange of information is the determination of abasic
lexicon of terms. Choosing a level of description, as
well as the terms themselves, can itself decisively pro-
mote the pursuit of progress. However, it can aso sig-
nificantly inhibit progress, because, for example, the
inherited concepts and methods of description are not
always suitable to describe new phenomena, or evento
formulate the type of question that could lead to a
"milestone” in medicine. Terms must be measured by
whether they are appropriate to a given phenomenon;
the search for better termsand, if necessary, new terms,
isan integral component of the pursuit of progress.
However, every choice of terms is subjected to differ-
ent and possibly conflicting requirements, for example
between the (patho-)physiological relevance and the
clinical-diagnostic availability. As an illustration, in
the characterization of a stenosis, the "vessel diame-
ter", as a vaue that is directly determinable angio-
graphically, can be contrasted with the physiologically
moreimportant "flow resistance of stenosis*, which (in
approximation to a long tube) is scaled to the recipro-
cal of the fourth power of the diameter. A reductionin
the diameter to 3/4 or /2 would lead to an increase in
the flow resistance by 3.2- or 16-times; it thus has a
much higher effect than the numerical value of the
change in diameter would suggest. On the other hand,
the actual decisive value is the "volume flow". Thisis
additionally dependent on the resistance of the distal
vasculature, which is thus an absolute (but not constant
over time!) reference value for the evaluation of the
stenosis resistance. The TIMI-categories for the flow
implicitly use this physiological "internal reference”.
The example above makes it clear that the choice of
terms is always closely bound up with the question at
hand. Terms and criteria that have proven themselves
from one particular standpoint can be completely irrel-
evant from another standpoint. Conversely, the same
circumstances can yield completely different types of
information when viewed using different conceptual

categories. It can only be beneficial to ask questions
about given observations using different points of
view, especialy when interests from different fields
intersect. As an illustrating application, the clinical
evaluation of an interventional therapy using a new
type of stent technology may serve as an example. For
those on the clinical side, the main point of interest is
the evaluation of the quality of therapy as a whole,
which thus includes the entire time from the decision
to use the therapy to at least the completion of follow-
up. In accordance with the declaration of Helsinki, the
best possible treatment is both the principle and the
goal, so that each time the goal is not achieved, or in
other words each adverse event, must be included in
the evaluation. The interests of those on the technolo-
gy side are concentrated on the information that can be
correlated most directly with the stent (or ideally with
the individual characteristics of the stent). Thisis quite
natural because, in effect, the stent is the only compo-
nent of the therapy upon which technology (and only
technology) can have a direct influence. In this regard,
it is not only legitimate, but also desirable, that these
types of questions are posed and the corresponding
information evaluated.

To gain new insight, it may not even be necessary to
collect additional data, but may rather be sufficient to
group the data in new ways. while, for example, the
major adverse cardiac event (MACE) rate is an often-
used indicator of the benefit of the entire interventional
therapy, the performance of the stent would be reflect-
ed by the subgroup "MACE related to Target Lesion”
with greater emphasis. The frequency of hemorrhaging
complications during follow-up examinations is an
indispensable value for the physician in risk assess-
ment; however, is this more likely to provide informa-
tion about the stent (which had passed these locations
only within the catheter lumen, if at al), about the
catheter used for the intervention, or about the catheter
or the procedure employed during follow-up?

In this context, it is aso conceivable to ask whether the
MACE rate is then an ideal therapy criterion from the
view of the patient. The complications that are count-
ed as MACEs range from angiographic restenosis
without influence on the patient's daily life to fatal
acute myocardial infarction. Since many of these com-
plications differ so drastically regarding manageability
and prognosis, from the patient's standpoint they
should not be weighted equally in assessing the best
therapy that is currently available.
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In summary, narrowing the field of a question to a
small number of terms (indicators) does not make full
use of relevant information that is available. Terms and
criteria (figures of merit) should always be checked for
their appropriateness to the problem and hand, and
possibly be chosen based on their suitability.

