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Abstract: Making use of an instructional design based upon recent cognitive science research (Legacy Cycle) secondary teachers, educational researchers, and academic biomedical engineers developed a series of instructional sequences for secondary level students in physics and advanced biology classes.  Over a two-year period, instructional units were developed that used topics from biomedical engineering, e.g. Medical Imaging to teach physics and advanced biology students in secondary schools. Comparison of student knowledge on written questions related to central concepts in physics and/or biology generally favored students who had worked with the experimental materials as compared to control classrooms.  In addition, experimental students were better able to solve applications type problems as well as unit specific near transfer problems.
Introduction

The growth of the influence of cognitive science on the design of instructional materials in science and mathematics has been substantial over the past twenty years.  Early works such as Bransford, Sherwood, Vye and Reiser (1986) summarized research on teaching thinking and problem solving pointing out important differences between the organization of knowledge by experts versus novices in classical problem solving domains such as chess (Chase & Simon, 1973) as well as in physics (Chi, Feltovich, & Glaser, 1981; Larkin, McDermott, Simon & Simon, 1980).  Another important area highlighted by Bransford, et al. was the experimental evidence that while students may have acquired knowledge in previous learning it is not always accessed when needed (Gick & Holyoak, 1980; Perfetto, Bransford & Franks, 1983).  This inability to access applicable knowledge in a wide variety of domains was mentioned as early as Whitehead (1929) who used the term “inert knowledge” to describe this type of knowledge.  Additional work seemed to indicate that traditional educational methods tended to produce knowledge that remained inert (Bereiter & Scardamalia, 1985).

These concerns led researchers to propose alternative instructional methods that attempted to create macro-contexts for students in order that knowledge learned might be used in new settings rather than remaining inert.  Studies in science (Author, 1987) as well as mathematics (Bransford et al., 1988) and literacy (McLarty et al., 1990) pointed towards the effectiveness of such instructional designs.  This also led the researchers to jointly propose a name for this general type of instructional design, “Anchored Instruction” (Bransford, Sherwood, Hasselbring, Kinzer, & Williams, 1990; Cognition and Technology Group at Vanderbilt, 1990).   As noted in Bransford et al. (1990),
“The model [Anchored Instruction] is designed to help students develop useful knowledge rather than inert knowledge.  At the heart of the model is an emphasis on the importance of creating an anchor of focus that generates interest and enables students to identify and define problems and to pay attention to their own perception and comprehension of these problems.” (p. 123).

Some of the same concerns about students’ ability to use knowledge in new situations have influenced the research and development undertaken on project- and/or problem-based learning in science education.  Earlier works such as Williams (1992) presented arguments for the use of case-based instruction especially drawing on the literatures in medicine and law.  Several other authors have extended this work to the more specific area of problem-based and project-based instruction e.g. (Barron, Schwartz, Vye, Moore, Petrosino, Zech, Bransford & CTGV, 1998; Coleman, 1998; Krajcik, Blumenfeld, Marx, Bass, Fredricks, & Soloway, 1998) with some emphasizing the issues that technology-based environments bring to the issue (Edelson, Gordin, & Pea, 1999; Linn & His, 2000).  The use of design as the central focus of problem-based instruction has been the explored by others (Kolodner, Crismond, Gray, Holbrook, & Puntambekar, 1998).

Schwartz, Lin, Brophy, and Bransford (1999) have extended the Anchored Instruction concept and ideas from the problem-based/project based literature to an idea they term “flexibly adaptive design” which calls for:

“Methods used by teachers and learners that are constrained enough to be consistent with important principles of learning and instruction, but that are also flexible enough for teachers to be creative in tailoring instruction their own strengths and learners’ and community’s needs.” (p. 185).


The design advocated by Schwartz et al. (1999), makes use of a strong contextually based “Challenge” followed by a sequence of instruction where students would attempt to “Generate Ideas” (first thoughts on the challenge), view “Multiple Perspectives” of others commenting on the challenge and possible ways to address it, participate in extended “Research and Revise” activities where data and information would be gathered to help the student address the challenge, followed by “Test your Mettle” a formative self-assessment and “Going Public” where students solutions would be made public to peers and others.   While having been implemented in a limited number of studies (Schwartz et al.; Author, 2002) results were positive for students working with this design, referred to as the “Legacy Cycle”, by the developers.


