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Abstract A new web-based education-oriented magnetic resonance (MR)
simulator is presented. We have identified the main requirements that this
simulator should comply with, so that trainees can face useful practical tasks
such as setting the exact slice position and its properties, selecting the correct
protocol or fitting the parameters to acquire an image. The tool follows the
client-server model. The client contains the interface that mimics the console
of a real machine and several of its features. The server stores anatomical
models and executes the bulk of the simulation. This cross-platform simulator
has been used in two real educational scenarios. The acceptance of the tool
has been measured using two criteria, namely, the System Usability Scale and
the Likelihood to Recommend, both with satisfactory results. Therefore, we
conclude that given the potential of the tool, it may play a relevant role for
the training of MRI operators and other involved personnel.

Keywords Magnetic Resonance Imaging MRI · Simulator System · Medical
training/educational tool · System Usability Scale SUS

1 Introduction

Magnetic Resonance Imaging (MRI) is a non-invasive medical imaging modal-
ity commonly used for diagnosis of pathologies related to soft tissue. It is
multiparametric modality, which allows the acquisition of a great variety of
images by a proper selection of the pulse sequences and its parameters. Conse-
quently, this modality has experienced great growth in recent years as reflected
in [1]. However, operating a MRI scanner is not an easy task and several fac-
tors contribute to these difficulties. First, the fundamentals of MRI lie on ad-
vanced concepts of nuclear physics, electromagnetism and signal processing;
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2Hospital Cĺınico Universitario, Valladolid, Spain



2 Daniel Treceño-Fernández1 et al.

second, MRI acquisition heavily depends on a large number of parameters,
which should be fine-tuned for optimal quality and, in particular, to avoid the
generation of artifacts. Furthermore, clinical demands and high costs imply
extensive scanner use, so hands-on sessions for practitioners can hardly be
afforded. Hence, the development of computerized simulators for training in
MRI seems a solid alternative. If properly designed and implemented, such
simulators would provide a deeper understanding of the elements involved, as
well as extensive practicing for trainees prior, or in addition, to handling a real
scanner.

We will first review the tasks that a technician needs to accomplish for MRI
acquisition; then, we will review related work in the field of MRI simulation.

1.1 Overview of the technician operation for MRI acquisition.

The process to be executed by an operator of a magnetic resonance machine
consists of two stages, namely, (a) patient preparation and (b) sequence prepa-
ration, execution and inspection [2]. The second stage is executed when the
technician is in front of the console. The process usually starts by entering
patient information, so that properly identified images can be stored and re-
trieved. Patient position and orientation have to be manually entered. The
system should be able to determine the type of antenna that has been con-
nected to the equipment; in any case, the technician should double check that
the correct antenna is detected. The protocol, i.e., the list of sequences to be
launched, is then defined; parameters are usually pre-determined, but the tech-
nician may carry out some adjustments in order either to shorten scan time or
to improve contrast. Once this is decided, a survey is launched; this consists
of a series of low resolution and large field of view (FOV) images that are
used for spatial planning; the number of acquired images may vary, although
three images taken in each of the three principal plains (axial, sagittal and
coronal) are customary. This set of images is then used to define the location
and orientations of the slices to be acquired for each of the sequences; the
acquired slices can have arbitrary orientations is space for optimum location
of the pathology within the images. In areas such as the heart, planning can
involve various acquisitions for the correct orientation of the slices. This is
easily carried out by means of a graphical interface, in which the intersections
between the slices and the image planes are highlighted in some color, and the
technician can move them around in the three dimensions and rotate them at
will. Finally, the sequence is launched and the technician is expected, upon ter-
mination, to inspect the image quality to double check the absence of artifacts
and, if necessary, to repeat any of the acquisitions. The process finishes by sav-
ing the reconstructed images, either locally or to the Picture Archiving and
Communication System (PACS) [3,4], according to the hospital regulation.
Occasionally, some postprocessing is needed (say, for instance, to calculate
some specific maps in diffusion sequences [5]); the technician should know this
possibility and react accordingly.
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1.2 Related work within the field of MRI simulation.

