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e describe the design and development of a highly interactive model-

building program to assist students from a diverse range of academic

backgrounds to understand the baroreceptor reflex. Our approach is to
have students work in small groups to construct their own simple model of such a
control system. This model then provides the basis for a structural framework for
students to add further complexity without losing overall perspective and allows
exploration of deeper issues. Our program is suitable for many disciplines and
student backgrounds and provides a visual representation of a difficult concept,
providing a basis to ground further knowledge. Audit trail data have been analyzed to
identify and resolve areas of student difficulty, and extensive surveys and observa-

tions on students’ use of the program over three years in several courses have been

used to test and improve its effectiveness.

ADV PHYSIOL EDUC 26: 288-298, 2002;
10.1152/advan.00017.2002.
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This article reports on the development and subse-
quent iterative evaluation of a multimedia module
[first described in Weaver et al. (9)] in which students
are asked to construct and explore their own model
of a complex biological control system and then use
that model for further investigations. The long-term
continuous formative evaluation and adjustment have
now led to the international distribution of the pro-
gram on CD-ROM (7).

In the development process, an important starting
point was our awareness that tertiary-level (univer-
sity) students with disparate entry levels of aca-
demic experience and achievement need to be pro-
vided with the tools to deal with complex control
systems usually found in the biological sciences.
This is especially the case in health sciences, where

classes include both undergraduate and graduate
students with a broad range of backgrounds (arts,
law, commerce, physical and biological sciences,
and engineering).

In biology, the complexity of operation of basic con-
trol systems often means that we must deal with what
are classified as “ill-defined systems” with nonlinear
and discontinuous behavior. Complex biological sys-
tems are difficult to describe satisfactorily with math-
ematical functions and are also influenced by other
variables that are poorly understood.

We have chosen blood pressure control as a control
system suitable for our modeling approach, in par-
ticular the reflexes that stabilize human blood pres-
sure during changes in posture. The baroreceptor
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reflex is an excellent example of a cardiovascular
reflex and also involves understanding concepts of
negative feedback and baseline tone (2). This is an
example of an ill-defined system that has been the
subject of extensive modeling attempts using math-
ematical approaches, but we have found that most
of our students in their early years do not use such
mathematical models effectively and seem to be
lost in their complexity. The computer models tried
varied from simple Windkessel models of circula-
tory hemodynamics (without feedback) to more
complex models like those of Guyton’s of inte-
grated systemic behavior. Academic staff reported
difficulty in engaging students without intensive
tutoring, and we did not find a product that allowed
students to extend their thinking into considering
some “What if?” scenarios.

Our new approach is to introduce a qualitative con-
ceptual framework that facilitates the students’ build-
ing of the “big picture” of a complex system before
going into the details. Such an approach has also been
taken to bring teaching into alignment with practices
in new curricula that increasingly rely on problem-
based learning, problem solving, student-centered
learning, and self-paced learning.

This project is a direct response to student and staff
difficulties with the teaching of biological feedback
control concepts in an engaging manner and arose
from a need to replace practical classes in which
students investigated the control of blood pressure
in anesthetized animals. These classes were very
successful in assisting students to develop manipu-
lative skills and experimental techniques and ways
of investigating control systems by interrupting
control pathways. However, despite having one
tutor for every eight students, these classes were
not so successful in assisting them to understand
the overall operation of blood pressure control.
Later, in line with a worldwide move to reduce
animal experimentation, these experimental labora-
tory classes were replaced first by class demonstra-
tions and then by a video of the experiment shown
to a class in a lecture theater. The latter, rather
passive sessions were of limited success. Students
learned effectively neither about experimental de-
sign nor analysis of the control system.

PROGRAM DESIGN TARGETING THE
CURRICULUM NEED

The first stage in the development of this tutorial was
to identify the need in our curriculum. We analyzed
essay answers to an examination question set for
target students to identify the major problems with
this topic. In consultation with the examiner, each
exam response was analyzed against a checklist of
requirements, and statistical data were collected to
ascertain where problems occurred. We found that
students experienced difficulty understanding the
concept of the model/circuit and displayed problems
with the signaling sequence of reflex control (i.e.,
detection of imbalance must occur before reflex cor-
rection can take place). Compilation of this data also
allowed us to evaluate future cognitive outcomes of
implementation of this tutorial.