Evaluation of Correlations

Correlations represent a crucial concept in the evalua
tion of statistical data. They serve to quantitatively
determine the "consonance" between various observ-
ables —that is, to measure the extent to which changes
in one observable are accompanied by changes in the
other.

In order that changes are possible at all, the observ-
ables must be able to assume different values. This
condition is fulfilled even by a binary classification
(e.g., "Diabetes yes/no"). However, binary classifica-
tions can only be used to show linear correlations; a
test of whether the assumption of linearity itself is
empirically justified is not possible in these cases.
Non-linear correlations, however, are common in inan-
imate nature, and especially so in living organisms. If
the functional relationship is a priori unknown, then
the method for describing a nonlinear correlation is
graphic depiction, which can then be used to empiri-
cally show the relationship. As a basic principle, cor-
relations can be determined with more certainty when
the observables (are allowed to) vary more strongly.
Even when the object of testing is whether suspected
physiological relationships are compatible with the
observed correlations, binary divisions such as
"Diabetes y/n" or "Hypertension y/n" barely offer any
assistance; more helpful would be a categorization of
the type "treated/ not treated, with values within/ devi-
ating from/ strongly deviating from the normal range”,
possibly supplemented with entries on the duration of
the prehistory.

That the proof of acorrelation between two parameters
till does not alow the conclusion of a possible causal-
ity is afact noted in every textbook on the fundamen-
tals of statistics. The following comment is very inci-
sive in that regard [18]: "When two parameters corre-
late, there is probably a connection, but this does not
necessarily imply a direct causal relationship. For
example in Mediterranean countries there is a good
overal correlation between birthrates and stork densi-
ty. However, neither the notion that babies evolve into
storks, or that storks bring babies, seems a viable

hypothesis in the light of other evidence." A correla-
tion alone allows no differentiation between cause and
effect. Even less can a correlation uncover whether the
two parameters are influenced by acommon cause, and
are otherwise unrelated (one cause in the above exam-
ple could be the level of industrialization). The search
for the causal relationship that is responsible can only
be performed "in the light of other evidence"; this
means evidence made available from independent
Sources.

While it is true that knowledge regarding causal rela-
tionships is rarely obtained through proof of correla-
tion, it is aso the case that the correlations exist even
when one cannot give (or approve of) a causal mecha-
nism for them. From this fact, one can derive a useful
empirical rulefor clinical therapy, which in an extreme
case, for example, consists in intentional use of the
documented placebo effect in pain therapy. Even rules
such as this contribute to (practical) progress.

In purely descriptive proofs of correlations, there is
always the possibility that these correlations are the
result of the systematic influence of unknown or
unconsidered parameters. This type of limitation is
regularly noted in the discussion of study results, and it
isgood common practice to do so. Possible causes that
are often named are demographic peculiarities such as
characteristic nutrition- and living standards, local risk
factors (environmental loads) in the area in which the
study is being conducted, incomplete recording of clin-
ical parameters later suspected to be relevant, or sys-
tematic procedural differences between different clin-
ics. Time can aso have an influence, which can be
caused by improvements in the therapy as well as by
expansion of therapy to cases with worse prognoses
due to the therapeutic improvements (precisely this
compensatory effect is responsible, for example, for
the fact that the reported development of the MACE
rates over time does not reflect the actual improvement
in the quality of interventiona therapy).

