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ABSTRACT

It is challenging to give students an intuitive arstanding of the basic magnetic resonance phermmen
and a sample of the many MRI techniques. Whereapaot mathematical descriptions of MRI
techniques can be made, students are typicallyi#gftno intuitive understanding unless the common
sense expressed in the math is in focus. Unfolyyahe nuclear dynamics happen in four dimensions
and are therefore not well suited for illustratamblackboard. 3D movies are more appropriatetHayt
do not encourage active learning. The typical smtuemployed by educators is hand waving (litedally
since arm motions can to a limited extent be uséliListrate nuclear dynamics. Many students fimd t
confusing, however, and students who do not gfasprieaning during lectures, are left in a bad jwosit
For this reason, educational software was developedthe last decade (the Bloch Simulator). ftegly
available and can be run directly from the softwasmepage that also links to YouTube software
presentations aimed at educators and students aweodiready gotten a first introduction to MRI
concepts. The software is mainly aimed at educdtoristeractive demonstration of MRI techniques$ bu
can also be used for student exercises which ngajfisantly improve the understanding of MRI
concepts. The presentation demonstrates softwade foathe first few minutes of MRI education

but focuses mostly on the educational value ofitbee advanced Bloch Simulator. It is explored how,
and to what extent, active learning based on tftevage may improve student understanding. An
interactive teaching session on advanced topidsépypes, the Fourier relationship, selectivitgsw
evaluated using pre- and post-lecture anonymoustigneaires. These are challenging and significant
subjects, and it was hypothesized that the approeghimprove student understanding considerably.
Though rigorous testing of the benefit over traniitil teaching was not within the scope of the mtoje
indications of improved skills were found, and sitedent satisfaction was excellent.

Keywords- magnetic resonance imaging (MRI), educationluatin, Bloch MRI simulator software
| INTRODUCTION

Magnetic Resonance Imaging (MRI) is an importamt phthe biomedical engineering curriculum. It is
challenging, however, to give students an intuitimelerstanding of the basic magnetic resonance
phenomenon and a sample of the many MRI technigMbsreas compact mathematical descriptions of
MRI techniques can be made, students are typitedtlyvith no intuitive understanding unless the
common sense expressed in the math is in focusteléeant nuclear vector dynamics happen in four
dimensions, and are therefore not well suitedlfestration on blackboard. 3D movies are appropriat
but they do not encourage active learning. Thechimolution employed by educators is hand waving
(literally), since arm motions can to a limited ent be used to illustrate vector dynamics. Studewstg

find this confusing, however, and students who alognasp the meaning during lectures, are leftbhac
position.

Hanson, LGProc. of the 11th Active Learning in EngineeringuEation Workshop (ALE 2012)



For this reason, educational software was developedthe last decade (tBéoch SimulatorHanson
2007). It is freely available and can be run diseftbm the software homepage
http://www.drcmr.dk/blochhat also links to popular YouTube software préstions (Hanson 2011a)
aimed at those who have already gotten a firsbdlutction to MRI concepts. The software is mainly
aimed at educators for interactive demonstratiokgf techniques but can also be used for student
exercises and general exploration, which may siganfly improve the understanding of MRI concepts.

This paper introduces software made for the fast minutes of MRI educatiodgvaCompasdHanson
2011b) but focuses mostly on the educational vafilke more advancdgloch Simulato(Hanson,

2007). It is explored how, and to what extent\actearning based on the software may improve stude
understanding. An interactive teaching sessiondwargced topics (pulse types, the Fourier relatignsh
and selectivity) was evaluated using pre- and [gastve anonymous questionnaires. The sessiondedlu
group exercises where it was discussed how paatiddiRI| techniques could be realized and visualized.
The exercises were interleaved with class discossidere the ideas were tested using the simulEber.
mentioned subjects are challenging and significamd, it was hypothesized that the approach may
improve student understanding considerably. Thaiggitous testing of the benefit over traditional
teaching was not within the scope of the studyicatibns of improved skills were found, and thedstot
satisfaction was good.

