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T
he Bernard Distinguished Lecturers are individuals who have a history of

experience and expertise in teaching that impacts multiple levels of health

science education. Dr. Joel Michael more than meets these criteria. Joel

earned a BS in biology from CalTech and a PhD in physiology from MIT following

which he vigorously pursued his fascination with the mammalian central nervous

system under continuous National Institutes of Health funding for a 15-yr period.

At the same time, he became increasingly involved in teaching physiology, with the

computer being his bridge between laboratory science and classroom teaching. Soon

after incorporating computers into his laboratory, he began developing computer-based

learning resources for his students. Observing students using these resources to solve

problems led to an interest in the learning process itself. This in turn led to a research and

development program, funded by the Office of Naval Research (ONR), that applied

artificial intelligence to develop smart computer tutors. The impact of problem solving

on student learning became the defining theme of National Science Foundation (NSF)-

supported research in health science education that gradually moved all of Dr. Michael’s

academic efforts from neurophysiology to physiology education by the early 1980’s.

More recently, Joel has been instrumental in developing and maintaining the Physiology

Education Research Consortium, a group of physiology teachers from around the nation

who collaborate on diverse projects designed to enhance learning of the life sciences.

In addition to research in education and learning science, Dr. Michael has devoted

much of his time to helping physiology teachers adopt modern approaches to

helping students learn. He has organized and presented faculty development work-

shops at many national and international venues. The topics for these workshops

have included computer-based education, active learning, problem-based learning,

and the use of general models in teaching physiology.
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How many of you have said to yourself or to your
colleagues, “I want my students to understand physi-
ology.”? The answer is obvious. We all want our
students to understand physiology, not just memorize
it. Or at least we all say we do. This paper will focus
on what we need to do to help our students learn
with understanding.

A SHORT AUTOBIOGRAPHY OF A NAIVE
TEACHER

I would like to start back at the very beginning of my
pursuit of meaningful learning.

I graduated from MIT in 1965 with a PhD in neuro-
physiology and a burning desire to understand the
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visual system. Naively, I imagined that my profes-
sional life would be pursued in the laboratory, and it
literally didn’t occur to me that I would one day have
to teach physiology.

When I began my first tenure-track appointment after
2 yr as a postdoctoral fellow, I still had not woken up
to the realities of life in academia; for most of us, it is
a mix of research and teaching.

So, my first exposure to medical students at the Uni-
versity of Illinois College of Medicine resulted in both
surprise at being there at all and shock at being
required to somehow help these people understand
physiology. Like most new faculty in those days, I was
first assigned to teach in a student lab. Here I was
expected to, first, help future surgeons learn how to
insert tracheal and femoral cannulas and only then
help them understand the physiology that they were
hopefully seeing before them.

What I discovered was that medical students could
and did memorize everything. And when I asked them
questions like “why did you see the response that just
occurred?” I got back full paragraphs of memorized
words. However, even though all of those words
were correct, they somehow never quite constituted
an explanation for the experimental results that they
had just seen. My students were unable to draw any
insights about physiology from what they were seeing
in the lab. Regardless of the grades they were earning
and the successes that followed them through their
careers as medical students, I could not convince
myself that they “understood” physiology.

In 1970, Rush Medical College reopened its doors
after a more than 25-yr hiatus, and as the only “card
carrying” physiologist on the faculty (I was already a
member of American Physiological Society), I became
even more heavily involved in physiology education,
planning courses now, as well as again running stu-
dent labs and lecturing.

It was soon after starting at Rush that I began to get
really discouraged. Students would come to my office,
either before an exam or afterward, with questions
about physiology. From the conversations that en-
sued, it was once again quite clear that they could and
did memorize everything that they thought was im-

portant; but they could do nothing with this memo-
rized information! If I had the temerity to present
them with a novel situation, one that we had not
discussed in class or that they hadn’t encountered in
the textbook, they were at a complete loss about
what to do, despite all that memorized information. It
appeared that they knew a lot but didn’t understand
nearly as much.

Frankly, at this point, I seemed to be stuck. I really did
not know what to do to solve the problem I seemed
to have identified.

My colleagues at the time were of no help. They
either had not seen the problem I was seeing or what
they saw did not seem to constitute a problem to
them. Or, perhaps, they simply were not concerned
about my supposed problem. Even when they ac-
knowledged that there was a problem, they had no
more idea than I did about where to find a solution.

It was only years later that I realized how strange this
was. When we encountered an interesting but puz-
zling observation in the laboratory, we knew ex-
actly what to do, go to the library (remember, this
was the 1970’s, and there was no World Wide Web).
There, we would have browsed the journal shelves
until we came upon an article that pointed us in the
direction of current work in the area of interest. But,
it frankly never occurred to me do something similar
when faced with a question from the classroom. I
will come back to this difference between our usual
behavior in the laboratory and our behavior in the
classroom before I finish.

