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SUMMARY:

Presented here is a method to design an augmented reality smartphone application for the
visualization of anatomical three-dimensional models of patients using a 3D-printed reference
marker.

ABSTRACT:

Augmented reality (AR) has great potential in education, training, and surgical guidance in the
medical field. Its combination with three-dimensional (3D) printing (3DP) opens new
possibilities in clinical applications. Although these technologies have grown exponentially in
recent years, their adoption by physicians is still limited, since they require extensive
knowledge of engineering and software development. Therefore, the purpose of this protocol is
to describe a step-by-step methodology enabling inexperienced users to create a smartphone
app, which combines AR and 3DP for the visualization of anatomical 3D models of patients with
a 3D-printed reference marker. The protocol describes how to create 3D virtual models of a
patient’s anatomy derived from 3D medical images. It then explains how to perform positioning
of the 3D models with respect to marker references. Also provided are instructions for how to
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3D print the required tools and models. Finally, steps to deploy the app are provided. The
protocol is based on free and multi-platform software and can be applied to any medical
imaging modality or patient. An alternative approach is described to provide automatic
registration between a 3D-printed model created from a patient’s anatomy and the projected
holograms. As an example, a clinical case of a patient suffering from distal leg sarcoma is
provided to illustrate the methodology. It is expected that this protocol will accelerate the
adoption of AR and 3DP technologies by medical professionals.

INTRODUCTION:

AR and 3DP are technologies that provide increasing numbers of applications in the medical
field. In the case of AR, its interaction with virtual 3D models and the real environment benefits
physicians in regards to education and training™3, communication and interactions with other
physicians*, and guidance during clinical interventions>9. Likewise, 3DP has become a
powerful solution for physicians when developing patient-specific customizable tools'*13 or
creating 3D models of a patient’s anatomy, which can help improve preoperative planning and
clinical interventions!4%,

Both AR and 3DP technologies help to improve orientation, guidance, and spatial skills in
medical procedures; thus, their combination is the next logical step. Previous work has
demonstrated that their joint use can increase value in patient education?®, facilitating
explanations of medical conditions and proposed treatment, optimizing surgical workflow”*2
and improving patient-to-model registration®. Although these technologies have grown
exponentially in recent years, their adoption by physicians is still limited, since they require
extensive knowledge of engineering and software development. Therefore, the purpose of this
work is to describe a step-by-step methodology that enables the use of AR and 3DP by
inexperienced users without the need for broad technical knowledge.

This protocol describes how to develop an AR smartphone app that allows the superimposing of
any patient-based 3D model onto a real-world environment using a 3D-printed marker tracked
by the smartphone camera. In addition, an alternative approach is described to provide
automatic registration between a 3D-printed biomodel (i.e., a 3D model created from a
patient’s anatomy) and the projected holograms. The protocol described is entirely based on
free and multi-platform software.

In previous work, AR patient-to-image registration has been calculated manually® with surface
recognition algorithms!® or has been unavailable?. These methods have been considered
somewhat limited when an accurate registration is required'®. To overcome these limitations,
this work provides tools to perform accurate and simple patient-to-image registration in AR
procedures by combining AR technology and 3DP.

The protocol is generic and can be applied to any medical imaging modality or patient. As an
example, a real clinical case of a patient suffering from distal leg sarcoma is provided to
illsutrate the methodology. The first step describes how to easily segment the affected



89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

anatomy from computed tomography (CT) medical images to generate 3D virtual models.
Afterwards, positioning of the 3D models is performed, then the required tools and models are
3D-printed. Finally, the desired AR app is deployed. This app allows for the visualization of
patient 3D models overlaid on a smartphone camera in real-time.

PROTOCOL:

This study was performed in accordance with the principles of the 1964 Declaration of Helsinki
as revised in 2013. The anonymized patient data and pictures included in this paper are used
after written informed consent was obtained from the participant and/or their legal
representative, in which he/she approved the use of this data for dissemination activities
including scientific publications.

1. Workstation set-up for segmentation, 3D models extraction, positioning, and AR app
deployment

NOTE: This protocol has been tested with the specific software version indicated for each tool.
It is likely to work with newer versions, although it is not guaranteed.

1.1. Use a computer with Microsoft Windows 10 or Mac OS as operating systems.

1.2. Install the following tools from the corresponding websites per the official instructions:
3D Slicer (v. 4.10.2): <https://download.slicer.org/>.

Meshmixer (v. 3.5): <http://www.meshmixer.com/download.html>.