A number of MRI simulators have been proposed in the literature. Early work
includes the proposal of basic MRI simulators [6,7], intended for experimenting
with different imaging sequences and basic acquisition parameters. Simulators
designed for pulse sequence prototyping were presented in [8,9], and specific
tools were proposed for the simulation of hardware-related artifacts [10,11],
and for the effects of subject motion in some specific sequences [12,13]. In
[14], a tool was proposed to analyze the influence of MRI parameters on ac-
quisition time and contrast. Other tools focus on image reconstruction and
postprocessing [15–17], and the effects of time-varying magnetic fields or sus-
ceptibility artifacts [18–20]. Some methods have also been implemented for the
simulation of MR images incorporating distributions of multiple tissues within
a voxel or even multiple compartments [21–23]. Albeit powerful, they are ac-
tually software libraries that do not constitute by themselves an educational
tool for radiographers.

Among all the aforementioned contributions, only the works in [6,7] are
considered as educational MRI simulators and have been used in training
scenarios. The latter, known as Virtual MRI, is a standalone Java applet and
covers the steps of parameter selection and image acquisition described in
section 1.1. Another tool, known as POSSUM [12,18–20] is part of FMRIB’s
Software Library (FSL) and can produce images of great realism; similarly to
Virtual MRI, it focuses on the steps of parameter selection and acquisition
but, as opposed to the former, it requires a complete installation of FSL.
Realism, on the other side, translates itself in prolonged acquisition times.
Finally, MRILab [24] is quite a complete simulator, as it covers coil selection,
spatial planning, parameter selection and image acquisition. However, spatial
planning is limited to orthogonal slices and to the principal directions and the
new simulated acquisitions can not be used for a new spatial planning. It is
also constrained by the fact that it only runs in Matlab, and if accelerated
simulations are desired, an Nvidia graphics card is mandatory.

Therefore, we have identified the need of a software tool that covers the
whole process that a technician performs at the console in the clinical routine.
Such a tool, specifically designed for radiographer training, is described in the
paper.

2 The MRI Simulator

2.1 System requirements

On the basis of a literature review and interviews with senior radiologists from
the Spanish Society of Medical Radiology (SERAM1), and radiographers and
educators from the School of Radiographers of the Hospital Cĺınico San Carlos,
Madrid, Spain, we have identified a set of features that an MRI simulator

1 https://www.seram.es/
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designed for radiographer training should possess. Functional requirements
are:

– The system should be able to simulate images created from a set of acqui-
sition sequences that constitute a protocol. The user should also be able to
create and execute those protocols. Patient positioning and coil selection
should also be available.

– The user should be able to change basic acquisition parameters, such as
TE (echo time), TR (repetition time) and, where applicable, IR (inversion
time), flip angle, ETL (echo train length) and others.

– Geometrical planning should be included in the simulation workflow, from
slice orientation to the determination of the FOV (field of view), slice thick-
ness, slice separation, and selection of phase/frequency encoding directions.

– Acquisition artifacts should be generated at trainer demand.
– k-space manipulation should be supported.
– Different educational roles should be supported, allowing trainers to create

educational scenarios and trainees to work on those scenarios and report
their results.

Non-functional requirements are:

– Short simulation times are needed so that action/reaction is possible in
acceptable times for an educational session.

– The system should be easy to access/install and able to work over a wide
range of platforms.

– The system will avoid, whenever possible, the specificities associated to
each manufacturer as well as to use vendor-associated sequence names.

Based on these requirements, we have opted for a simple simulation model,
consisting in evaluating mathematical expressions of sequences which are then
corrupted with artifacts, as will be shown in section 2.3.3. Rigorous detailed
simulations, as described in section 1, have been avoided to allow a more
responsive user experience. How the rest of the requirements are satisfied will
be described in this section.

2.2 Architectural design

The system is designed following a client-server architecture; the server, on one
side, follows a service-oriented architecture (SOA), where services are (See Fig.
1):

– Static files service, used to serve files that do not require authentication,
specifically, all the graphical user interface (GUI) files and the simulated
images.

– Authentication service, to give access to users with different roles, as re-
quired in section 2.1.