It was this growing dissatisfaction with the outcomes
of my teaching that started me on a 25-yr pursuit of
ways to help students to understand—not just mem-
orize—physiology, ways that would enable them to
use the information they acquired to do something
more than regurgitate answers on tests.

So, I want to deal with four topics here: 1) what is
“meaningful learning,” 2) how can student use of the
computer contribute to meaningful learning, 3) how
can problem solving help students achieve meaning-
ful learning, and 4) how do we foster “meaningful
learning?”
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WHAT IS MEANINGFUL LEARNING?

It may be useful to start by contrasting “meaningful”
learning with “rote” learning. “Rote” learning is mem-
orizing all the entries on a page from the Orlando
phonebook. I am sure that I have some students who
could do this if they thought it would help their grade
in physiology. However, if you know nothing about
the city of Orlando, a question like “How far from Mr.
X does Miss Y live” is impossible to answer. So your
having memorized the 100 names, addresses, and
phone number has left you with completely inert
knowledge with which you can do essentially nothing
(except, of course, to recite the list from memory or
call a bunch of strangers if you are so inclined).

On the other hand, if you were a native of Orlando
(and if you know the geography of the city), you
could probably at least estimate the distance between
X and Y. And you might even be able to guess who
they voted for in the infamous presidential election
just from knowing where they live. In this case, your
knowledge, the memorized list of names and ad-
dresses, exists in the context of other information,
and the result is the ability to “do something” with all
that memorized information.

“Meaningful” learning, then, involves the acquisition
of knowledge in a way that allows you to do some-
thing with it (17). It results in knowledge that is
stored in a way that allows it to be accessed from
many different starting points. That is, it is knowledge
that is well integrated with everything else that you
know. Meaningful learning is accompanied by the
building of multiple representations (mental models),
models that are connected to models for many other
phenomena.

What do we want our students to be able to do with
the physiology knowledge that they acquire (15)? We
certainly expect them to be able to predict the re-
sponses of a physiological system if it is disturbed. We
expect students to be able to explain the responses
that occur in systems that have been disturbed. Some-
times we want them to solve quantitative problems
(calculate something). And, we expect them to be
able to do this with systems and disturbances that
they have not encountered in lecture or the textbook.
That is, we expect them to be able to apply what they

know about physiology to novel situations. When
they can do this, we say they “understand” physiol-
ogy. Or, in the terminology I have been using, we can
say that meaningful learning has occurred.

For more than 20 years, then, my goal has been to
create and validate learning resources, or learning
environments, which will help students to learn phys-
iology meaningfully, to learn physiology with under-
standing.

In pursuit of this goal, I initially began working in the
field of computer-based education.

USING THE COMPUTER TO HELP STUDENTS
ACHIEVE MEANINGFUL LEARNING

In the early 1970’s, shortly after we restarted the
medical school at Rush, I got my first laboratory com-
puter. As primitive as it was by today’s standards (my
wife’s PDA is a bigger computer by every measure
except physical size), it allowed me to do research in
a whole new way. At some point, it occurred to me to
ask whether the computer could be used to help my
students learn some of the difficult things we were
asking them to master. Could it be as useful (dare I
say, as revolutionary) in the classroom as it was prov-
ing to be in the laboratory?

After several false starts, Al Rovick and I learned about
a quite sophisticated mathematical model of the
baroreceptor reflex system called MacMan (3). It con-
tained hundreds of equations and data tables that
together simulated the behavior of the cardiovascular
system. One could change the values of a very large
number of variables and could select many different
outputs to be displayed on a line printer (the state of
the arts for output devices in those days!). We wrote
a lab manual that described several experiments for
the students to do (variables to change, outputs to
examine) and then asked the students to design their
own experiments to explore the behavior of the sys-
tem. This was a laboratory protocol in no essential
way different from the one we had used at the Uni-
versity of Illinois in the dog labs. Then, we turned our
students loose with MacMan in a computer labora-
tory.
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The results were every bit as disappointing as the
outcomes of the old dog labs. As long as Al or I were
looking over the shoulders of a group of students,
asking questions and prodding the students to think
about what they were seeing, some learning seemed
to be occurring. If we left and came back 10 minutes
later, we found the groups floundering. They seemed
to encounter three different problems. In most cases,
the students were simply following the “recipe” we
had provided in a more or less unthinking manner,
and little learning was occurring. Another problem
was that most groups seemed to have almost no idea
about how to plan an experiment that would reveal
something useful or important about the system. Fi-
nally, all groups were bogged down in attempts to
understand the physiological “messages” buried in
tables of numbers. By the end of the 2-hr computer
lab, we had not seen much learning, meaningful or
otherwise, taking place.