[l CONTEXT

Engineering education is often not adequately engdor all students. Teaching and learning stgles
not sufficiently aligned, which can be improveduayying the teaching style (Felder and Silverman,
1988). Active learning approaches should be inadudehe portfolio of teaching methods to meet the
needs (Feldegt al 2000) though this concept is so broadly defired evidence for its efficiency is not
solid in all cases (Prince, 2004). Teaching thenidical Engineering (BME) curriculum may be
particularly challenging, since traditional engirieg courses are mixed with more biological and ivedd
courses (Harris, Bransford and Brophy, 2002). Tikedy improves occasional alignment with student
interests and preferred learning styles over theatbn as a whole, but the expected added diyarkit
student preferences may broaden the range of néealeling styles in the individual courses.

As part of the Medicine and Technology programhatTechnical University of Denmark (DTU), a range
of courses on medical imaging is offered, partlthin the study line “Medical Imaging and Radiation
Physics” (Wilhjelmet al,2011). The students meet the different medical intamodalities (e.g. CT,
PET, ultrasound and MRI) at several courses (nueth2t500, 31540 and 31545) during the bachelor
and early master study at increasing levels reggrdépth of coverage and mathematical complexity.
These courses described in the DTU study handdo®kl ( 2011),constitute a spiral curriculum, where
teaching and task solving is performed at the hglewvel allowed by the limiting, but steadily griow,
mathematical, physical and computational skillthefstudents. In this way, complex and relevant
techniques such as MRI can be included early iretheation which is both motivating and serves to
push the boundaries of the students’ mathematidid. sAlready after the first week of their unisity
study, the students conduct a “dry lab” group egeraddressing the basic magnetic resonance
phenomenon. The exercise is based on educatidibabse available at
http://www.drcmr.dk/JavaCompaskhe page also links to the written exercise imiBla, and an early
version of this in English. The students are latgrosed to more complex subjects, visualized using
software available dtttp://www.drcmr.dk/bloch

After the undergraduate courses, the students hmayse the specialization course 31547, Medical
Magnetic Resonance Imaging, which addresses thectuly much more detail, and which supplements
prior experience with important applications, datguisition at hospitals and data analysis exesdhsat
are described in obligatory, short, individual repgDTU, 2011). The course includes traditionatlees
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interrupted by frequent questions and answers.nguhie semester, pairs of students present newasabj
within the course curriculum (learning-by-teachii, minutes per student). Software for quantitative
analysis of the acquired data is programmed inlggnalips during exercises.

The MRI course is normally taken in the second stendy students enrolled in the imaging study tifie
the Medicine and Technology graduate program.dt3spoint course first given spring 2010. In 2@11
had 20 participants. These were both formally angractice required to have knowledge corresponding
to the last course in the spiral program (315486),familiarity with basic MRI concepts and the
corresponding math at a superficial level.

11 THE SOFTWARE AND STUDY AIMS

Three-dimensional movies are appropriate for ithtstig MR vector dynamics, but only a limited rargje
these are available. The typical solution empldygé@ducators is hand waving, since arm motionshean
used to illustrate vector dynamics to a limitedeaxt The movement of many vectors must often be
visualized simultaneously to explain MRI technigueswvever, and the number of arms and other
physiological constraints are limiting factors. Mastudents find such demonstrations confusing, and
those who do not grasp the meaning during lectaresieft in a bad position.

For this reason, educational software was developedthe last decade. It can be used directly fitoen
software homepadattp://www.drcmr.dk/blochThe software is since 2010 released in a vetian
executes directly in almost any web browser. Thisng for student exercises which may significantly
improve the understanding of MRI concepts. Theveie is introduced and demonstrated in a series of
YouTube videos available via the software homepabe.videos show the software as it may be used in
lectures, and they are aimed at new users alreadiidr with MRI. Conclusions based on the usehis t
software will likely apply to other educational sgimulation tools also, e.g. SpinPlayer (BenoittiGa
2005) or those by P.G. Bjorklund (Bjorklund, 2011).