While the details of each of the research and development programs previously mentioned have differences, especially in the types of outcomes that are expected of students (designs of objects vs. solution of a challenges based upon real or simulated data) they do have common threads.  They all use a rich contextually based problem/challenge to start the instruction and affordances for students to engage in study at a substantive depth into the problem/challenge, reflect on their work, obtain formative assessment, revise thinking and present the products of their labors.  Summary documents such as Bransford et al. (2000) have provided additional examples of such types of designs, as well as expansion of the theoretical basis for such designs.

First Year Development Efforts

The development of the materials produced for this project was part of a larger multi-university engineering research center for bioengineering educational technologies. The National Science Foundation funds supplementary grants to NSF grantees that want to involve classroom teachers in their research through the Research Experiences for Teachers (RET) program.  Funds support teachers working with researchers on their projects both in summers and during the school year.  Dissemination of faculty research, when appropriate, to the cooperating teacher’s students is strongly encouraged as a way for students to learn about the research activities of academic scientists and engineers.  RET funds were obtained to allow secondary school teachers of physics, chemistry, and advanced biology to come together with university faculty in both biomedical engineering and education, to consider how concepts taught in college level biomedical engineering might be transferred to the secondary school level. While some of the projects previously mentioned had had some engineering focus (Kolodner et al., 1998), the overall instructional design of the Legacy Cycle had not been implemented in engineering oriented secondary science classrooms.


In the summer of 2001 and during the following school year, five curriculum modules were developed and field-tested.  The topics of these modules included the biomechanics of balance; the biomechanics of the iron cross position in gymnastics, medical imaging with a focus on ultrasound, the energy systems of swimming, and the electrocardiogram.  The balance, iron cross, medical imaging, and electrocardiogram modules were designed for use in the physics classroom.  The swimming and electrocardiogram units were designed for use in the biology or anatomy & physiology classrooms.


The instructional design of the curriculum modules was based upon the design features of the Legacy cycle previously mentioned (Schwartz et al., 1999) and the overall “How People Learn” (HPL) framework presented by Bransford et al. (2000).   A short description of each curriculum unit is provided.  


Accompanied by Figure 1, the electrocardiogram mosaic began with the following grand challenge question, “Suppose one of your teachers visits his doctor and, as a part of a routine exam, he has his electrocardiogram (ECG) measured.  The results are shown below.  Should your teacher be concerned about these results?” After initial brainstorming by the students, the mosaic was broken down into three legacy cycle modules.  Challenge one focused on how the heart beats and why.  Challenge Two focused on what the normal ECG measures and what information is reflected on the normal ECG.  Challenge Three focused on how the ECG reflects abnormalities of rhythm and structure.  Major topics of the typical physics and anatomy & physiology courses that are included are the following: cardiac cycle, cardiac anatomy, the heart’s intrinsic conduction system, the cardiac action potential, electric fields, dipoles, basics of the electrocardiogram, and vector projections.

[Figure 1 Here]


The Iron Cross module is among the shorter curriculum modules, taking place in a little over a week.  This module’s focus is primarily on torque.  The challenge is “What muscle strength is needed for an athlete to hold these positions?”  (Students are shown pictures of gymnastics holding themselves in the “Iron Cross” position.)  Students learn how muscles generate forces and how different muscle groups create different types of movement.  They created free body diagrams to represent the situations and calculate, using vector components and toque, whether or not a particular person could maintain the iron cross position.


The Balance module begins with the following challenge question, “Your grandmother is recovering from a recent right hip injury, and she needs to learn how to use a cane to help her maintain her balance.  In which hand should she use the cane and why?”  The module then leads the student through a study of forces, Newton’s Laws, free body diagrams, equilibrium, and torque.  Much attention is paid to the concepts of center of gravity and stability.  Students calculated the center of gravity of their own forearm and of their entire body.


The Swimming module focuses on the energy systems of the body and their measurement through the context of designing practices and analysis for a high school swim team.   The grand challenge reads, “How can a swim team coach best determine the physical condition of his/her team throughout the season?  How can he/she modify practices to best meet the needs of the individual swimmers?  How can an individual swimmer chart his or her progress during the season?”  Specifically students learned about specificity of training, glycolysis, Kreb’s cycle, oxidative phosphorylation, lactate production and accumulation, and non-invasive measurement of physical fitness.  This module involves a high level of independent student research and design.