However, Al and I were learning. Two things quickly
became obvious to us. The messages we wanted the
students to carry away from this experience did not
lie in the absolute values of the numbers they were
seeing; the messages resided in the qualitative
changes that occurred to those numbers (that is,
whether the value of certain parameters increased or
decreased as a result of the disturbance we were
having them simulate). For example (see Fig. 1), if

inotropic state decreased because of a myocardial
infarct, then stroke volume would decrease, cardiac
output would fall, and thus mean arterial pressure
would decrease. It was also clear that the students
needed continuous guidance of some sort to make
sense of what they were seeing.

So, a program called Heartsim (21) was written; it was
MacMan embedded in a teaching routine that did
several things. It defined a small set of experiments
for the students to explore. It provided them with a
list of only seven cardiovascular (CV) parameters to
think about (see Fig. 2). This list also suggested the
order or sequence in which they ought to be thinking
about the variables. The program required them to
think about the response to a disturbance or pertur-
bation in three distinct temporal periods. And finally,
it asked them to predict the changes that would occur
to those seven parameters as a consequence of the
disturbance acting on the system and subsequent
baroreceptor reflex that was elicited.

Our students behaved in dramatically different ways
when using Heartsim than did the students using
MacMan. After only a few minutes with the first Heart-
sim problem, they recognized that all their memo-
rized information about the CV system was not nec-
essarily going to result in them getting many right
answers. They were going to have to think about
relationships between things! They were also going to
have to learn a systematic way to think about what
was going on here.

It is certainly true that many students were discom-
forted by this realization. After all, they had gotten
into medical school by virtue of being quite skilled at
a certain kind of learning, and here they were forced
to master quite different rules for the learning game!

However, working with the program provided
them with almost immediate proof that they were
learning. As a result, they not only spent the 2 hr
we had scheduled for our computer labs, but they
returned after-hours— on their own time—to play
with Heartsim for many additional hours. This be-
havior from a group of thoroughly overworked
medical students confirmed for us that this ap-
proach to using the computer seemed to help pro-
mote meaningful learning.

FIG. 1.
A causal diagram representing the baroreceptor reflex
mechanism. If an individual suffers a myocardial in-
farct, the inotropic state (IS) of the heart will be re-
duced, causing a reduction in stroke volume (SV),
which, in turn, causes a decrease in cardiac output
(CO). The result will be a decrease in mean arterial
pressure (MAP) and the eliciting of a baroreceptor
reflex. CNS, central nervous system; RAP, right atrial
pressure; TPR, total peripheral resistance; BR, barore-
ceptors; HR, heart rate.
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A number of years later (24), we actually did an
experiment using a PC-based version of the program
that we call CIRCSIM (22) that demonstrated the
significant learning that occurs when students spend
2 hr working with our program. We pretested 50-
some students and then assigned them to one of four
treatment groups. Subjects in the control group did
nothing special—that is, they studied CV physiology
in any way they wanted as they continued with the
course (but they did not use CIRCSIM before taking
the posttest). One treatment group (“solos”) were
assigned to work with CIRCSIM by themselves with
no interaction with other students or with an instruc-
tor. A second treatment group (“pairs”) worked with
CIRCSIM—two students working together at a com-
puter—but again with no interaction between other
pairs and no interaction with an instructor. The last
group (“lab”) simply worked in pairs at a computer in
the scheduled CIRCSIM computer lab; each pair was
free to interact with other pairs and with the instruc-
tor. All subjects then took a posttest.

We scored both the pre- and posttest and then looked
first at the change in the total number of correct
responses that the subjects had generated on each
test (Fig. 3). All three treatment groups—students
who had used CIRCSIM—learned more than the con-
trols. And working in pairs produced more learning

than working alone, a finding that many other educa-
tional researchers have also demonstrated. We also
looked at the change in the number of misconcep-
tions or “bugs” (errors about relationships between

FIG. 2.
A prediction table from CIRCSIM [Rovick and Michael (24)]. The left column lists the
cardiovascular parameters to be considered in an order that suggests how the student
should think about the responses of the system. The next 3 columns represent the 3
temporal phases of the response to be considered: direct response (DR) is the period
before the reflex occurs, reflex response (RR) describes the changes that occur as a
consequence of the RR to the change in MAP that occurs in DR, and finally steady state
(SS) is the state of the system after the reflex has occurred (it is the “sum” of DR and RR).