The Bloch Simulator has been used for years dueictgres, but little is known about how it is peves

by students, or whether the new possibility of gstindependently in a browser, is used by them. A
aim of the current study was to explore this arditénefit. Specifically, it is tested to what extire
software may improve understanding of interactioetsveen radio-frequency oscillating magnetic fields
(RF) and nuclear magnetism. It was hypothesizettiitgaecturer's use of educational software during
lectures, and the student’s use between lectugjmprove understanding considerably.

IV STUDY DESIGN

The students of the course 31547 on medical MRéwabject to a study approximately half way through
the 13 week semester, spring 2011. The test pextahded over 4 weeks with the following parts:

* Week 1: Lecture given by students where the topis imtroduced, but not covered in any depth.

»  Week 2: Traditional lecture with in-depth coveradd¢he subject.

* Week 3: Lecture with questionnaire followed by eiss.

* Week 4: Repeated questionnaire with some questitensged/added.
These parts are described in detail below.

Introductory lectures
The topic was initially introduced briefly in a 20inute lecture given by 2 students as done for mesat
subjects covered in the course. It was subsequentigred in more detail in a fairly traditional e

Hanson, LGProc. of the 11th Active Learning in EngineeringuEation Workshop (ALE 2012)



including frequent bidirectional questions and am®ywhich is typical for the course. On earlier
occasions, the simulator had been used for denatimgfrconcepts of magnetic resonance, but that was
not the case when this particular subject was ealviitially.

After this lecture the students would optimally eaome feel for the subject, but due to the exdedt
difficulty of the subject, they were not expectedchaive a thorough understanding. MR techniquesorely
quite a few foreign concepts and correspondingruitia terminology that typically needs to be
mentioned and used in different contexts beforg tite remembered and understood.

Pre-exercise test and exercise

The lecture following a week later was initiatedhwa brief introduction to the study, and the sob

this (whether the MR simulator software improvesténg). The students were introduced to the
guestionnaire and were informed that it was anomgrand aimed at improving the course. It was also
said to be intentionally difficult (since a largariance in performance was wanted, this was intled
aim). The questionnaire contained questions alreusitnulator and its use (see appendix), for exampl
“How do you estimate your total benefit of demoatétms using the MR-simulator performed at
lectures?”(answered on a 5 point scale). It also containediHiple-choice questions designed to test the
understanding of the topic of interest, for exanffdnich 2 properties are most important for a slice-
selective saturation pulse, i.e. a pulse aimedippgessing signal from a slice of tissu€&ne additional
lengthy question was included as a filler for thesalents who answered the 4 initial questionsdhapi
The questions were prepared in Danish since alkstis are Danish speaking and since the lectunes we
given in Danish. Important definitions and nomengla for the subject matter (RF pulses and exoitati
profiles) had been written on the blackboard insambe, and were briefly recapped before the preceseer
test began.

After 15 minutes of quiz-solving in solitude, thedents were asked whether they needed more time to
complete the first 4 MR questions. Some did anelarhore minutes were given. After that, all indécht
that they had finished. They were then given emaptyelopes and were asked to put their assignment in
the envelope, seal it, and write their name ol Was again stressed that the questionnaire was
anonymous, and the students were informed thatwioeyd get the correct answers later. In order to
avoid telling that the questionnaire should be atge next week, it was not explained why they sthoul
write their names on the envelope. Knowing coulislthe result by making the students practice elxtra
hindsight, it would have been wise to tell the stug, that they themselves would open the envelopes
later. This would remove any doubt of anonymityheitt giving away the plan.