Not only is this examination analysis an essential step
in deciding that the students’ difficulties justify the
investment of time and effort in a multimedia solu-
tion, but it is also a useful guide to the development of
the program. It also provides a basis for future com-
parative analysis of the extent of misconceptions after
such a program is incorporated into a curriculum.

Pedagogical Issues

We take a constructivist approach by allowing stu-
dents to build their own model systems, within the
bounds of the physical constraints that govern the
behavior of the system, which has proved successful
in similar situations at other institutions (6). The com-
puter is a key component of this approach when it is
used as a cognitive tool (3). The pedagogical princi-
ples and interface design issues considered in devel-
opment of computer programs involving students’
modeling of secretory cell functions have been de-
scribed previously (5, 10), and many of these princi-
ples have been followed in this project. We have also
chosen to present the program in a collaborative
learning environment, with two to three students per
computer. We have found this most effective as
judged by the busy computer laboratory, with fingers
pointing at the screen and lively and often noisy
interactions between students. The success of this
collaborative environment, also judged by extensive
student surveys, has been reported (4, 8).
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We take a basic approach to understanding the be-
havior of a control system by having students develop
the logical arrangement of system components. Stu-
dents are challenged to build and explore the opera-
tion of an on-screen model of the blood pressure
control system by making logical assemblies of blood
pressure detectors (receptors), signaling circuit com-
ponents (neurons), and output mechanisms (in heart
or blood vessels).

We use the computer program effectively as an ex-
pert system that assists students’ logical assemblies
and testing of their model by providing construction
tools, simple animations of their model operating,
feedback screens indicating success or failure of their
model, and hints on possible changes they might
make. Students may find deficiencies in their model or
a need to adjust misconceptions, suggest modifica-
tions in the expert model for future implementations,
or exhibit misunderstandings in common with other
students. On completion of the model, students are
given tasks with a strong element of reflection in their
use of the tutorial as they try “What if?” scenarios and
elaborate on the knowledge into new areas. At the
end of the class, if required, tutors work through the
model with any students who failed to complete the
exercise and conduct a discussion on the questions
on the paper-based task sheet.

The essential feature of the program is to present the
information in a simple qualitative manner that is used
to give a global view of the control system. This
conceptual framework can then be used by students
to add specific details of the mechanisms or indeed to
better understand a mathematical simulation of the
system at a later time, such as would be appropriate
for engineering students. Teaching programs are al-
ways based on either explicit or implicit assumptions

about learners and learning and the desired cognitive
outcomes. Some issues we have tried to address are
described in Ref. 9.

Learning Outcomes of This Program

The major aim of the tutorial is for students to under-
stand how the central nervous system controls blood
pressure to the brain when we change posture, e.g.,
when we stand up from a lying position.

The specific learning objectives are to understand the
mechanisms used by the body in:

* Monitoring the blood pressure and relaying this
information to the brain

e How the brain processes this information

e How an appropriate response is produced in the
heart and blood vessels

e Extend this to new circumstances.

INITIAL IMPLEMENTATION
Model Building as a Series of Cognitive Steps

The program provides students with a background of
an on-screen schematic representation of the struc-
tures involved in the neural control of blood pressure
by the baroreceptor reflex. On this one screen, stu-
dents create and position components of an electrical
(neural) circuit to build a control system that will
allow the maintenance of blood supply to the brain
with a change of posture. They select from various
components consisting of receptors, afferent neu-
rons, interneurons, and efferent neurons (Fig. 1).

% > <@ <@ 40 <]
Signal Input Central Output Target
detector  pathway processors pathway
(Pressure (Afferent (Interneurons) (Efferent
receptor)  neuron) neuron)
FIG. 1.

Model-building components.