FIG. 3.
Results of the CIRCSIM experiment [Rovick and Michael
(24)] in which the total number of correct answers on
the pre- and posttest are plotted for the 4 experimental
groups: 1) controls, 2) “solos”, 3) “pairs”, and 4) “lab.”
All three of the groups using CIRCSIM (groups 2–4)
increased their number of correct responses to a greater
extent than did the controls, and all 3 differences were
statistically significant at the P 5 0.01 level.
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variables) that were present in the students’ re-
sponses (Fig. 4) and again found that using the pro-
gram helped. The data also suggest that there is still a
role for the instructor. Our third treatment group, the
students that had worked with the instructor in the
scheduled computer lab, showed the largest reduc-
tion in “bugs.” Interacting with the instructor seemed
to add some measure of learning to whatever they
were getting from our computer program.

Al and I wrote two other similar programs: GASP (23)
deals with chemical control of ventilation, and ABASE
(8) is about whole body acid-base balance. Both of
these programs are in use at Rush, and all three of our
programs continue to be very highly rated features of
our course. We have demonstrated these programs to
colleagues in many different venues both here and
abroad, and our programs are in use around the
world.

We have also gone on to attempt to develop a “smart”
computer tutor that can carry on a true dialogue with
the student. The CIRCSIM-tutor project is a joint effort
between Al and me at Rush and a computer science
colleague, Dr. Martha Evens, at the Illinois Institute of
Technology (1, 4, 6). This project has been funded for

many years by ONR. We finally have a version of the
“smart” tutor that is robust enough for routine use by
our students; it too has received very high ratings
from our students.

While pursuing meaningful learning with the help of
the computer, we also pursued a different direction,
one that involves no technology but is no less effec-
tive.

USING PROBLEM SOLVING TO FOSTER
MEANINGFUL LEARNING

In the 1960’s when I learned physiology, it is fair to
say that much of what was understood about the
functions of the body was derived from studies of
human subjects with abnormal functions (from pa-
tients) or from animal models of these clinical prob-
lems. If we wanted to talk about diabetes, we talked
about diabetic patients and the changes in their blood
glucose following an ingested meal or we talked
about the changes in their overall metabolism when
they took their insulin shot. There wasn’t much else
that we could talk about at that time. So it was natural
to teach human, medical physiology from a very case-
based perspective.

By the 1970’s, though, research was already taking
our understanding of physiological phenomena down
to the level of membranes, channels and pores, and
intracellular organelles. Our focus in teaching was
increasingly turning to these entities and away from
patients and their clinical problems.

By the early 1980’s, at the same time that Al Rovick and
I were developing Heartsim and CIRCSIM, we came to
the conclusion that there were two good reasons to
reintroduce cases into our physiology course.

First, we were looking for approaches to helping our
students learn to integrate the knowledge that they
accumulated with relative ease into a deeper under-
standing of physiology, a task that was much more
difficult for them. We thought that we could help
them build bigger and more robust mental models of
the cardiovascular and respiratory systems by asking
them to think about, and explain, why a patient with
mitral stenosis experienced shortness of breath when
trying to sleep at night. Second, we felt that the

FIG. 4.
Results of the CIRCSIM experiment [Rovick and Mi-
chael (24)] in which the number of “bugs” or incorrect
relationships on the pre- and posttest are plotted for
the 4 experimental groups: 1) controls, 2) “solos,” 3)
“pairs,” and 4) “lab.” Using CIRCSIM (groups 2–4)
reduced the number of “bugs” (P 5 0.012). Having an
instructor available (group 4) reduced the “bugs” to a
greater extent than did using CIRCSIM without an
instructor (P 5 0.01).
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“clinical” nature of such problems would be a strong
motivator for learning; our students were, after all,
intent on becoming physicians, not physiologists.

We began by writing a set of three cardiovascular
problems based on actual patient data supplied to us
by the cardiac catheterization lab at Rush (14). We
carefully formatted these cases and made small
changes in the patient data when that would make for
a better teaching problem. We also incorporated a set
of questions into the case aimed at guiding the stu-
dents’ thinking in directions that we thought would
lead them to a more useful exploration of the patient
problem. A short segment of such a problem, a brief
piece of the patient history, and the questions that
follow can be seen in Table 1.

We used these problems in small group sessions (per-
haps 20–30 students) that we call tutorials. Each
problem was assigned to a different small subset of
students in advance of the scheduled tutorial session.
The assigned group was asked to solve the problem
and to prepare themselves to present and discuss it
with the entire group. All students were asked to
solve all of the problems, even if they were not going
to be the primary presenters.