Immediately following the questionnaire, an exeraigs conducted in the class. The students weeslask
to form groups of 2-3 persons that they happendx tgitting close to. They were then asked to clemsi
how particular aspects relevant for the topic cdaddlemonstrated using the simulator. The questmns
be answered are given in the appendix, for exatitjidey can selective and non-selective excitation be
illustrated?” Optimally, the groups should suggest that short&xg}, or weak&long RF pulses can be
applied interactively in the simulator to demon&rdifferences in selectivity. Using a classroomviAth
wall projection, this suggestion would immediateé/tried out under student guidance, and be disduss
in class. The topics of the remaining questionsevedso within the same general scope as the
guestionnaire but the questions in this were ndtesbed directly. The aim was rather to familiatize
students with the simulator and show them thatbiiiat be used to explore the topic covered. Afteirign
had a few minutes to discuss each question (tibe) Itelected groups were asked to provide their
answers, and corresponding demonstrations weredarut. Apparently no groups had clear ideaslof al
answers but several students revealed at leaslpartierstanding of the subject. This switch betve
asking questions, discussing them in groups, allafimg up in class lasted approximately half amdih
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Post-exercisetest

The week after, a slightly modified version of theestionnaire was repeated (see appendix) tohest t
student’s satisfaction with the previous week'sege, whether they had used the simulator
independently in the meantime, and whether thaletstanding had improved.

Questions about the previous week's simulator eseeend about the student’s own use of the simulato
in the meantime were replacing prior questions atimigeneral benefit of the simulator. The claas w
initially asked whether anyone had figured out whgy should put their answers in a sealed, named
envelope — no one had, and apparently they hadivext that much thought, which was good. They were
told that they would now get the questionnaire mgaind they afterwards would be given back theeskal
envelope from last week, which they should opethabboth answers could be put in a new unnamed
envelope to allow for comparison with earlier ansy@he students were subsequently given a copy of
the questionnaire with the right answers marked.

IV RESULTS
Subj ective impression
The practical execution of the quiz and class égersubjectively went as well as could reasonably b
expected. The time was limited by general condsand took approximately one hour in total whieh i
too long for a lecture. This was not perceived higggproblem, though the exercise was somewhaedish
to avoid keeping the class even longer before thakband the next scheduled subject.

Results of MR questionnaires
The results of the questionnaires are lengthy amhbinish, so they are only summarized here.

19 students answered both MR questionnaires dtpgaatially. One student was only present the first
week, and this student's answers were thus distamtead to respect the confidentiality promiseofl6
the 19 students reported a good or very good kefnafin prior use of the simulator during lecturasd

all who answered found the benefit at least actéptdahe comments generally focused on the
understanding that visualizations of mathematioal ghysical concepts provide. Some find them diffic
to follow, though. 17 of the 19 students had usedsimulator themselves via the Internet, although
several had only used it briefly. Approximatelyfhaded it to improve understanding. Of the 17 tisstd
it, 2 benefited very much, 7 benefited well, 6 H#ad acceptably and 2 benefited little. The benefi
correlates with the time spent and with how diffi¢he operation of the software is perceived. Some
indicated that it is difficult to reproduce examgpfeom lectures. One student mostly answered tbense
set of the repeated multiple choice MR questioreyhm because of late appearance in class. Exaept fo
that, all students answered most evaluated questorthe time seemed sufficient. The 4 multipleicdh
MR questions had an approximately even distributibright and wrong answers in the first sessidnsT
is much better than random chance, since more wia@rgright options were given. One question was
answered correctly by almost all students in bes®ns. In 24 cases, answers were correct in both
repeated sessions, so improvement was not poskibtases of improved answers (of 48 possible)lénd
cases of worse answers were counted, so overadl Boprovement from session 1 to 2 was observed,
although there was still much room for more. Incases could the improvements be attributed to
independent use of the simulator between the tatodes, since no students indicated any such Gsef 1
19 students, however, indicated that the classcieseewith elements of group work had been of much
benefit, and 4 indicated acceptable benefit. Hérisereasonable to attribute some of the improvere
the class exercise, though it is also likely thahe of the students have improved their skillstireo
ways. The comments mostly indicated satisfactich tie exercise.
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V DISCUSSION

As hoped, the MR questions were sufficiently difftd¢o ensure significant variability between stotde
In hindsight, multiple-choice question 3 may haeetb confusing, since one of the two properties that
were sought in the answer could be seen as incliindbeé other. No students raised this potentalés
after they were provided with the right answers.