VOLUME 26 : NUMBER 4 — ADVANCES IN PHYSIOLOGY EDUCATION — DECEMBER 2002
290

6002 ‘€z JaquanopN uo Bio'ABojoisAyd-ueapedle wolj papeojumoq



http://advan.physiology.org

TEACHING WITH

Students are guided into sequential construction to
reach the final feedback model shown in Fig. 2, with
all of its parallel neural control pathways shown in
place. Students begin by creating new receptor or
neuron components by clicking on the appropriate
“create” button on the left of screen and dragging the
new object onto the model-building area to the right
(using the template shown in the background of Fig.
2). The neurons may be stretched to any position or
their nature changed by clicking on the neuron or its
terminal. The type of neuron is color coded to repre-
sent sympathetic, parasympathetic, central, or affer-
ent neurons. Nerve terminals can be selected to be
excitatory or inhibitory.

While completing their model, students learn about
the nature of a vascular stretch receptor, phasic dis-
charge in the afferent nerve, location and operation of
the inhibitory interneuron, roles of sympathetic and
parasympathetic nerves, effectiveness of changes in
peripheral vascular resistance, heart rate and stroke

TECHNOLOGY

volume in determination of blood pressure, and ef-
fects of interruption in nerve impulses in the various
pathways.

Our educational approach is to provide feedback at
every stage, and this is in the form of a simple anima-
tion of the system working (i.e., various numbers of
electrical impulses moving around the connected
components of the system and releasing a cloud of
neurotransmitter at the terminals), followed by tex-
tual feedback. The textual feedback is always in the
format of a positive statement (to reinforce correct
aspects of the preceding action), followed by a state-
ment about what is not yet correct, and a hint about
what to consider next (Fig. 3).

We anticipated that students would be challenged by
this model because of the complexity of the system
with its multiple pathways, so we tried not to over-
load the students at any stage. We thus limited some
attributes, e.g., choice of neurotransmitters, and

_____ — Blood Pressure Control —— —
Brainstem menu
- ) Slower
Input region \
/. , C= @® Normal
RECEPTORS M Q Faster
Carldicge s‘ é’ rdiovasdular
‘{’ inhikit: r_\a‘lon = latory |regio
Create
Cefvical /
Thoracic
NEURONES 5 Carotid artery
Farasymnp. ganglion Aortic arch
| i Vena cava
LL Cervical
b symp. ganglion Heart
Create A
.__ Thoracic symp. ganglion
- Lumbar '
Sacral

Spinal cord

Peripheral blood vessel

Lsving siar. s | rodoac|

FIG. 2.
Completed model for reflex control of blood pressure.

VOLUME 26 : NUMBER 4 — ADVANCES IN PHYSIOLOGY EDUCATION — DECEMBER 2002

291

6002 ‘Sz JaqwianoN uo Blo ABojoisAyd-ueapedle wol) papeojumod



http://advan.physiology.org

TEACHING WITH

v Good! The sympathetic output pathway to
peripheral blood vessels is complete.

X There is no parallel sympathetic output
pathway connecting to the heart.

7 Devise sympathetic innervation for the
heart.

Click anywhere in this box to hide it.

FIG. 3.
Example of a feedback panel.

prompted consideration about these attributes later in
the program with questions. As students showed dif-
ficulty in constructing the model, the feedback panels
put more focus on completing the model successfully
and then using this completed conceptual framework
to deal with additional physiological issues after-
wards.

The program was written in SuperCard on a Macin-
tosh Computer and later translated to Macromedia
Director for cross-platform delivery.

Initial Formative Evaluation

The first draft of the program was tested on a cohort
of medical students working in pairs in a scheduled
class. Students were observed by the program devel-
opers and tutors and completed a written question-
naire at the end of the session. At the same time,
electronic audit trails of student progress through the
model construction were collected and matched to
questionnaire responses. Audit trails tracked student
viewing of feedback panels, so that we could map
exactly which path was taken to reach the complete
model. Importantly, this was only a very selective
collection of data (not every button click was stored)
to limit the amount of information collected to a
manageable and interpretable amount. Logging the
amount of time spent on any individual screen was
soon discovered to be useless information, as it could
not tell us whether students were engaged in fruitful
discussion or irrelevant chat.