This protocol proved not to work to our satisfaction
for a variety of reasons. Only the group assigned to a
particular problem ever really looked at it. It seemed
that only one or two members of the assigned group
put in any obvious effort to understand the problem.
And even when someone had “solved” the problem,
they often were unable to explain their solution to the
whole group in a satisfactory way. We had expected
to actively engage all the students in the class in
solving these problems, but it appeared that we were

only producing opportunities for poorly organized
student lectures or, hopefully, better prepared lec-
tures from the faculty. We had tried to produce an
active learning environment but only produced occa-
sionally busy students!

We have tried several alternative formats since then
and today employ problems like this in a setting that
we call workshops (15). Each workshop session in-
volves 25–30 students and one faculty member. The
students do not see the problem until they come to
the workshop, a simple change from our previous
format but one that changes student behavior consid-
erably. The instructor usually models the solution of
an initial problem with the help of the students. This
is followed by a problem or problems to be solved by
the students working together in small groups of five
or six. The problems have been carefully formatted so
that they can be solved piecemeal (usually 1 page at a
time). When the small groups have completed the
solution to the current piece of the problem, the
whole group comes together to post and discuss the
answers that each group generated for that piece.
When everyone is satisfied with the piece of the
problem under discussion, the small groups tackle the
next piece. Students are asked not only to solve the
problem but to be prepared to explain their solution,
i.e., describe how they arrived at their answer. Prob-
lems commonly call for predictions about alterations
in function in the patient being considered (Table 2).
These problems also typically ask the students to
generate causal diagrams (Fig. 5) illustrating what is
taking place in the patient under discussion.

TABLE 2
A Tutorial Problem [from Michael and Rovick (15)]

Consider an individual who develops a pathology that results
only in a leaky glomerulus (permeable to plasma proteins).

1. Predict the changes that will be present in the following
parameters in the steady state as a consequence of this
pathology.

Parameters Predicted Changes

Plasma protein concentration
Plasma colloid osmotic (oncotic) pressure
Total body sodium
Plasma volume
Insterstitial fluid volume

TABLE 1
A Typical Workshop Problem

Mr. AB, a 56-yr-old patient, was admitted to PSL Hospital
complaining that he had recently begun to tire on exertion
(a round of golf) and that he had had occasional heart
palpitations. He did not appear to be in acute distress.
Physical exam revealed a moderate systolic ejection murmur.

Do these signs and symptoms suggest any specific
pathophysiology?

What aspect of cardiovascular physiology is each related to?
Try to construct a list of hypotheses.
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The results of these workshops have been heartening
for us. We see a great deal of cooperative learning and
peer teaching taking place; students are learning from
one another. They are “talking physiology”—using
the language of physiology to share ideas about nor-
mal and abnormal function—with each other and
with the instructor. Furthermore, because pathophys-
iology is rarely limited to a single piece of a system,

the students are forced to integrate a great deal of
knowledge to arrive at an answer. Their understand-
ing of physiology seems deepened by the experience
provided by these workshops.

We also find that the more clinical the problem ap-
pears to be, and I want to emphasize that we are
charged with teaching PHYSIOLOGY, not pathophys-

FIG. 5.
A causal diagram illustrating the consequences of having glomeruli that are leaky to
plasma proteins [Michael and Rovick (15)]. The origins of 4 common signs and symptoms
present in patients with such a problem are represented here: hematuria, proteinuria,
edema, and hypertension.
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iology and certainly not medicine, the greater the
students’ interest. They even come up with good
questions that I cannot answer because I’m not a
clinician!! But, I take that to mean that they are both
truly interested in the topic and that they are thinking
hard about it, and I can usually come up with an
answer in time for the next class period.

Al Rovick and I have written some 60 such problems
and answers and have recently had the collection
published (15). We have heard from many colleagues
that their students, at many different educational lev-
els, learn from solving the problems in our book.

We are continuing to refine old problems and write
new ones. We also continue to refine the protocol for
conducting tutorial sessions, exploring alternatives
that will result in still more meaningful learning by
our students.

I have described some of the work I did in the 1970’s
and 1980’s in pursuing meaningful learning. In the
1990’s, my efforts have focused on research to vali-
date the approaches to meaningful learning that I
have described. This work has been supported by
both ONR (4) and NSF (12, 13, 19, 25). One of the
questions that Harold, Mary, Pat, and I have addressed
in our current NSF grant is whether problem solving
of the type described here does result in students
developing more robust mental models and enhanced
understanding of the physiology they have dealt with.
I hope to have something to report about this ques-
tion in the near future.

In addition, in recent years, Harold, Mary, Pat, and I
have focused considerable effort on faculty develop-
ment activities, seeking to educate physiology teach-
ers and teachers in other science disciplines about
these new approaches to fostering meaningful learn-
ing.