The Medical Imaging mosaic is one of the longer mosaics.  It begins with the grand challenge, “A medical student has palpated a foreign mass in a patient's abdomen.  In order to determine the urgency of further medical procedures, the medical student would like to know if that mass is cancerous or not.  The medical student would like to minimize the invasiveness of any testing procedures.  How could the medical student accurately locate the center of the mass and know exactly where to insert a biopsy needle?  Furthermore, could the student avoid using a biopsy needle at all?”  Challenge one addresses what type of non-invasive imaging systems presently exist and how they work.  Challenge Two focuses on how sound can be used to see into the body.  Lastly, Challenge Three allows students to explore a presently unanswered question in medicine, “Could the student avoid using a biopsy needle at all?”  This mosaic includes many topics normally covered in a physics class including the basic properties of waves (frequency, wavelength, transverse vs. longitudinal, wave speed in different materials, the wave equation, power, intensity, decibels, Doppler Effect, and interference), radiation, positron emission, and some magnetism.  Students also learn abdomen anatomy, organ level cellular differences, and the properties of a cancerous cell.

First Year Field Testing

Instructional Use


In the 2001-2002 school year, each of the modules was used by at least one of the five teachers who had been on the development team.  Most of these classrooms were regular level physics classrooms with the addition of one accelerated physics classroom.  A specialized class entitled ‘Biomedical Physics’ was used to field test four of the five modules.  


All four of the physics teachers used the Balance module in their classrooms.   Students calculated the center of gravity of both irregular and regular objects as well as their forearm and entire body.  Stability was studied through trial and error.  Mathematical analysis of stability was done on a dancing man and the grandmother mentioned in the challenge question.


Only the biomedical physics class chose to use the Iron Cross module.  Students tried to perform the Iron Cross position and discussed the muscle groups active for this task.  Each student used muscle data to calculate whether or not a particular gymnast could perform the Iron Cross.


The biomedical physics class and two physics teachers chose to make use of the Electrocardiogram mosaic in 2001-2002.  At one school, the physics teacher invited the anatomy & physiology teacher to team teach the mosaic.  This mosaic makes use of many labs and projects.  The students designed artificial hearts, made patient brochures for an ECG patient, and researched and presented abnormal electrocardiograms.  The major lab in this mosaic was recording and analyzing each student’s ECG using the Vernier ECG sensor and the CBL.  Students also conducted an electric fields lab and used the software program “Interactive Physiology” (www.interactivephysiology.com) to study the cardiac cycle, cardiac anatomy, and cardiac intrinsic conduction system.  The mosaic culminated with most students correctly diagnosing the disease that the teacher in the grand challenge question had.


Only the biomedical physics class made use of the Medical Imaging module this year.  Students made group presentations and created handouts on MRI, PET, CT, X-ray, and Ultrasound.  The students also performed wave tank labs, did a speed of sound lab, and even used an ultrasound machine to find ‘tumors’ (pimento-filled olives) in a turkey.  To answer the third challenge question, two experts in the field of medical imaging joined the class and worked with the small groups to discuss the feasibility of their ideas about a new medical imaging development.


The biomedical physics class did the full swimming module and a biology class did part of the module.  The module began with a study of the specificity of training.  Students learned about the energy systems present in the body with great biochemical detail.  Keeping in mind the challenge question, students assessed which products of the various equations could be measured non-invasively.  Small groups of students designed and built a device to measure oxygen minute ventilation, making use of the Vernier Gaseous Oxygen sensor.   The module culminated with students designing a season long set of practices for a high school swim team that included non-invasive measuring and recording of several biological parameters related to physical shape.

Evaluation Methodology

The design of this evaluation experiment was a classical pretest- posttest control group design using intact classrooms.  Control group classrooms came from physics and/or advanced biology, anatomy & physiology classrooms in the same school as the experimental classrooms or similar classrooms in other schools.   Care was taken to recruit experienced teachers who would be covering similar topics with their classes but without the Legacy Cycle design. Given the use of intact classrooms, the pretest was used as a statistical control, through the ANCOVA analysis method, on the variation in students’ pre-existing knowledge about the subject matter under study.  Students in the experimental condition took the pretest exam before they began an instructional unit and the posttest immediately after they finished the unit.  Students in the control condition took the pretest before instruction in the general topic that served as the conceptual basis for the experimental unit.  For example, students in the control group would take the pretest for the Medical Imaging unit before they started instruction in their physics class on the topic of waves.  Students in the control condition took the posttest after they completed their normal instruction on the comparable topic. Instructional time spent covering the conceptual topic was comparable for the control and experimental classrooms.