It should also not be overlooked that despite sophisti-
cated diagnostic techniques, there is always the possi-
bility of bias due to a systematic measurement error.
This danger is especially relevant when a well-estab-
lished diagnostic procedure, for example, quantitative
coronary angiography (QCA), is used uncritically
upon the advent of a new therapeutic procedure, for
example, stent implantation: in fact, it has been shown
both theoretically [19] and experimentally [20] that the
presence of a stent leads to a systematic artificia
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widening of the luminal shadow as measured by QCA,;
this widening is due to the principles of X-ray depic-
tion, and cannot be avoided. Quantitatively, the upper
limit for this widening is determined by the resolution
of the X-ray device, which for modern devices comes
to a few tenths of a millimeter. The widening is then
determined by the radiopacity of both the stent and the
contrast medium in the lumen. Calculations show that
the widening will only be negligible for very high con-
centrations of contrast medium and very low stent vis-
ibility. With lower concentrations and increasing
radiopacity, the widening increases progressively to its
maximum value. From the X-ray picture alone, it is
generally not possible to differentiate between the
shadow of the lumen and that of the stent; in particular,
the QCA system has no information on the fact that
such a differentiation would be necessary at this loca-
tion. If this systematic error is not considered during
evauation, then it leads to the situation where stents
with greater visibility are incorrectly measured as hav-
ing a larger lumen, and thus a smaller restenosis.
Conversely, in order to reach the same post-procedural
angiographic result, lessvisible stentswill be dilated to
a systematicaly larger diameter than more visible
stents. This could, on average, mean an increased rate
of vessal injury, which would then provide a cause for
a systematically higher restenosis rate.

The Impact Of Time

Theinfluence of time on the significance of the MACE
rate as atherapeutic criterion was already mentioned in
the previous section. In the development of anew ther-
apeutic procedure, however, there are other aspects
that are dependent on the passage of time, of which
two will be discussed here in more detail.

First, it can be stated that with the increasing "maturi-
ty" of a procedure, there are characteristic changes in
the type of information that is exchanged in the com-
munity involved with the procedure. For the example
of percutaneous transluminal coronary angioplasty,
one could model how an idea first becomes a redlity
through close exchange between a small number of
parties in medicine, the natural sciences, and technolo-
gy [4]. Upon the appearance of the first case reports
[21,22] increases the number of interested parties, and
later the number of participants, so that the spread of
the procedure leads to the accumul ation of experiences
from different perspectives. Expansions and variations
of the method begin to appear (e.g., directional

atherectomy, rotablation, laser angioplasty, etc.). First,
systematic comparative studies document the acute
success of the therapy; later, long-term results are
added, which evaluate the permanent success of the
therapy [2]. While an extensive, detailed information
exchange accompanies the birth of a procedure, the
time after the procedure reaches a certain maturity is
characterized by the use of arelatively small number of
highly abstract terms; the individual cases are subordi-
nated to these terms, but the information that is shared
has a wider validity for precisely this reason. Viewed
from the standpoint of technology, the initial situation
— with its wealth of detail and high flexibility in the
definition of terms — offers many chances to find crite-
ria that can be trandated into the language of technol-
ogy. With the progressive reduction to clinically rele-
vant categories (or even just to easily obtainable cate-
gories), there is the danger that the "shared vocabu-
lary" of all partiesis limited or even lost. Of course, it
cannot be expected that there be one shared set of
termsthat is equally relevant to all parties. However, a
basic set of al terms that are used in the pursuit of
progress (e.g., as observables in a study plan) should,
in this sense, beincluded in the "vocabulary" of all par-
tiesinvolved.

A time consideration of a different sort becomes espe-
cially evident when a therapy has a very good acute
success, so that the cases of failure decisive for evalu-
ation do not occur for an extended period of time. This
is becoming the situation for vascular interventions.
This has consequences for the relevance of clinical
studies, which must be designed with increased scope
and long study times due to the number of cases nec-
essary. On the one hand, progress in complementary
therapies could decrease the failure rate over the
course of the study so that the projected power of the
study is no longer attained; this would limit the com-
parability between early and late participants in the
study, or in extreme cases lead to the result that the
therapy group originaly targeted by the study no
longer exists. On the other hand, the time span of mul-
tiple years required for the study to obtain significant
resultsis simply too long a"reaction time" for the eval -
uation of technological improvements on the stent. An
loophole here would be to plan studies so that they can
be evaluated over shorter time scaes, and have them
be structured into multiple time steps after each of
which the study could be terminated if desired. It
would then be possible to evaluate and make use of
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results or tendencies at an earlier point in time. One
might anticipate, too, that the detailed analysis of the
(available) cases of failure, which may even be con-
ducted in pardlel to the continuing long-term study,
would aso become increasingly important as a source
of information.