What has been learned during this pursuit of mean-
ingful learning for our students? Some things have
certainly been learned from our own experiences,
from our various attempts to help students learn with
understanding. I also discovered that there is an array
of academic disciplines out there, beyond the bound-
aries of physiology, in which researchers are making
impressive strides in understanding teaching and

learning at all educational levels and in all sorts of
subject matter disciplines. Over the years, I’ve learned
from people in disciplines such as computer-based
instruction, cognitive psychology, and science educa-
tion.

HOW DO WE HELP STUDENTS ACHIEVE
MEANINGFUL LEARNING?

What promotes meaningful learning? The most obvi-
ous thing I have learned is that meaningful learning is
more likely to occur if you clearly and explicitly
define it as a major objective for your course. The
“trick” is to do it in a way that will be clearly under-
stood by each student.

I cannot stress too strongly how important this is. My
students, and all of your students, are very good at
playing any “game” we ask them to play. When they
believe that we only value the acquisition of informa-
tion—memorization—then that is what they will at-
tempt to do. On the other hand, if we can convince
them that what we value is “understanding”—and if
they know what’s required to demonstrate that they
“understand”—they will work to achieve this objec-
tive.

Meaningful learning is promoted by faculty modeling
of the kinds of behaviors that we will ask our students
to master as they pursue an understanding of physi-
ology.

Modeling is one way that we can convey to the
students the importance we attach to certain kinds of
behavior. It also provides the students with examples
of those behaviors that serve to clarify what we ex-
pect from them. And modeling does this in a way that
may be much clearer than any written objective in
your syllabus or study guide.

So, what is the most critical skill that our students
need to develop if they are to learn physiology with
understanding? I think it is the ability to reason caus-
ally and qualitatively about physiological systems. We
saw the importance of this when we wrote Heartsim
and CIRCSIM and then watched our students attempt-
ing to solve the problems presented to them. What
we saw then, and continue to see today, is the gradual
development of the ability to figure out where to start
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(what’s being perturbed?) and to then reason in a
stepwise fashion from that starting point to all of the
other variables they have been asked to think about.

We also saw this when we began doing our work-
shops and tutorials. If our students were to success-
fully solve the problems we gave them, they needed
exactly the same skills; they need to know where to
start and then how to reason from the identified
perturbed variable to either predict or explain the
presence of the patient’s signs and symptoms. And
from listening to the students in our workshops, it is
clear that there is a transfer from one setting to the
other; the practice they get in the computer lab helps
in the tutorials and vice versa.

I was, therefore, fascinated to learn that physics and
chemistry educators, as well as cognitive scientists,
have for many years been pursuing studies of the role
of qualitative, causal reasoning in both disciplines.
Deep knowledge, or learning with understanding, of
physics (29), chemistry (31), and biology (20) has
been clearly shown to be promoted by an emphasis
on qualitative, causal reasoning.

I have also learned that two other things are likely to
foster meaningful learning: providing opportunities
for peer teaching and encouraging students to “talk
physiology.”

Meaningful learning is more likely to occur when we
require our students to “talk” physiology with one
another and with the faculty.

One of the most “active” ways to help students to
challenge with their own mental models is to get
them to “talk physiology.” Discussing, justifying, or
explaining their answers to questions with one an-
other, or with the instructor, is a powerful way to
encourage meaningful learning. Even “talking to
themselves”—generating self-explanations—has been
shown to significantly increase learning (2). However, it
is more common for the instructor to talk to a room full
of students than it is for students to be talking to stu-
dents.

How do you get students to “talk physiology” (as
opposed to having them listen to you talk physiolo-
gy)? Providing opportunities for cooperative work

and peer teaching seems to be the most direct way.
Whether our students are in front of the computer,
working together to solve a CIRCSIM problem, or
working as a group to solve a problem in a tutorial
session, our students are “talking physiology” with
one another. In both settings, when they encounter a
problem, or do not know how to proceed, they “talk
physiology” with the instructor. We even have whole
class problem-solving sessions in the lecture hall, with
nearly all of our 120 students, in which peer teaching
and “talking physiology” are expected behaviors.

And again, we discovered that there is a rich literature
out there describing the benefits for student learning,
at all levels and in all disciplines, of encouraging peer
teaching and the “talking” of the discipline. More
specifically, we discovered that others had developed
and described approaches in physics (9), chemistry
(7, 26), and biology (16, 28) teaching that bear great
similarities to our techniques for engendering the
kinds of student-to-student interactions that lead to
greater understanding.

Another thing we have learned is that meaningful
learning is enhanced by requiring students to inte-
grate larger and larger chunks of physiology.