The improvement in MR understanding between thetasts is difficult to evaluate since it obvioublys
no simple relation to the improvement in correctnefsthe answers to questions. A positive correfaits
expected, however, and improved results were folimehs clear that the understanding was not pedec
re-test, which should neither be expected at thistn the course (or in any point, really, sithe
questions were designed to be sufficiently challegntp ensure variability).

It is a weakness of the study design that improvesi@ the performance between the two repeated
guestionnaires can not be attributed to the useeo§imulator alone. In addition to participatinghe
simulator exercise, the students may also havelreakls in the meantime, for example. However, gjvin
the fairly long questionnaire twice on the samedayg deemed demotivating. More importantly, an
improved result of the second test would be expelsésed on student’s short term memory alone, which
is not the focus of the course teaching. Repedtiegjuiz twice on the same day would also remoge th
student’s chance to go and use the software theessbetween lectures. This option was not mentioned
to them, but they did know that the software iglyeavailable.

It is an advantage that the two tests were botkestén the beginning of subsequent week’s lectaces
that conditions were as similar as possible. Itlddwave been a problem, if students only partiggan
one of the tests, but 19 of 20 possible studenticipmated both weeks.

It was the hope that some students would use tingl&ior independently between the two lectures but
none indicated any such use, and the benefit sfcdm hence not be estimated. Apparently it is not
sufficiently stimulating to know that the simulaisrrelevant for understanding a particular difficu
subject, at least not when students are busy wlithr dasks. It is likely worth handing the exerdise¢he
students a week ahead of time, and ask them tag@ephe fact that none used the simulator between
two lectures simplifies the interpretation of tHeserved improvement as the benefit can largeliidatih
not solely) be attributed to the class exerciseliwikg group discussions and use of the simulator.

There was no clear correlation between MR abiliied independent use of the simulator, and even if
such a correlation had been seen, it would likelglbe to general subject interest rather thantdirec
benefit of using the simulator.

There was little variability in the perceived batebf the simulator in general and of the spedifass
exercise, which were both generally high. Any datien involving those would therefore likely be
spurious, and was not looked for.

Overall, it was valuable to get confirmation thaewf the simulator in the class is indeed found
beneficial. Hitherto, it has not been used as mmalass and in exercises, as it could, becausigeof
danger of pushing a technology that may not bedawseful by the students. It appears that excessige
is not currently an issue, and that more classfgexercises like the one introduced here, may be
beneficial. It is important that the students dofeel saturated, however, especially since nomamous
critique of the simulator would likely be held bagjven that the lecturer/examiner is also the audi

the software. Though the current test was anonyptbagesults may be biased, as the general inipress
of the lecturer may influence the opinion regardisg of “his” simulator.
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Several answers expressed difficulties using tmellsitor independently. More class/group use of the
simulator may alleviate this. Even more so mayréoent publication of simulator demonstration visleo
on YouTube, where not only the spin dynamics théveseare demonstrated, but also how their
visualization is achieved using the simulator. Viteos are far from exhaustive regarding the ptessib
uses of the simulator, so they need not give arsteerexercises away, which may be demotivating Th
class exercise used in the present context isovatred by the videos, for example.
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APPENDI X

The questionnaires used for the study are herslétaa from Danish to English. In the original,
additional space was allocated for answers.

Questionsregarding use of the Bloch Simulator at DTU cour ses (questions asked only in week 3):

The questions below do not only concern the ugkeo§imulator on the course “31547 Medical Magnetic
Resonance Imaging”. Also think back to other cosifde@ 31540 and 31545 if you have had them,

The questions are answered anonymously. The ansneetsed in the planning of the course and for a
study conducted by the course organizer.

1. How do you estimate your total benefit of demi@imns using the MR-simulator performatd
lectures (mark the most precise of the answers below).
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* No benefit.

* Low benefit.

« Acceptable benefit.
« High benefit.

« Very high benefit.