Unity (v. 2019): <https://unity3d.com/get-unity/download>.
(For iOS deployment only) Xcode (last version): <https://developer.apple.com/xcode/>.

NOTE: All software tools required for completing the protocol can be freely downloaded for
personal purposes. Software to be used in each step will be specifically indicated.

1.3. Download data from the following GitHub repository, found at <https://github.com/BIIG-
UC3M/OpenARHealth>.

NOTE: The repository contains the following folders:
“/3DSlicerModule/”: 3D slicer module for positioning 3D models with respect to the 3D-printed
marker. Used in section 3. Add the module into the 3D slicer following the instructions available

at <https://github.com/BIIG-UC3M/OpenARHealth>.

“/Data/PatientData/Patient000_CT.nrrd”: CT of a patient suffering from distal leg sarcoma. The
protocol is described using this image as an example.

“/Data/Biomodels/”: 3D models of the patient (bone and tumor).


https://download.slicer.org/
http://www.meshmixer.com/download.html
https://unity3d.com/get-unity/download
https://developer.apple.com/xcode/
https://github.com/BIIG-UC3M/OpenARHealth
https://github.com/BIIG-UC3M/OpenARHealth
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“/Data/Markers/”: Markers that will be 3D-printed, which will be detected by the AR
application to position the virtual 3D models. There are two markers available.

2. Biomodel creation

NOTE: The goal of this section is to create 3D models of the patient’s anatomy. They will be
obtained by applying segmentation methods to a medical image (here, using a CT image). The
process consists of three different steps: 1) loading the patient data into 3D slicer software, 2),
segmentation of target anatomy volumes, and 3) exportation of segmentation as 3D models in
OBJ format. The resulting 3D models will be visualized in the final AR application.

2.1. Load patient data (“/Data/PatientData/Patient000_CT.nrrd”) by dragging the medical
image file into the 3D slicer software window. Click OK. The CT views (axial, sagittal, coronal)
will appear on the corresponding windows.

NOTE: The data used here is found in “nearly raw raster data” (NRRD) format, but 3D Slicer
allows for loading of medical image format (DICOM) files. Go to the following link for further
instructions, found at <https://www.slicer.org/wiki/Documentation/4.10/Training>.

2.2. To segment the anatomy of the patient, go to the Segment Editor module in 3D slicer.

2.2.1. A “segmentation” item is created automatically when entering the module. Select the
desired volume (a medical image of the patient) in the Master Volume section. Then, right-click
below on the Add button to create a segment. A new segment will be created with the name
“Segment_1".

2.2.2. There is a panel called Effects that contains a variety of tools to properly segment the
target area of the medical image. Select the most convenient tool for the target and segment
onto the image windows area.

2.2.2.1. To segment the bone (tibia and fibula in this case), use the Threshold tool to set up
minimum and maximum HU values from the CT image, which corresponds to bone tissue. By
using this tool, other elements with HU outside these threshold values are removed, such as
soft tissue.

2.2.2.2. Use the Scissors tool to remove undesired areas, such as the bed or other anatomical
structures, from the segmented mask. Segment the sarcoma manually using the Draw and
Erase tools, since the tumor is difficult to contour with automatic tools.

NOTE: To learn more details about the segmentation procedure, go to the link found at
<https://www.slicer.org/wiki/Documentation/4.10/Training#Segmentation>.

2.2.3. Click on the Show 3D button to view a 3D representation of the segmentation.


https://www.slicer.org/wiki/Documentation/4.10/Training
https://www.slicer.org/wiki/Documentation/4.10/Training#Segmentation

177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

2.3. Export the segmentation in a 3D model file format by going to the Segmentations module
in 3D Slicer.

2.3.1. Go to Export/import models and labelmaps. Select Export in the operation section and
Models in the output type section. Click Export to finish and create the 3D model from the
segmented area.

2.3.2. Select SAVE (upper left) to save the model. Choose the elements to be saved. Then,
change the file format of the 3D Model to “OBJ” within the File format column. Select the path
where files will be stored and click on Save.

2.4. Repeat steps 2.2 and 2.3 to create additional 3D models of different anatomical regions.

NOTE: Pre-segmented models of the provided example can be found in the data previously
downloaded in step 1.3 (“/Data/Biomodels/”).

3. Biomodel positioning

NOTE: In this section, the 3D models created in Section 2 will be positioned with respect to the
marker for augmented reality visualization. The ARHealth: Model Position module from 3D
Slicer will be used for this task. Follow the instructions provided in step 1.3 to add the module
to 3D Slicer. There are two different alternatives to position the 3D models: “Visualization”
mode and “Registration” mode.