One of the things that makes learning physiology
difficult is the fact that everything ultimately is con-
nected to everything else. Disturbances to one part of
one system will give rise to consequences that involve
many organs or organ systems. Our computer pro-
grams require students to integrate many of the
“facts” they have memorized. Our clinical problems
require the same sorts of behavior. So, students must
be encouraged to break down the walls between the
“pigeon holes” in which they tend to store the knowl-
edge they acquire. . .CV knowledge here, respiratory
here, etc. They need to recognize the necessity of
doing this, and they need to practice it. The result will
be mental models that are linked to other models in
ways that make all the models more robust, more
durable, and more useful.

Meaningful learning is enhanced by scaffolding stu-
dents’ learning, giving them the most support when
they are starting out and giving them less support as
they gain the level of mastery you expect.
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The notion of scaffolding, of providing support when
and where it is needed, is a very powerful one (5, 30).
Teachers of elementary and middle school children
know this and behave accordingly. Teachers of older
students frequently ignore this. But all learners benefit
from help initially and equally will benefit from that
help being eliminated as the need for it wanes. It’s
sort of like training wheels for bicycles!

The “bottom line” is this. Meaningful learning of phys-
iology, “understanding” physiology, is possible, but
students need our help to get there.

Now, if this list of factors that promote meaningful
learning does not look much like the description of
the average physiology course in which students hear
a great deal but do not do much of anything else in
class, you are correct. Helping your students to
achieve meaningful learning is going to require you to
learn new ways of interacting with your students (see
Refs. 10 and 18 for examples).

I want to end with a reprise of my autobiography as a
teacher because I think there is another message
there that needs some additional attention.

WHAT’S WRONG WITH PHYSIOLOGY
TEACHING TODAY?

Thirty years ago, as a new faculty member, I was put
into the classroom as unprepared as I could possibly
be. All that I knew about teaching physiology (or, for
that matter, anything) came from having been taught:
4 yr of high school, 4 yr of college, and 4 more yr of
graduate school. All that I knew about learning came
from that same set of experiences. If I became un-
happy with my students’ learning outcomes, all I
could do was to look to my senior colleagues in the
department. And all I could see was that they were
teaching in exactly the same way that they had been
taught. If we had talked about teaching. . .but then
we never did talk much about teaching. We talked
about science, about physiology research, about the
National Institutes of Health and grantsmanship, and I
learned a great deal from these conversations. But we
almost never talked about teaching.

Has anything changed in the intervening 30 yr? On
good days, I am inclined to think so.

Several years ago, much to my surprise, the graduate
students in the Biology Department at Marquette Uni-
versity invited me to give a seminar on teaching to
their department. When I asked why they had picked
teaching as a topic for the department’s seminar se-
ries, their reply was encouraging. Many of them rec-
ognized that some knowledge about teaching might
be an asset when they tackled the increasingly diffi-
cult task of finding a tenure track position. That atti-
tude represents progress.

More and more universities, or individual depart-
ments, are beginning to offer formal courses on teach-
ing as part of their graduate training programs. Several
years ago, Dan Richardson invited me to visit the
University of Kentucky where he had organized a
course on teaching for graduate students in the Phys-
iology Department. There I spent the day interacting
with graduate students about ways to help students
gain an understanding of physiology. That course has
recently been superceded by a similar, university-
wide course. Such courses are another example of
progress.

Nevertheless, I want to leave you with a quite elo-
quent and pointed description of the continuing, fun-
damental problem with teaching in higher education.
Just days after being notified that I had been selected
as the Claude Bernard Lecturer, I came across an
article in the Rush library that contained a very pow-
erfully worded indictment of much of the teaching
that occurs in medical education (27).

I want to read to you an extended quote from it. In
their introduction the authors say. . . “There is a re-
markable difference in attitude between university
staff as teachers and as researchers. As researchers we
critically read the newest literature, we think of new
approaches and theories, look for empirical verifica-
tion and submit our work to the critique of others
through rigorous peer review. The scientific attitude
lies at the heart of scholarship and is accepted by
everyone in the field. We also have clear rules about
becoming a researcher. Good researchers are care-
fully selected and trained before they are allowed to
contribute independently to the research. We require
degrees, expertise in methodology, a demonstration
of scientific ability through output assessment, and so
on.”
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The authors go on to describe a similar situation in the
practice of medicine and then continue. . . . “The
situation seems quite different in education. As teach-
ers we seem to have a different attitude. We do the
things we do, because that is the way we have been
raised ourselves and that is the way it has been done
for many years, even centuries. We hardly read the
literature on education, or, more appropriately, are
not even aware that such literature exists. It is difficult
to change things in education, because as teachers we
are highly convinced that what we do is appropriate
and any challenge to one’s convictions is an actual
challenge to one’s professional integrity. Becoming a
teacher requires us to be licensed in a professional
area, e.g. in medicine [or for most of us, physiology],
and that is it. We are assumed to be good teachers,
because we are qualified in a professional area. The
better we are in that area, the better we are as teach-
ers. Specific didactic training or other educational
programmes are not required or, in many cases, even
offered. Once we are teachers we have quite some
autonomy in deciding what and how to teach. Peer
review, quality control, follow-up training—quite com-
mon in research activities—hardly exist in education.”