Students took some time to familiarize themselves
with the program (and only some students read in-
structions screens and feedback panels) but were

TECHNOLOGY

generally able to complete the given tasks in the time
provided. It was apparent that some students quickly
became frustrated when they felt they were unable to
move on and became less likely to read further in-
structions or textual feedback. The level of sophisti-
cation of the model and lack of familiarity with the
symbols used were such that some students were
overwhelmed by so much new information. At this
stage, small groups of students were led through the
exercise, but such a didactic approach meant that
students missed out on the chance to build their own
understanding of the concepts and did not have the
opportunity to explore different scenarios.

Questionnaire analysis. The questionnaire re-
sponses generally reflected the students’ enjoyment
in the interactive task of constructing their own
model, although most were challenged by the task.
The questionnaire also asked students for suggestions
for improving the tutorial, and many took this oppor-
tunity to make some excellent suggestions. Several of
these were incorporated into the later tutorial design.

More specifically, students enjoyed the animated se-
quences, with typical comments being that they ap-
preciated the visual representation of the circuit but
had difficulty understanding some of the textual feed-
back. Typically, they asked for more directional hints
(“Tell me what to do!”). The most consistently re-
ported difficulty related to students’ feeling confident
about getting started. This problem was perceived as
an early cognitive overload and was dealt with in
subsequent modifications to the program. Impor-
tantly, most students reported that they used the
textual feedback in constructing the model, even if
most of them still experienced difficulties along the
way. Many reported difficulty in understanding the
accepted symbols used in representing components
of the nervous system, since this was the first time
they had had exposure to these in their studies.

Audit trail analysis. Analysis of the electronic audit
trails allowed us to collate information from the num-
bers of groups/pairs of students that received any
particular feedback screen more than three times.
This was used to indicate difficulty in moving past a
particular stage of the model-building exercise. Re-
peated viewing of the same textual feedback does not
necessarily indicate that no new attempt has been
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made (e.g., in some cases positioning an element in originated from two sources. First, the assumption
any of 3 different sites will give the same feedback that students could efficiently familiarize them-
response). This was a deliberate choice, helpful for selves with the usage of model-building tools as
identifying a common problem arising in different they made their first steps in model construction
audit trails; e.g., placement of component gives the proved to be invalid. It became apparent that, to
same feedback in similar situations. confidently tackle the logical process of model con-

struction, the students first needed to rehearse the
The data generated by audit trail analysis and by usage of the tools available to them as building
scoring of student questionnaires (both cognitive and blocks. To facilitate this, a “practice screen” was
affective) after the prototype testing were used to created to encourage students to use the neural
redesign some aspects of the software. In particular, it components to build a basic negative feedback cir-
was possible to identify crucial sites of confusion in cuit of three neurons before embarking on the

the model construction process, where repeated
viewings of feedback panels significantly above back-
ground levels could be detected in frequency distri-
bution plots of viewing practices. (see Fig. 4)

more complex model building. Some basic physio-
logical concepts were included in this task.

Second, it emerged that efforts to ground the model-
building exercise in anatomical reality by using spe-

Reducing Cognitive Loads cific structural components distracted the students

The collated evaluation data revealed that it was from obtaining an overall grasp of the feedback cir-
necessary to separate the physiological model- cuit architecture. Subsequently, some stages of the
building exercise from the process of familiariza- model were simplified, and more detailed anatomy of
tion with usage of the tools and symbols. This “central processors” was made available as hyperlinks
cognitive load, the amount of understanding re- in the program for those students who had an inquir-
quired to undertake the model-building exercise, ing interest. This practice of progressive unmasking

a 35

3 Number of viewings

5 30— — MW 3-5

T ] 6-10

[7]

'g 25 +— — B M+

%]

k)

B 204 — _

38

E

3 B = —_

10 - I— —
| . I
]
Signal Input Central Output
detection pathways processing pathways

Individual feedback panels

FIG. 4.
Number of student groups returning for repeated (>2) viewings of feedback panels at various stages of
model construction (total no. of student groups = 93; no. of feedback panels = 88) (9).
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of system complexity on demand accommodates a
broader range of student backgrounds.