– Simulator data service. It provides the data to the GUI (protocols, anatom-
ical parts, coils, etc. available in the database).



A technician-oriented Magnetic Resonance Simulator 5

 
SOA Server 

Static files service 

Authentication service 

Simulator data service 

Data 
base 

Simulation service 

Client 

GUI 
files 

Simulated 
images files 

Fig. 1 The server follows a Service-oriented architecture that performs four main tasks:
static files service, simulation service, authentication service and simulator data service.
Simulation and data services require authentication. With the exception of the static files
service, the rest have access to the database.

– Simulation service, that carries out the actual simulation and adds the
simulated image to the static files repository.

On the client side, the interface has a component-oriented design, where
each interface element consists of one or several components that follow the
Model-View-Viewmodel (MVVM) pattern [25].

2.3 Implementation and overview

We have opted for a web application since it does not need installation and is
accessible from a browser. The GUI follows the MVVM pattern and has been
implemented with AngularJS2. GUI content is described in Section 2.3.1. The
geometric planning, our most outstanding feature, is described in section 2.3.2.

The server was programmed in Python using the Django framework [26].
The simulations are performed using C++ and the ITK library3; interaction
with Python is achieved through a wrapper. The actual simulation is described
in section 2.3.3.

The simulation service (Fig. 1) uses the simple object access protocol
(SOAP) given the need to exchange rich requests and responses with the client.
The remaining services apply a representational state transfer (REST) appli-
cation program interface (API).

2 https://angularjs.org/
3 https://itk.org/
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2.3.1 Interface overview
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Fig. 2 Simulator main interface. All the characteristics of the simulator will have access
from this interface, many of them directly as the patient’s information (b), its position (d),
the selection of parameters of the sequence (j) and so on. The remaining features may be
accessed through buttons such as those located on panels a and k. Superimposed letters are
used to guide the explanation in the main text.

The interface design decisions have been made in collaboration with the
group of professionals mentioned in Section 2.1, where the basic aspects of the
resonance have been taken into account and attempts have been made to be
generalists in order to comply with our third non-functional requirement.

The main interface is shown in Fig. 2, where the user needs to: enter patient
information (Fig 2-b); select patient position (Fig 2-d; when this action is
taken, the icon in 2-c will vary accordingly) and coil; select a protocol from a
menu that pops when the protocol button is clicked (Fig 2-e). Once selected,
the protocol is loaded in Fig. 2-i; this panel contains the information of each
of the pulse sequences that make up a certain protocol.

As a rule, for each sequence the user should select the relevant parame-
ters through panels e, j, k, l, m in Fig. 2 and then carry out the appropriate
geometrical planning (see Fig. 3). Finally, the scan button should be pressed
(Fig. 2-n). At this moment the data of the interface (i.e. the client) is sent
to the server, which will carry out the simulation and return a volume for
its visualization in panel in Fig. 2-g. A more advanced visualization can be
obtained by pressing the button in Fig. 2-h; this action opens the panel shown
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Fig. 3 Geometrical planning interface. This panel pops up when the “Graphic RX” button
is pressed (see Fig. 2-k) and allows an interactive spatial location of the slices by means of
rotation (yellow dots), the increase in the number of slices (red lines) and the displacement
(red dot) of the area to be acquired. The remaining parameters can be set manually from
the inputs of the panel. This planning can be done on any of the previously acquired slices
that can be selected from the Volume drop-down. In addition, other planning previously
carried out can be loaded using the Planning drop-down.

Fig. 4 Visualization panel. This panel pops up when the button in Fig. 2-h is pressed. The
user can view all acquired slices in detail and, if desired, download them using the arrow
located at the bottom of the image. Mouse interactions (zoom in and out, brightness/contrast
and slice selection)are allowed.
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in Fig. 4, from which acquired images can also be downloaded. All these visu-
alizers allow interactions with the mouse to zoom in or zoom out, modify the
brightness or contrast and move through the different slices acquired.

Some other panels offer additional functionality; this is the case of 2-e,
where imaging options such as a no phase wrap acquisition or a shimming
procedure can be selected.