Short explanation of your answer:

2. Have you used the Bloch simulator yourself i@ainternet? Yes / No (mark answer with a circle)

Why / Why not:

3. If you have used the MR-simulator yourself, tidgase mark which of the following options thastbe
describes your total benefit of the use in thelsagons.

* No benefit.

* Low benefit.

« Acceptable benefit.
* High benefit.

« Very high benefit.

Short explanation of your answer:

Questionsregarding use of the Bloch Simulator in week 3 (questions asked only in week 4):

What is your estimate of the benefit of last wedkmonstrations performed using the Bloch simutator
(Please mark the most precise answer below)

* No benefit.

* Low benefit.

« Acceptable benefit.
« High benefit.

* Very high benefit.

Short explanation of your answer:

Have you used the Bloch simulator in the meantimees / No (mark answer with a circle)

Questionsregarding the properties of radiowave pulsesin connection with MRI (these question
were asked in both week 3 and 4):

Question 1

Mark the correct continuation of the following semte (or mark “don't know"):

A slice-selective excitation pulse must be followgda refocusing gradient orthogonal to the slice t
e ...move appropriately in k-space before measuring.
e ...move appropriately in k-space during measuring.
e ...create a phase roll orthogonal to the slice.
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e ...remove a phase roll orthogonal to the slice.
e Don't know.

Question 2
When “short” or “long” RF pulses are mentioned, livegth is relative to the dephasing period. Maek t
correct continuation of the following sentencertark “don't know"):
For an RF pulse to be frequency selective, it rhast
e ...along pulse with a relatively broad envelope.
« ...along pulse with a relatively narrow envelope.
e ...ashort pulse with a correspondingly narrow &pe
« ...weak radiowaves independent of duration.
* Don't know.

Question 3
Which 2 propertiesare most important for a slice-selective saturagiolse, i.e. a pulse aimed at
suppressing signal from a slice of tissue (markvens or “don't know):

» The distribution of transversal magnetization ogitraal to the slice.

« The distribution of transversal magnetization altmgslice.

» The distribution of longitudinal magnetization afonal to the slice.

« The distribution of longitudinal magnetization adptie slice.

« The mean tip angle orthogonal to the slice.

* The mean tip angle along the slice.

* Don't know.

Question 4
Please mark the correct continuation of the follapéentence (or mark “don't know”):
To rotate the nuclei within a slice of tissue bgpacific tip angle,...
« ...the RF pulse frequency and the Larmor frequemeyadjusted to each other.
- ...the bandwidth of the RF pulse and the gradigangth are adjusted to each other.
« ...the RF pulse duration and amplitude are adjustegch other.
» ..the RF pulse phase angle and duration are adjtsteach other.
* Don't know.

An additional lengthy technical question (not irtd#d here or evaluated) served as a filler for sttede
who completed the other questions rapidly.

Handouts discussed week 3in groups and in class after the MRI questions above wer e answer ed:

In the simulator, the “Gradient” menu selection barused to visualize a row of nuclei, presentfield
with a gradient. It could, for example, be a rownatlei located between the ears of the patiert avit
gradient applied from left to right, so the fieldries linearly in this direction. The simulator sfsothe
situation in the frame of reference rotating atlthemor frequency of the middle nuclei that therefdo
not precess visibly after excitation.

The radiowave frequency and amplitude can be vami¢ise simulator, but not the gradient strength or
direction. Specific “rectangular” radiowave pulsdgh varying tip angle and amplitude/duration césoa
be applied (with varying selectivity, also known“hardness”). A rectangular RF pulse is a pulst ltaa
constant amplitude as long as it is on.
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The following questions refer to the situation wi@radient” on, as described above. Please conbioler
visualization can be done using the simulator. s not part of the task.

Question 1: How can selective and non-selectivéatian be illustrated?
Question 2: How can the slice profile for a selextiectangular pulse be illustrated?
Question 3: How can the position of the slice aadhickness be varied?
Question 4: How can the slice profile for a saforapulse be illustrated?

Question 5: How can the slice profile of an invenspulse be illustrated?
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