Additional Modifications

Audit data also allowed identification of feedback pan-
els that required editing to remove ambiguities, and in
some instances the stages of model construction were
simplified. A case study was introduced to put the
model into context, being the example of a modifica-
tion of the control of blood pressure following a
prolonged period of bed rest. A key was also intro-
duced beside the practice screen to remind students
of the color coding of the different types of neurons
that could be created. Feedback screens were re-
worded if audit trails had identified that students had
difficulties understanding the information provided.

FINAL REVISED VERSION OF THE PROGRAM
AND ITS EVALUATION

The revised program was then tested with a new
cohort of second-year medical students and also with
students in second-year biomedical science and sec-
ond-year science undergraduate courses.

Students completed two-hour scheduled computer-
aided learning (CAL) sessions, mostly working in
groups of two or three per computer (up to 40 stu-
dents per class), with one of the authors (Weaver) and
tutoring staff to provide in-class support. A paper-
based task sheet was provided for students to record
answers to questions extending their understanding
of the physiological concepts involved, including
questions asking them to use their model to predict
outcomes in different situations (e.g., carotid occlu-
sion, hemorrhage). Attendance was high, as students
were assessed on attendance and participation in col-
laboration with fellow students.

Medical Student Evaluation

Since the initial rounds of evaluation, major changes
have been made to the whole medical course, moving
from a traditional structure to one that includes sig-
nificant problem-based learning elements.

Evaluation of this package in the new medical course
consisted of class observations together with collation
of student questionnaires focusing on the major

TECHNOLOGY

changes incorporated into the program since the pre-
vious evaluation round. Generally, we found that,
where students had used the practice screen for its
intended use, they did not experience the frustration
associated with the large cognitive load of getting
started and reported enjoying the model-building task
and the interactive animations. Students now spent
relatively little time mastering the program and con-
centrated more on the physiology of the exercise.
Student perceptions of their own understanding of
the topic increased significantly from a pre-CAL rating
of 2.85 = 0.94 (1 = understood topic not at all, 5 =
understood very well) to a post-CAL rating of 3.80 =*
0.71 (P < 0.0001; n = 40).

However, a large proportion of the students did not
realise that they could use the practice screen for this
purpose, so further modifications were introduced to
direct students to this resource. Also, we found that
viewing of the cartoon case study was low, as stu-
dents often did not follow the link to this in the
program, so the case study was highlighted in the
Table of Contents, and these screens were moved to
the top of the menu to simulate the “trigger” used in
problem-based learning. Students also reported a lack
of closure with the program, so a summary screen
was included.

As frustration with using the program decreased, stu-
dents’ investigation of the physiological concepts in-
creased, and responses on the questionnaires re-
vealed difficulties in understanding some deep
concepts that we had not identified previously. The
major one of these related to inhibitory mechanisms,
particularly to the effects of decreased levels of neural
inhibition. Appropriate explanatory material and ani-
mations were added to the program.

Biomedical Science and Science
Student Evaluation

Both the science and the biomedical science courses
have a more traditional structure and different con-
tent compared with the medical (PBL) course, and the
CAL classes are scheduled for all students in two-hour
sessions. The three courses have different average
entry scores for student acceptance. Thus they are
analyzed separately. After the aforementioned modi-
fications were introduced, a further round of similar
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evaluation was conducted, which also included
matched pre-CAL and post-CAL tests. The tests con-
sisted of three short multiple-choice questions, with
the same test being repeated at the end of the session.
Full answers and explanations were supplied to stu-
dents the week following their class once all evalua-
tion sessions were completed.

The aim of this was to determine the level of under-
standing of key physiological concepts before and
after this class and so determine whether we had
been successful in improving this understanding. We
recognized that merely conducting the test would
focus attention on these areas. Ethical considerations
did not allow us to conduct this trial without giving all
students access to the teaching material, so it is im-
possible to determine whether any improvement in
test scores resulted from the teaching intervention or
from merely considering the topic for an equivalent
length of time.

At the start of the class, the purpose of the evaluation
exercise was explained to all students. Questionnaires
and tests were both anonymous, but the tests were
color coded and number coded to allow matching of
results. The test was deliberately brief, as students
were also asked to complete the questionnaire, and
we were trying to avoid taking too much of their
valuable study time. Completing these evaluation
tasks still took a total of 20 minutes from a two-hour
class.