3.1. Visualization mode

NOTE: Visualization mode allows positioning of the 3D patient models at any position with
respect to the AR marker. With this option, the user are able to use the AR app to visualize
biomodels using the 3D-printed AR marker as a reference. This mode may be used when
precision is not required, and visualization of the virtual model can be displayed anywhere
within the field-of-view of the smartphone camera and marker.

3.1.1. Go to the ARHealth: Model Position module, and (in the initialization section) select
Visualization mode. Click on Load Marker Model to load the marker for this option.

3.1.2. Load the 3D models created in section 2 by clicking on the ... button to select the path of
the saved models from section 2. Then, click on the Load Model button to load it in 3D Slicer.
Models must be loaded one at a time. To delete any models previously loaded, click on that
model followed by the Remove Model button, or click Remove All to delete all models loaded
at once.

3.1.3. Click the Finish and Center button to center all models within the marker.
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3.1.4. The position, orientation, and scaling of the 3D models can be modified with respect to
the marker with different slider bars (i.e., translation, rotation, scale).

NOTE: There is an additional “Reset Position” button to reset the original position of the models
before making any changes in the position.

3.1.5. Save the models at this position by choosing the path to store the files and clicking the
Save Models button. The 3D models will be saved with the extension name “_registered.obj”.

3.2. Registration mode

NOTE: Registration mode allows combining of the AR marker with one 3D biomodel at any
desired position. Then, any section of the combined 3D models (that includes the AR marker)
can be extracted and 3D-printed. All biomodels will be displayed in the AR app using this
combined 3D-printed biomodel as a reference. This mode allows the user to easily register the
patient (here, a section of the patient’s bone) and virtual models using a reference marker.

3.2.1. Go to the ARHealth: Model Position module, and (in the initialization section) select
Registration mode. Click on Load Marker Model to load the marker for this option.

3.2.2. Load the models as done in step 3.1.2.

3.2.3. Move the 3D models and ensure their intersection with the supporting structure of the
cube marker, since these models will be combined and 3D-printed later. The height of the
marker base can be modified. The position, orientation, and scaling of the 3D models can be
modified with respect to the marker with different slider bars (i.e., translation, rotation, scale).

3.2.4. Save the models at this position by choosing the path to store the files and clicking the
Save Models button. The 3D models will be saved with the extension name “_registered.obj”.

3.2.5. The anatomy model may be too large. If so, cut the 3D model around the marker adaptor
and 3D-print only a section of the combination of both models using Meshmixer software.

3.2.6. Open Meshmixer and load the biomodel and supporting structure of the cube marker
model saved in step 3.2.5. Combine these models by selecting both models in the Object
Browser window. Click on the Combine option in the tool window that has just appeared in the

upper left corner.

3.2.7. In Meshmixer, use the Plane Cut tool under the Edit menu to remove unwanted sections
of the model that will not be 3D-printed.

3.2.8. To save the model to be 3D-printed, go to File > Export and select the desired format.

4. 3D printing
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NOTE: The aim of this step is to 3D-print the physical models required for the final AR
application. The marker to be detected by the application and the different objects needed
depend on the mode selected in section 3. Any material can be used for 3D printing for the
purpose of this work, when following the color material requirements requested at each step.
Polylactic acid (PLA) or acrylonitrile butadiene styrene (ABS) are both sufficient choices.

4.1. Use a 3D printer to print the cubic marker. If a dual extruder 3D printer is not available, skip
to step 4.2. Use a dual extruder 3D printer specifically to print the two-color marker provided in
“Data/Markers/Markerl_TwoColorCubeMarker/”. In the 3D printing software, select a white
color material for the file “TwoColorCubeMarker WHITE.obj” and black color material for
“TwoColorCubeMarker_BLACK.obj”.

NOTE: For better marker detection, print on high-quality mode with a small layer height.

4.2. If a dual extruder 3D printer is not available and step 4.1 was not performed, follow this
step to print a 3D-printed marker with stickers as an alternative by doing the following:

4.2.1. Use a 3D printer to print the file “Data/Markers/ Marker2_StickerCubeMarker/
StickerCubeMarker_WHITE.obj” with white color material.

4.2.2. Use a conventional printer to print the file “Data/Markers/
Marker2_StickerCubeMarker/Stickers.pdf” on sticker paper. Then, use any cutting tool to
precisely cut the images though the black frame by removing the black lines.

NOTE: It is recommended to use sticker paper to obtain a higher quality marker. However, the
images can be printed on regular paper, and a common glue stick can be used to paste the
images on the cube.