Finally, following the requirements enumerated in section 2.1, we have in-
cluded a panel to activate/deactivate different image artifacts, to select differ-
ent hardware properties (field strength or field inhomogeneity, for instance),
and to choose a specific case to be simulated (different anatomical regions
and/or different pathologies). Most of these utilities are accessible using the
panel in Fig. 2-a.

2.3.2 Geometrical planning
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Fig. 5 Geometrical planning implementation. a) The region of interest (ROI) containing
the 3D information of the slices will be shared through the different 2D viewers. In addition,
each of the viewers will also be given an acquired slice with its corresponding 3D information.
The viewer will take both inputs and calculate (block “Compute”) the projection of the ROI
on the slice, while the information is stored in a buffer. When the block task is performed,
the resulting image is drawn on the screen. b) indicates the necessary coordinate change
from RAS (right-anterior-superior coordinate system.) to the pixels of the display.
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Fig. 5 provides an overview on the geometrical planning. Let us denote
by region of interest (ROI) the 3D hexahedral region that will contain the
slices position to be acquired (see Fig. 5 a)). 3D planning is carried out by
means of projecting the ROI on the 2D views, moving these projections by
interface interactions in 2D and keeping track of these changes back in 3D.
The ROI is shared between three components (the viewers) together with the
images shown in the three of them. Coordinate exchange between the patient
coordinate system (referred to as RAS in Fig. 5) and the image coordinate
system and viceversa is constantly performed. The XTK library [27] provides
support for all these operations through the controller.

To the best of our knowledge, this versatile planning tool has not been
reported in any MRI simulator so far.

2.3.3 Simulation overview
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Fig. 6 Block simulation scheme shows the pipeline of the processing steps required for the
computation of the simulated MRI images. The image is calculated in four steps: Adaptation
of the volumes to the acquisition zone (Reslice); Calculation of the contrast image (Image
contrast); Compute of the k-space and the artifacts (K space); And reconstruction of the
image (Reconstruction).
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Fig. 6 shows the processing steps followed for the computation of the sim-
ulated MRI images. The inputs are an anatomical model, the inhomogeneity
magnetic field (∆B0), the geometrical planning parameters and the sequence
parameters. The user selects one anatomical model among those offered by the
simulator –head, neck, ankle, knee or a torso intended for cardiac planning–,
each of them is a set of 3D volumes that contain the tissue properties needed
for MR simulation, namely, proton density (PD), longitudinal relaxation time
(T1) and transverse relaxation time (T2). They have been obtained from a
real MR equipment using relaxometry sequences [28] with submilimetric reso-
lution (within the range between 0.5 through 1mm, approximately isotropic).
This will limit the actual spatial resolution of our simulations albeit arbitrar-
ily small voxel sizes can be reconstructed. Other anatomical models are used
depending on the simulation, such as ADC (Apparent Diffusion coefficient)
in DWI (Diffusion Weighted Imaging) acquisitions. As for ∆B0, this is cur-
rently just a constant field that only affects the contrast of the image —a T2*
weighting is obtained in gradient echo sequences— and, consequently, the sig-
nal to noise ratio is modified as well. This is intended to highlight the need
of a shimming procedure prior to the actual acquisition (a self calibration to
homogenize the field).

Geometrical planning parameters are specified by the user in the planning
stage and they determine both the resolution and the FOV of the image. The
sequence parameters are those specified in section 2.1.

Starting from the anatomical model and ∆B0, a reslice operation is first
performed, which creates volumes of the size and properties specified by the
user by means of the geometrical planning parameters. Next, image contrast is
simulated from these volumes by evaluating the algebraic expression of the spe-
cific sequence [29] [30]. Afterwards, a Fourier transform is applied to the con-
trast image, yielding the so-called k-space. In this space, a number of artifacts
can be easily simulated, such as motion effects, spike or thermal noise. In ad-
dition, attenuation effects from fast sequences are also incorporated, together
with any other k-space manipulation options (half Fourier reconstruction, for
instance). Finally, the inverse Fourier transform is computed to generate the
resulting simulated MR image. This image will also contain additional spatial
information (orientation, origin and voxel size) for its correct visualization.