The instruments used in the study were designed by the team that developed the instructional units and were constructed of two major parts.  The pretest items were measures of knowledge of the underlying concepts of the domain covered by the instructional units.  The following item is an example of an item from the Medical Imaging unit. 

“Answer the following questions using the labeled wave diagram below.



     A
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                            B


         C

a) The crest is represented by the letter(s) _____.

b)   One complete wavelength is from letter _____ to letter _____.

c)   There are ____ (how many) complete wavelengths in this diagram.

d)   The distance from A to the resting line is called the wave’s ______________.

e)   A trough is represented by the letter(s) _____.”

The pretest items included multiple choice, short answer, or relatively simple computational problems and varied from 8 to 12 separate questions. The posttest measure contained the exact same items as the pretest measure plus an additional one or two items that were designed as “module specific” items. These items were designed to see if students could apply the conceptual knowledge that was learned either in the instructional unit or control condition to a problem situation that was very similar to but not identical to problems that were part of the instructional unit or control instruction.  The following is an example of such an item from the Balance unit.

[image: image1.png]


“8. Why do you sometimes see athletes “bicycling” as they travel through the air during jumps?  This is sometimes done by basketball players or long jumpers as shown in the pictures below.  Be as thorough mathematically and verbally as you can in your answer.  Provide a free body diagram to help support your answer.”

Results


The ANCOVA analysis method was used, as previously mentioned, due to the use of intact classrooms.  Two analyses were done for each instructional unit.  First a comparison of posttest results between the groups for those items that also occurred on the pretest was undertaken with the pretest held as the covariate for the analysis.  An additional analysis was undertaken for just the module specific item(s) with the pretest again being used as the covariate.  Table 1 summarizes the results for the first set of analyses while Table 2 summarizes the results for the second set.   

[Table 1 Here]

An examination of Table 2 shows that for each of the five units the students in the experimental condition had mean scores on the first part of the posttest that were higher than those of the control condition.  In three of the five instructional units (Balance, ECG, & Swimming) this difference was statistically significant (p < .05) using the ANCOVA analysis. Effect sizes (E.S.), calculated by using the difference between the estimated marginal means divided by the mean square error term of the ANCOVA analysis, ranged from a medium (0.40) to a large (1.74) level for those units that had statistical differences. 

For the module specific items (Table 2), the differences between experimental and control groups were apparent for each of the five units again favoring the experimental group over the control.  All of these differences were statistically significant. Effect sizes ranged from medium (0.42) to very large (3.95).  As will be discussed more fully with the analysis of the 2002-03 data, these large differences on the module specific items need to be viewed in a slightly different manner due to the specificity of the content of these items.

[Table 2 Here]

Year Two Development Efforts


During the summer of 2002, each of the first five units was reviewed and revisions made based upon the feedback obtained from the data analysis as well as student and teacher feedback. In addition, two additional units were developed.  These included a unit on optics that focused on the LASIK procedure for vision correction and a unit on Hemodynamics, where fluid properties were studied through the analysis of the hemodynamic systems of the body. 


The grand challenge for the Optics mosaic is “Your baby brother has broken your mom’s glasses (for far-sightedness) for the umpteenth time.  She is fed up and would like to consider what she can do so that she never has to deal with them ever again. (She cannot wear contacts!).   she looks to her smart kid – you – to help her. So what is her best option? How does it work?  Is it safe?”  Individual challenges for the mosaic focus on how vision takes place, the changes that occur to the eye in nearsightedness or farsightedness, and what are the options when one considers corrective eye surgery.   The materials allow students to develop their understanding of several optics concepts such as Snell’s Law, Lenses, etc. as well as biology related concepts of eye anatomy, vision, etc.   A variety of instructional activities are part of the mosaic including lens laboratories, historical information on eyeglasses and how they are currently prescribed, and the LASIK process itself.