In their discussion, van der Vleuten and colleagues
(27) conclude with an even more pointed statement
that I want to paraphrase both for clarity and to add
my own emphasis.

Too many of us, the community of scientists/teachers
in every discipline, all too often can only teach the
way we were taught. Put most bluntly, the reason is
simply ignorance. Too many of us know little or
nothing about the advances that have occurred in the
understanding of teaching and learning in the sci-
ences. We go into the classroom assuming that all we
need to bring there is our content expertise, our long
years of having taught the discipline, and our dedica-
tion to doing the best job we can do.

BUT THAT IS NOT ENOUGH! We would never dream
of going into the research lab without knowing the
latest methodologies and without knowing what those
other “experts” out there are thinking about. But we
routinely do just that when we go into the classroom.

So, we need to teach the way we do research. We
need to start by educating ourselves through faculty

development programs, through our own reading
(Advances in Physiology Education is a good place
to start; see Ref. 11 for an annotated bibliography of
other relevant journals), and by attending teaching
sessions at professional meetings (there are several
such sessions at the Experimental Biology meeting
every year). The list of possibilities is a long one.

And we need to approach the phenomena that occur in
our classrooms, what works and what doesn’t work,
what helps our students to learn and what doesn’t seem
to help them, with the same attitude of inquiry with
which we approach interesting phenomena in the lab-
oratory. We must be prepared to “experiment,” to make
changes in what we do and how we do it when we
observe that things aren’t working or when we learn
about better ways to accomplish whatever we seek to
accomplish. If nothing else, such an approach to teach-
ing makes teaching a more intellectually stimulating ac-
tivity and, as a bonus, a lot more fun!

This is NOT to say that we all have to become edu-
cational researchers. That will not happen, and I am
not sure that it should. However, I do believe that, as
a community, we need to participate more in educa-
tional research. If we are responsible for helping
students to learn physiology, then we also have some
responsibility to contribute to furthering the knowl-
edge of how to do this effectively.

In Man and Superman, George Bernard Shaw
quipped, “He who can, does. He who cannot, teach-
es.” As much as I have always enjoyed Shaw’s wit, I
find this canard to be one that personally has always
offended me (and I understand that was probably the
point of it!).

But in an important sense, we have turned Shaw on
his head, and it would, I think, be accurate to restate
it this way “He (or she) who can, does (research), but
is expected to teach anyway!” An equally accurate
restatement might go something like this, “He (or
she) who can, does (research), and because of this is
presumed to be capable of teaching!”

This, I would argue, is more damaging than Shaw’s
original bon mot, and it is time for us to make a
change in this attitude.

T H E C L A U D E B E R N A R D D I S T I N G U I S H E D L E C T U R E

VOLUME 25 : NUMBER 3 – ADVANCES IN PHYSIOLOGY EDUCATION – SEPTEMBER 2001

156

 on July 30, 2010 
ajpadvan.physiology.org

D
ow

nloaded from
 

http://advan.physiology.org


This afternoon, we look back and honor Claude Ber-
nard. His notion of the constancy of the internal
environment provided physiology researchers with a
powerful tool for exploring the functions of the body
and at the same time provided teachers of physiology
with a powerful organizing concept to help our stu-
dents understand those functions.

Now we can also look forward to the dawning 21st

century. Physiology is just beginning to explore the
human genome, but it is clear that this exploration
will lead to growing knowledge of the workings of
the organism at a deeper level than others we have
obtained yet. At the same time, we should also look
forward to applying our growing understanding of
how people learn to helping all students gain a deeper
understanding of physiology. The time has come to
revolutionize both our research and our teaching.

I must acknowledge the contributions to the ideas I have presented
in this paper made by two friends, colleagues, and collaborators, Al
Rovick and Harold Modell. I have known Al and Harold for about 25
years, and we have spent much of that time discussing, debating,
arguing about, and collaborating on research and development
efforts on teaching and learning physiology. I have learned a lot
from the two of them over the years and, equally important, it has
always been fun!

I also want to acknowledge my colleagues in the Physiology Edu-
cational Research Consortium for enthusiastic participation in the
educational research with which I have been involved for the past
7 or 8 years.
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