Concluding Remarks

Progress in biomedical engineering, like progress in
medicine in general, is oriented toward providing ben-
efits for the medica therapy of a patient's disease.
Clinical practice both determines the future tasks and
provides the standards for measurement, which are
essentially based on systematic comparative observa
tions on patients. In collecting this type of data, high
ethical requirements are placed that have as their high-
est principle the protection of the life, health, privacy,
and dignity of the human subject [12]. Data coming
from observations on humans are thus not only rele-
vant, but also costly; in the interests of handling these
dataresponsibly, it isonly reasonable that the informa:
tion that they provide should aso be used optimally.
This can mean, for example, that the available data be
evaluated with regard to different questions, and aso
using different conceptual categories. In this way, one
can prevent the loss of information that unavoidably
occurs when one projects observations only onto asin-
gle conceptua level. It can aso mean to focus not only
on the classification of distinct risk groups, but also on
the concrete risk combinations in individual cases that
could possibly be useful in coming up with “the right
idea" regarding the circumstances behind the failure of
therapy. Especially in the case of successful therapies,
it can be beneficia not only to strive for the demon-
stration of effectiveness, but also to consider the analy-
sis of adverse events as amain point of interest. On the
one hand, this offers the opportunity to complement
the existing empirical knowledge with knowledge of
the underlying relationships; on the other hand, thereis
even the possibility that limiting analysis to a collec-
tive that consists of "100 % interesting cases' may ear-
lier lead to significant results.

Progress can thus not sustain itself on only one or
another of the methodical approaches described,;
progress is most successful when the complementary
insights from the different approaches can be com-
bined to support one other. This view is even more
compelling when one considers the technical tools that

biomedical engineering makes available to the physi-
cian for diagnosis and therapy; the cooperation
required here extends outside the limits of any single
academic discipline. Based on the needs of clinical
practice, a physician formulates the need for a certain
type of device. This need must be translated into the
scientific language of the inanimate physical world so
that its requirements can be converted into a set of
technologically comprehensible parameters. When a
technological solution is found, then it must be evalu-
ated invitro, in vivo, and finally in clinical application.
From the insights gained here, new requirements arise
that then stimulate the next pass through the cycle, so
that continual improvement of a device is made possi -
ble.

Communication between all partiesis of central impor-
tance here, and is beneficial in a number of respects.
Even the simple act of sharing information causes one
to work out the essential issues. When one is confront-
ed with different approaches and ways of thinking
about an issue, one must justify and sharpen one's own
conceptualizations. At the same time, the two partners
in a dialogue enrich their shared "vocabulary" with
their individual conceptual universes, and this can
amost effortlessly lead to new, sometimes surprising
viewpoints. In the interests of the shared goal of
improving therapy, thereisthus no reason for hesitance
in exchanging ideas or for ideological exclusivity.
Since each of the partners can add his or her own spe-
cific contribution to this goal, it is also important that
each person formulate his or her specific requirements
and keep these in mind, for example, in initiating col-
laborative studies. The different perspectives from
which the partners view the results are helpful in gain-
ing a more complete picture of the information content,
and in appropriately assessing the relevant conclu-
sions. Ultimately, the search for relationships and cor-
relations can only profit through the partners' coopera-
tion.

So, how can we proceed? Thereis absolutely no single,
"only" optimal way to attain progress. However, there
are certainly approaches that can make their own char-
acteristic contributions to progress. Once again, it may
be helpful to look to the example of nature: Even the
evolution of life simultaneously follows many differ-
ent paths that, while different from one another, are
also interdependent, and complement each other in the
goa to explore and exploit every possible improve-
ment.
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