The Hemodynamics mosaic has as its grand challenge “You, as a medical student, are presented with a patient with a heart murmur that can be heard throughout diastole.  Listen to the audio file that accompanies this module to hear the murmur through a stethoscope.  Pressure measurements made in the heart are shown below.  Valve disease is suspected.  Which valve and what condition are most likely to be causing this heart sound?  Why?” Challenge one focuses on the circulatory system as a whole.  The second challenge investigates principles of fluid dynamics that are relevant in a study of the body’s circulatory system.  The third challenge links these topics together by asking about pressure versus time patterns expected in the major valvular disorders and what is responsible for murmurs.  Students learn about the cardiac cycle as a whole as well as circulatory system anatomy.  Students compare and contrast arteries and veins macroscopically and microscopically.  Assessments included developing an infomercial or brochure to teach a peer about the circulatory system as well as an informational brochure about hypertension.  After listening to audio files on the heart sounds and various murmurs, students perform auscultation on themselves and take a partner’s blood pressure.  Additionally, students analyze cardiac pressure tracings of various valvular diseases and ultimately answer the grand challenge question.

[Figure 2 here]
Second Year Field Testing

Instructional Use


The various units were used in classrooms in a manner that was similar to the 2001-02 implementation, where each module was implemented by teachers who had been on the development team.  Most of these classrooms were regular level physics or anatomy and physiology classrooms with the addition of one accelerated physics classroom.  A specialized class entitled ‘Biomedical Physics’ was again used to field test five of the seven modules.  


This year two physics teachers used the Balance module in their classrooms.  One class even chose to supplement their learning with analyses of a student wearing a backpack and a woman wearing high heels.  Two physics teachers as well as the biomedical physics class chose to use the Iron Cross module.  


The biomedical physics class and two physics teachers chose to make use of the Electrocardiogram mosaic in 2002-2003.  At one school, the physics teacher invited the anatomy & physiology teacher to team teach the mosaic.  The physics students were tested using the ECG Physics pretest – posttest and the anatomy and physiology students were tested using the ECG Biology tests.


Only the biomedical physics class made use of the Medical Imaging, Optics/LASIK and Swimming modules this year.  The new Hemodynamics module was field-tested in the Accelerated Physics classroom using an AP Physics B classroom as a control group.

Evaluation Methodology


The overall design of the 2002-03 field testing was the same at the previous years.  Experimental and similar control classes were recruited to participate in the field testing at a variety of public comprehensive, public magnet, and private secondary schools.  Based upon the results of the 2001-02 field testing and the development efforts that took place during the summer of 2002, the posttest given to both experimental and control students was revised to have now have three parts instead of two.  First, items that had appeared on the pretest were repeated.  These items, as in the earlier work, were generally multiple choice items that were intended to measure students’ basic conceptual understanding.  It was expected that both experimental and control students would do rather well on this section of the posttest since the basic concepts that were tested were those that would have normally been taught in a physics (or anatomy & physiology course).  Secondly, a set of application type items were prepared that required the student to use basic concepts to solve a problem or answer a more complex question than was found on the first section of the posttest.  These items were designed to resemble traditional chapter test types of questions.  The final section was a question or questions that were very specific to the module that the experimental students used, e.g., module specific.  It was expected, as occurred in the 2001-02 work that students in the control group would not do very well on this type of question, due to its specific nature but it did allow some measure of how well the students in the experimental group had developed their thinking in regard to the module/mosaic that was developed.  These problems were usually multiple step numeric or explanation questions that were meant to be somewhat difficult even for the students who had studied the unit.


The instrument used for the ECG mosaic was modified into two different versions, one for students who had studied the unit in physics classes and a different version for students who had studied the unit in anatomy & physiology classes.  Separate control groups were recruited for each experimental group and the data collected were analyzed separately.

Results

Table Three reports the results of the segment of the posttest that was identical to the pretest.  Students in the experimental condition had mean scores that were higher than students in the control condition on each of the eight units tested.  In six of the eight units these differences were statistically significant (p < .05) with effect size measures indicating moderate (0.55) to large (1.60) strength of effects.   These results indicate that students in the experimental group generally performed better than control students on this measure of basic conceptual understanding.