Observations and questionnaire. In both courses,
student progress with the model-building exercise
was observed to have improved, with very little evi-
dence of the previously recorded difficulties. The task
was still demanding, but students enjoyed the chal-
lenge, and the level of discussion and questioning of
tutors were very high. Student use of the practice
screen had increased, and this was reflected in a
much decreased level of frustration in getting started
with construction of the model. This observation was
confirmed by responses to the questionnaire indicat-
ing that the practice screen was invaluable not only as
an introductory exercise to the tools but also as an
introduction to the concepts of negative feedback
and neuronal circuits. Student viewing of the case
study increased, and nearly all students spent some
time considering the major questions posed before

TECHNOLOGY

moving on to the rest of the tutorial. During discus-
sion at the end of the class, many students referred
back to the case study and used what they had un-
derstood from the tutorial to explain the case. Even
when the case study was not specifically mentioned,
students still tried to explain why prolonged bed rest
could cause fainting on suddenly standing. They en-
joyed discussing examples that they could relate to
“real-life” situations.

Overall, the students enjoyed the hands-on nature of
the model-building exercise immensely and gave the
program a very positive rating. They judged their own
understanding as having increased significantly from
2.23 *+ 1.06 (biomedical science) and 2.38 *= 0.92
(science) to 3.72 = 0.77 (P < 0.0001; n = 71) and
3.55 = 0.75 (P < 0.0001; n = 104), respectively, after
using the program.

Pre- and post-CAL tests. The tests consisted of three
short multiple-choice questions (see APPENDIX 1),
graded in difficulty and requiring understanding at
increasing levels of complexity. The starting level of
understanding was different for the two courses, but
each group exhibited a similar significant improve-
ment in understanding (see Table 1).

The three questions on this test were devised by the
academic in charge and targeted the major learning
objective of this topic. Question 1 was too easy—a
high number of students answered this correctly prior
to the class—so it was difficult to see a significant
improvement in performance. Both groups of stu-
dents displayed a similar improvement in perfor-
mance on question 2, with the biomedical science
students generally performing better both before and
after the CAL class.

We were surprised that performance on gquestion 3
was lower than expected, particularly in the post-CAL
results, given that it is very similar to a question which
students had been answering on their task sheet. It
was observed that a few groups of students did not
know the definition of hemorrhage; some said it was
a bruise, and others used the word clot. The question
on the task sheet refers to blood loss, so this different
term used may have led students to believe that this
was a completely different question. Most students
completed the test without discussion, as instructed,
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TABLE 1
Results of pre- and posttests

Biomedical Science

August 2000 Pre-CAL

Post-CAL Significance

Question 1 0.85 * 0.36 (75) 0.89 + 0.31 (75) NS (P = 0.496) (75)
Queestion 2 0.58 = 0.26 (75) 0.77 + 0.25 (74 P < 0.001 (74)
Question 3 0.36 * 0.48 (75) 0.49 * 0.50 (74) NS (P = 0.185) (74)
Whole test 1.79 + 0.66 (75) 2.13 * 0.59 (75) P < 0.005 (75)
SCIENCE

October 2000

Question 1 0.84 = 0.37 (124)
Question 2 0.48 = 0.27 (123)
Question 3 0.24 = 0.43 (123)
Whole test 1.56 = 0.58 (124)

0.90 + 0.31 (115)
0.67 * 0.34 (117)
0.50 = 0.50 (115)
2.03 = 0.59 (117)

NS (P = 0.18) (115)
P < 0.001 (116)
P < 0.001 (114)
P < 0.001 (117)

Values are means * SE, derived from Wilcoxon matched-pairs ranks test. CAL, computer-aided learning; NS, not significant; nos. in
parentheses, nos. of students. Each question was worth 1 mark. Results given are the average mark for each question and the average score

(of 3) for the whole test.

so it is impossible to conclude where they had diffi-
culty.

From observations only, we tend to believe that the
program itself was responsible for the improved per-
formance on questions 2 and 3, because we did not
observe students referring back to the questions dur-
ing the class or discussing these topics more than in
similar sessions without tests, even though they had
been informed that they would be undertaking the
same test at the end of the session. Even when spe-
cific reference was made in discussions with tutors to
points that had been included as options on the mul-
tiple-choice questions, no students commented on
this or seemed to recognize these from the test.