3 Experimental work

3.1 Experiences

The MRI simulator has been employed in two experiences:

– An online course organized by the SERAM in May-July 2018. It included
video lectures, with embedded slides to provide graphical support. The
MRI simulator was employed as a complementary tool. Students were pro-
vided with a short video on how to use the simulator and then a small
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number of exercises were given to illustrate its functionality. A total of 179
students participated in the online course.

– A one-day classroom experience with 32 students, carried out at the school
of radiographers of Hospital San Carlos, Madrid, Spain, in October 29th,
2018. A 90-minute introductory session was given and a 90-minute hands-
on workshop was then carried out, where the students were able to perform
a series of specific tasks on the MRI simulator.

It is worth noting that the simulator was improved in several aspects from the
first to the second experiment, incorporating new functionality. The descrip-
tions in this paper refer to the updated version used for this second experiment.

3.2 Methods

Following industry standards, the System Usability Scale (SUS) [31] was em-
ployed to measure the usability of the MRI simulator. SUS is a 10-item five-
point Likert scale that provides an overall usability score ranging from 0 to
100. Interestingly, SUS can be decomposed into two subscales [32], one com-
posed of 8 items focusing on usability and the other with 2 items devoted to
learnability. These subscales provide scores that can also be reported in the
range of 0 to 100. Students were asked to answer the SUS questionnaire after
the completion of their educational experience. In addition, participants were
asked their Likelihood to Recommend (LTR) the MRI simulator to a user with
a similar need (i.e. a propsective student of the same course) using a 5-point
Likert-type item. LTR is highly correlated with SUS and can thus serve as a
means for validation [33]. A last questionnaire was employed to measure the
simulator perceived usefulness. It consists of two questions, namely: Q1) Was
using the MRI simulator useful to learn concepts related to the principles of
MRI? and Q2) Was using the MRI simulator useful to learn concepts related to
MRI acquisition?. As in the LTR case, answers consisted of 5-point Likert-type
items.

For the descriptive analysis, mean and standard deviation (SD) were used.
For completeness, an inferential analysis was performed using a unpaired uni-
lateral t-test, where the alternative hypothesis is “the mean of the Classroom
Experiment is greater than the mean of the Online Course”; the null hypoth-
esis is considered rejected whenever the p-value is smaller than 0.05.

3.3 Results

A total of 116 and 29 responses were respectively collected from each experi-
ence. In both cases, the number of responses is above the commonly accepted
minimum of 12 [34].

Table 1 shows the results of the SUS and the LTR; the first two columns
indicate the values of SUS overall parameter, its two subscales and the LTR
(mean±SD). In the two educational experiences, SUS results fall within the
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Table 1 Statistical analysis of SUS and LTR. Mean, standard deviation (SD) and the
unpaired t-test are computed. T-test return the p-value of the alternative hypothesis that
mean of the Classroom Experiment is greater than the mean of the Online Course.

Online Course Classroom Experiment t-test right tail
(Mean ± SD) (Mean ± SD) (p-value)

SUS
Overall 55.86 ± 20.59 63.02 ± 13.39 0.0389

Usability 59.78 ± 22.42 67.03 ± 14.09 0.0497

Learnability 40.19 ± 25.63 46.98 ± 27.27 0.1050

LTR 3.65 ± 1.23 4.45 ± 0.63 0.0005
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Fig. 7 Perceived usefulness to learn principles (Q1) and acquisition (Q2) of MRI using
the simulator. The graph compares the results of questions Q1 and Q2 obtained in both
experiences.

“Ok” range according to [35]. In addition, the LTR values indicate that most
of the students would recommend our simulator to their peers; notice that the
maximum value of LTR in the scale we have used is 5.

Some differences between the two experiences can also be observed. Results
are shown in the last column of the table, where we show the p-value of a right-
sided t-test. Statistical differences have been obtained in three out of the four
parameters we have measured. This essentially means that the lessons learnt
with the first educational experience let us improve the quality of our teaching
with the tool. Additional considerations are provided in the next section.