Table Four shows the results for the segment of the posttest that was made up of application type items.  Student in all experimental conditions again had mean scores that were higher than control students.  In six of the eight units this difference was statistically significant (p < .05) with one of the two remaining units showing near significance (p = .067).  Effect sizes were moderate (0.71) to very large (2.12). This result was especially supportive of the contention that students using these problem-based instructional units are generally better able to use the knowledge that they have learned to solve new problems (Schwartz et al., 1999; Bransford et al., 2000; Author, 2003).

The results shown in Table Five again show large differences between experimental and control students but this result was expected given the nature of the module specific questions that made up this part of the posttest.  While the mean differences are generally large (and statistically significant) it is probably more informative to review the means of experimental students compared to the total possible number of points that a student could earn on this part of the test.   Looking at this measure the means for experimental students compared to the total possible vary from approximately 17% to 75% with most units running from about 45% to 60%.  It was somewhat concerning to the authors that students were not able to solve a moderately difficult problem related to concepts studied within the unit.  This, however, is consistent with many educational findings that students generally have difficulty in using knowledge they have learned in even a “near transfer” problem (Gick & Holyoak, 1980; Perfetto et al., 1983; Bransford & Schwartz, 2002). 

While the number of subjects was somewhat small to conduct reliability studies of the various posttests, coefficient alpha statistics were calculated.  As expected, the full posttest showed coefficient alpha reliabilities that were substantially higher than those of the subtests.  The overall posttests ranged from a low of 0.54 to a high of 0.82 indicating moderate to good internal consistency reliability. 

Discussion


The statistical analysis from both years indicates that the use of the instructional units appears to have a positive effect on students’ ability to answer questions both on the basic conceptual knowledge of the particular content area under study as well as application level questions.  Results from the module specific items is less clear cut with students in the experimental group, who were expected to be able to solve a “near transfer” type of problem, showing only moderate success in this area.  This appears to be consistent with other projects that have used instructional approaches that use a contextually rich problem based approach to instruction (Author, 2002; Kolodner et al., 1998; Krajcik et al., 1998; Linn & His, 2000; Reiser et al., 2001; White, 1998).  Such programs provide a context that allows students to see both the “worth” of studying the materials and a goal that they can accomplish.  They are also consistent with the instructional designs presented by Bransford et al. (2000).


The materials also offer students an opportunity to work with engineering oriented problems within secondary schools.  This may offer students important insights into engineering as a possible major field of study in college.   Students also offered many positive informal comments on their experiences with the materials indicating that the challenge-based methodology could be a factor in improved student attitudes towards science. 


As is the case with field based research of intact classrooms, there are variables that cannot be controlled and therefore can offer alternative hypotheses for the seen results.  Instructional time is one of these variables that could not be controlled within this experiment.  While teacher self reports of classroom time spent on instruction in both experimental and control classrooms indicated a general match in instructional time between the groups, the differences in emphasis placed upon particular concepts could not be controlled completely and therefore students in experimental classrooms may have received more focused instruction on concepts that were measured by the instruments of the study.  Additionally, the “halo effect” of using new novel instructional materials of a somewhat different than “normal” instructional sequence, could not be controlled for given that the control condition was “normal” physics or anatomy & physiology instruction.


The previously mentioned research and the results of this particular study give rise to some consideration of “What makes a good problem?” for problem-based instruction.  While not a completely answered question by any of the studies, some trends do appear.  This project, as well as many of the other projects previously mentioned, makes use of ecological/environmental/medical-based problems.  This appears to be appropriate on two levels.  First, it offers an opportunity for inquiry by students where “exact” answers are not many times readily known.  For example, if students extend a problem that might have called for them to do measurements within a simulated ecosystem within a problem-based system (Krajcik, et al., 1998; Author, 2002) they have the opportunity to conduct measurements within a local ecosystem (or perhaps multiple ecosystems through electronic methods, e.g., Songer, 1996) where not all of the data collected will “look like” the data they obtained from the simulation or provided data of the curricular materials.  Additional work will be needed to understand the new data, based upon previous experiences with the curricular materials and additional instructional activities that might accompany these new data.  Secondly, problems from these domains appear to be instances of where students can see the “worth” of the scientific endeavor.  Knowing the basics of an ECG not only provides a window into medicine; it may allow the student to better understand some of the issues that they or their family members may face when ECG’s are taken in a doctor/hospital visit.  In the environmental/ecological areas, while the outcome knowledge may not be so closely related to human health it may point towards issues of animal and plant health that the students view as important.  Additional work in this area may be especially useful in trying to answer more fully the “What makes a good problem?” question.
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Figure 1: ECG Tracing to Accompany Grand Challenge of Mosaic
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Figure 2:  Heart Pressure Tracing to Accompany Hemodynamics Mosaic