However, we do recognize the limitations of pre- and
posttests as a summative evaluative tool and realize
that further evidence is needed before firm conclu-
sions can be reached on the effect of the program in
meeting the learning objectives. This would require
more extensive assessment of pre- and post-CAL un-
derstanding of the topic by more focused and exten-
sive questioning.

OVERVIEW

The program has now been extensively evaluated
with groups of second-year students in medical, bio-
medical science and science undergraduate courses at

the University of Melbourne. The program has also
been distributed nationally and internationally to over
12 selected universities, which have trialed the pro-
gram with their students and have provided useful
feedback that has been used to modify the final pro-
gram.

Our approach to helping students learn about control
systems by fostering the development of conceptual
understanding has been successful, judging by the
improvement in student performance not only in the
short posttest but also in the number and depth of
advanced physiology questions occurring in discus-
sion both during and after the class. Although the
students’ learning outcomes could not be assessed in
an exam situation or compared with previous similar
cohorts of students, we were able to gather informa-
tion from a variety of sources (students’ self-reporting
of their level of understanding, results from the pre-
and posttest, observations of discussion between stu-
dents, and feedback from tutors in the class). Al-
though each of these sources of information has its
own limitations, together, all the data do indicate an
improvement in the students’ understanding of the
key concepts, as outlined in the learning objectives.

The goal was to establish a level of qualitative funda-
mental understanding that could be built upon later
by including quantitative transfer functions. Thus our
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approach is usable in a wide variety of contexts,
including those in which mathematical constructs are
inaccessible or unknown.

The emphasis is to encourage student hypothesis for-
mulation and visual testing as the continuity between
control system input and output components is rep-
resented graphically. This approach lends itself to the
description of control systems for which real compo-
nents can be identified (i.e., receptors, neurons,
blood vessels) rather than systems in which the com-
ponents are conceptual. The use of paper task sheets
provided the opportunity for students to both test and
generalize their newfound understanding and has
proved useful in provoking hypothesis generation and
discussion among groups of students. This opportu-
nity was exercised in most classes, and students liked
to test their ideas extensively with the tutors. This
approach is being extended to programs involving
other control systems, including acid-base balance
and thermoregulation.

The audit trail data proved invaluable in undertaking
this evaluation and may be used in this manner only if
the feedback panels have been formulated in advance
to identify and respond to a prioritized hierarchy of
student errors. Tracking the characteristics of the
feedback panels most frequently displayed in re-
sponse to student error provides useful data about
student understanding. Indiscriminate keystroke log-
ging is unlikely to be helpful in the evaluation pro-
cess, because the volume of data produced is unman-
ageable and the common patterns of student error
cannot be recognized. Because the audit trail code
saved data automatically to the hard drive of the local
computer, it was not considered appropriate to in-
clude this programming feature in the commercially-
released final version of the tutorial.

APPENDIX
Pre- and Posttest

Circle your answers for the following questions.
Note: There may be more than one answer!
1. An inhibitory neuron is defined as one which:

e does not transmit action potentials to a post-synaptic neu-
ron

e does not receive action potentials from a presynaptic neu-
ron

e releases a neurotransmitter that increases postsynaptic ac-
tion potential generation

e releases a neurotransmitter that decreases postsynaptic
action potential generation

2. Which of the following situations will achieve negative feed-
back?

e an increased input leads to an increased release of stimu-
latory neurotransmitter

e an increased input leads to an increased release of inhibi-
tory neurotransmitter

e an increased input leads to an decreased release of stimu-
latory neurotransmitter

e an increased input leads to an decreased release of inhib-
itory neurotransmitter

3. A sudden hemorrhage leads to a change in heart rate by:

e increased parasympathetic activity producing increased
acetylcholine release at the SA node

e increased sympathetic activity due to increased barorecep-
tor activity

e increased sympathetic activity producing increased nor-
adrenaline release at the SA node

e increased parasympathetic activity due to decreased
baroreceptor activity
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