Figure 7 shows the results of perceived usefulness. In both educational ex-
periences most of the students provide a positive answer for the two questions,
especially for the Q2, which is directly related to image acquisition. In com-
parative terms, differences between the two experiences have been observed,
with p-values < 0.001 in both questions.
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4 Discussion

We have identified several features that are, in our opinion, essential for the
simulator to be a useful tool in realistic learning scenarios. To the best of
our knowledge some of these features, such as the ability to perform 3D geo-
metrical planning, the capacity to create and customize not only acquisition
sequences but also protocols, and the existence of different roles in a web-based
application, have not been proposed before in the literature.

Several conclusions can be extracted from the results in the previous sec-
tion. The main conclusion is that a simulator built upon the functional and
non-functional requirements we have identified is indeed perceived by most of
the students as a useful tool for learning concepts related to MRI and it is
likely that they will recommend it to their peers. Some additional conclusions
can also be reached. First, user satisfaction has increased notably from the first
to the second experiment, as indicated in section 3.3. Two factors contribute
to this increase, (a) improvements were incorporated into the simulator for
the second experiment, including some additional functionality, bug correc-
tion and overall robustness, and mainly (b) the amount of specific training on
the use of the simulator increased: for the first experiment, only a 19-minute
video was available while, for the second experiment, on-site guidance about
the use of the simulator was provided. This probably indicates that a signifi-
cant amount of training on the use of the simulator is needed before the user
is able to exploit its capabilities.

Second, good results were obtained, especially in the second experiment,
concerning perceived usefulness (Fig. 7). Thus, students find the simulator
interesting as long as they receive sufficient training on the use of the simulator.

Third, as previously stated, the overall SUS score obtained in both expe-
riences (Table 1) was rated as “OK”. Interestingly, higher overall scores were
not achieved because the learnability score was somewhat low, which suggests
the idea that students had some difficulties to learn how to use the MRI sim-
ulator. The LTR scores are in line with the corresponding SUS scores. We
maintain, however, that a MR simulator should not unrealistically simplify
the usage of such a system, but rather mimic it so that trainees can eventually
apply the acquired knowledge in realistic scenarios. Sufficient training to use
the simulator, as previously stated, seems mandatory.

Our current tool has a number of limitations. Specifically, the proposed
simulation strategy, which consists in using the analytical expression of the
sequence for generating the MRI signal, does allow quick interaction with
the user. Nevertheless, this means that the generation of artifacts has to be
imposed, as it is the case with noise, chemical shift or fold-over effects. But
those artifacts due to more complex MRI phenomena such as eddy currents,
off-resonance effects, slice profile imperfections, stimulated echoes and many
others are not so straightforward, so simulated images may not always be
realistic. However, thanks to the client-server architecture, more sophisticated
simulation paradigms, including those that show specific computing needs such
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as graphical processing units (GPUs), can be integrated into the system while
leaving the client unaltered or only slightly modified.

In addition, the application is currently limited to basic sequences as well
as to a reduced number of anatomies; however, the addition of new anatomies,
including cases with different pathologies, only requires the acquisition of the
images necessary for the simulation.

We have meant to be vendor agnostic; nevertheless, each MRI vendor shows
specific GUI designs as well as trade names for the sequences, which may
require targeted training. However, bearing in mind the MVVM architecture,
our tool is indeed prepared to create secondary GUIs in which both aesthetics
and nomenclature changes should be easily accommodated.

5 Conclusions and future work

We have presented an MRI simulation tool, designed for educational purposes,
that emulates the pipeline that an MRI operator performs to carry out image
acquisitions in clinical practice. The system has been designed on the basis of a
number of functional and non functional requirements that have proven useful
to facilitate the learning process, including resemblance with an actual MRI
console and the capacity to perform sequence and protocol creation, parameter
adjustment, 3D geometrical planning and possible activation or deactivation
of acquisition artifacts.

Web technology was employed to guarantee ubiquitous access; also, com-
plexity in the client side has been kept to a minimum, and involved calcula-
tions are carried out in the server side. This greatly facilitates the addition of
functionality.

The simulation tool has been used in two real educational experiences.
Based on the collected quantitative parameters, we can conclude that the
proposed system is a valuable educational tool for training in MRI principles
and acquisition.
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