	Unit


	Group
	       Pretest

Mean  S.D.    N
	     Posttest

Mean  S.D.    N
	Total

Possible
	F
	 Prob.
	Effect 

Size*

	Balance
	Exp.
	 6.66    2.62   156
	10.83  2.48   151
	     16
	   6.03
	  0.015
	0.40

	
	Control
	 6.78    2.00     44
	 9.81   2.48    44
	     16
	
	
	

	ECG
	Exp.
	 4.62    1.41     85
	 6.61   1.10    85
	       8
	  80.82
	<0.001
	1.50

	
	Control
	 4.68    1.18     62
	 5.06   1.28    62
	       8
	
	
	

	Iron Cross
	Exp.
	14.42   1.68     12
	16.04  1.57    12
	    18.5
	    0.03
	  0.875
	N/A

	
	Control
	13.11   2.55     99
	15.81  3.25    99
	    18.5
	
	
	

	Imaging
	Exp.
	 8.79    1.51     12
	 9.21   1.45    12
	     12
	    0.65
	  0.422
	N/A

	
	Control
	 7.54    1.72     96
	 9.07   1.45    96
	     12
	
	
	

	Swimming
	Exp.
	 8.88    1.54     12
	10.67  1.29    12
	     13
	  26.93
	<0.001
	1.74

	
	Control
	 7.05    2.22     55
	 7.21   2.06    55
	     13
	
	
	


          Table 1:  Descriptive Statistics and ANCOVA Results 01-02: Pretest to Posttest

*E.S. (Effect Size = difference in estimated marginal means/mean square error)

Table 2: Descriptive Statistics and ANCOVA Results 01-02: Module Specific Items

	Unit
	Group
	Module Specific

Mean    S.D.     N     Possible    %
	F
	Prob.
	Effect

Size

	Balance
	Exp.
	0.90     1.29     151         5        18
	    6.06
	  0.015
	0.42

	
	Control
	0.38     1.12       44         5          8
	
	
	

	ECG
	Exp.
	2.88     2.14       85       10        29
	  54.76
	<0.001
	0.58

	
	Control
	0.75     0.87       62       10          8
	
	
	

	Iron Cross
	Exp.
	3.46     3.13       12       11        31
	104.17
	<0.001
	3.16

	
	Control
	0.13     0.32       99       11          1
	
	
	

	Imaging
	Exp.
	13.79   2.21       12       20        69
	157.03
	<0.001
	3.95

	
	Control
	6.07     1.94       94       20        30
	
	
	

	Swimming
	Exp.
	8.00     1.28       12       12        67
	  42.67
	<0.001
	2.20

	
	Control
	3.43     2.16       55       12        29
	
	
	


	Unit
	Group
	         Pretest

Mean   S.D.    N
	        Posttest

Mean       S.D    N 
	Total

Possible
	F
	Prob.
	Effect

Size

	Balance
	Exp.
	  9.45     2.20    21
	  11.90     3.46   19
	     18
	4.58
	   0.040
	  0.76

	
	Control
	  8.07     3.10    15
	    9.30     1.73   15
	     18
	
	
	

	ECG (Physics)
	Exp.
	  3.05     1.38    40
	    4.73     1.31   37
	       7
	5.90
	   0.017
	  0.55

	
	Control
	  3.65     1.17    49
	    4.11     1.26   47
	       7
	
	
	

	ECG (Biology)
	Exp.
	  4.36     1.57    44
	    7.47     1.52   43 
	       9
	16.25
	 <0.001
	  0.72

	
	Control
	  3.73     1.54    59
	    6.16     1.36   57 
	       9 
	  
	
	

	Iron Cross
	Exp.
	  6.58     1.64    78
	    7.95     1.54   69 
	      11
	0.28
	   0.596
	  N/A

	
	Control
	  6.77     1.30    46
	    7.85     1.75   34 
	      11
	
	
	

	Imaging
	Exp.
	  7.33     1.75      6
	    9.92     0.80     6 
	      11
	10.15
	   0.005
	  1.60

	
	Control
	  7.40     1.55    15
	    7.57     1.74   14 
	      11
	    
	
	

	Swimming
	Exp.
	  8.25     1.78      6
	    9.25     1.61     6  


	      10
	7.15


	   0.010 
	  1.29

	
	Control
	  6.02     1.48    46
	    6.71     1.27   46 
	      10
	     
	
	

	Optics/LASIK
	Exp.
	  8.83     2.56      6


	    9.83     1.60    6


	      12
	2.41


	   0.139 
	   N/A

	
	Control
	  7.00     1.96    15
	    8.07     2.40   14
	      12
	      
	
	

	Hemodynamics
	Exp.
	  5.67     2.25      6
	    7.20     2.86     5 
	      12
	2.84
	   0.107
	   N/A

	
	Control
	  3.56     1.50    25
	    4.84     1.39    19
	      12
	      
	
	


Table 3: Descriptive Statistics and ANCOVA Results 02-03: Pretest to Posttest

	Unit
	Group
	Application Items

 Mean    S.D.     N     Possible
	F
	Prob.
	Effect

Size

	Balance
	Exp.
	     6.95      7.27     19        23
	     8.34    
	    0.007 
	   1.03

	
	Control
	     0.67      0.49     15        23
	
	
	

	ECG (Physics)
	Exp.
	     9.82      5.04      37       23
	     9.89
	    0.002
	   0.71

	
	Control
	     7.62      4.45      47       23
	
	
	

	ECG (Biology)
	Exp.
	    10.90      4.91     43       21
	     3.43
	    0.067   
	   0.38

	
	Control
	     8.90       4.15     57       21
	
	
	

	Iron Cross
	Exp.
	     8.22       7.25     69      20.5
	   44.68    
	   <0.001
	   0.97

	
	Control
	     1.49       1.17     34      20.5
	
	
	

	Imaging
	Exp.
	     6.08       3.85       6        9
	   18.61
	   <0.001
	   2.12

	
	Control
	     1.21       1.25     14        9
	
	
	

	Swimming
	Exp.
	   13.00       2.61        6      18


	   13.62


	    0.001
	   1.78

	
	Control
	     8.09       2.34      46      18
	
	
	

	Optics/LASIK
	Exp.
	     7.75       5.33        6      14


	     8.40 


	    0.010
	   1.52

	
	Control
	     2.29       1.77      14      14
	     
	  
	

	Hemodynamics
	Exp.
	   11.90       9.94        5      29 
	     0.22
	    0.643
	   N/A

	
	Control
	     6.05       5.16      19      29
	
	
	


Table 4: Descriptive Statistics and ANCOVA Results 02-03: Posttest Application Items

	Unit
	Group
	Module Specific

Mean   S.D.    N   Possible  %
	F
	Prob.
	Effect

Size

	Balance
	Exp.
	1.79     1.99    19       5        36
	4.17
	0.050
	0.73

	
	Control
	0.53     0.52    15       5        11
	
	
	

	ECG (Physics)
	Exp.
	4.70     3.07    37      11       43
	40.82
	<0.001
	1.45

	
	Control
	1.66     1.31    47      11       15
	
	
	

	ECG (Biology)
	Exp.
	4.37     2.80    43      10       44
	10.16
	0.002
	0.66

	
	Control
	2.72     1.52    57      10       27
	
	
	

	Iron Cross
	Exp.
	1.70     1.99    69      11       15
	21.40
	<0.001
	0.97

	
	Control
	0.12     0.33    34      11         1
	
	
	

	Imaging
	Exp.
	15.75    3.25      6      21       75
	20.87
	<0.001
	2.24

	
	Control
	9.64    2.40     14     21       46
	
	
	

	Swimming
	Exp.
	8.50    3.27      6      14       61


	16.40


	<0.001
	1.95

	
	Control
	2.49    2.38     46     14       18
	
	
	

	Optics/LASIK
	Exp.
	3.17    0.98       6       6       53


	24.02


	<0.001
	2.62

	
	Control
	0.79    0.80      14      6       13
	
	
	

	Hemodynamics
	Exp.
	13.20    4.32       5      24      55
	107.80
	<0.001
	5.70

	
	Control
	1.53    1.02      19     24        6
	
	
	


Table 5: Descriptive Statistics and ANCOVA Results 02-03: Module Specific Items