4.2.3. Place stickers in the 3D-printed cube obtained in step 4.2.1 in the corresponding order
following instructions from the document “Data/Markers/
Marker2_StickerCubeMarker/Stickers.pdf”.

NOTE: Stickers are smaller than the face of the cube. Leave a 1.5 mm frame between the sticker
and edge of the face. “Data/Markers/Marker2_StickerCubeMarker/StickerPlacer.stl” can be 3D-
printed to guide the sticker positioning and exactly match the center of the cube face.

4.3. 3D-print the adaptors, depending on the mode selected in section 3.

4.3.1. If Visualization mode (section 3.1), was selected, 3D-print “Data/3DPrinting/Option1/
MarkerBaseTable.obj”, which is a base adaptor used to place the marker in vertical position on

a horizontal surface.

4.3.2. If Registration mode (section 3.2) was selected, 3D-print the model created in step 3.2.8
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with the marker adaptor attached.

NOTE: 3D printed objects from step 4.2 can be printed in any color material.

5. AR app deployment

NOTE: The goal of this section is to design a smartphone app in Unity engine that includes the
3D models created in the previous sections and deploy this app on a smartphone. A Vuforia
Development License Key (free for personal use) is required for this step. The app can be

deployed on Android or iOS devices.

5.1. Create a Vuforia Developer account to obtain a license key to use their libraries in Unity. Go
to the link found at <https://developer.vuforia.com/vui/auth/register> and create an account.

5.1.1. Go to the link found at <https://developer.vuforia.com/vui/develop/Licenses> and select
Get Development Key. Then, follow the instructions to add a free development license key into

the user’s account.

5.1.2. In the License Manager menu, select the key created in the previous step and copy the
provided key, which will be used in step 5.3.3.

5.2. Set up the smartphone.

5.2.1. To get started with Unity and Android devices, go to the link found at
<https://docs.unity3d.com/Manual/android-GettingStarted.html>.

5.2.2. To get started with Unity and iOS devices, go to the link found at
<https://docs.unity3d.com/Manual/iphone-GettingStarted.html>.

5.3. Set up a Unity Project for the AR app by first opening Unity v.2019 and creating a new 3D
project. Then, under Build Settings in the File menu, switch the platform to either an Android
or iOS device.

5.3.1. Enable Vuforia into the project by selecting Edit > Project Setting > Player Settings > XR
Settings and checking the box labeled Vuforia Augmented Reality Support.

5.3.2. Create an “ARCamera” under Menubar > GameObject > Vuforia > ARCamera and import
Vuforia components when prompted.

5.3.3. Add the Vuforia License Key into Vuforia Configuration settings by selecting the
Resources folder and clicking on Vuforia Configuration. Then, in the App License Key section,

paste the key copied in section 5.1.2.

5.3.4. Import the Vuforia Target file provided in “/Data/Vuforia/ AR_Cube_3x3x3.unitypackage”


https://docs.unity3d.com/Manual/android-GettingStarted.html
https://docs.unity3d.com/Manual/iphone-GettingStarted.html
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into Unity, which contains the files that Vuforia requires to detect the markers described in
section 4.

5.3.5. Create a Vuforia MultiTarget under Menubar > GameObject > Vuforia > MultiTarget.

5.3.6. Select the marker type that will be used for detection by clicking on the MultiTarget
created in the previous step. In the Database option under Multi Target Behaviour, select
ARHealth_3DPrintedCube_30x30x30. In the Multi Target option under Multi Target
Behaviour, select either TwoColorCubeMarker or StickerCubeMarker, depending on the
marker created in section 4.

5.3.7. Load the 3D models created in section 3 into Unity Scene under MultiTarget by creating a
new folder with the name “Models” under the “Resources” folder. Drag the 3D models into this
folder. Once loaded in Unity, drag them under the “MultiTarget” item created in step 5.3.5. This
will make them dependent on the marker.

NOTE: Models should be visible in the Unity 3D view scene.

5.3.8. Change the colors of the 3D models by creating a new material and assigning the new
materials to the models.

5.3.8.1. Create a new folder named “Materials” under the “Resources” folder by going to
Menubar > Assets > Create > Material. Select the material and change the color in the
configuration section. Then, drag the file under the 3D model hierarchy.

5.3.9. Optional: if there is a webcam available, click on the play button located in the upper-
middle portion to test its application on the computer. If the marker is visible to the webcam, it
should be detected, and the 3D models should appear in the scene.

5.3.10. If an Android smartphone is used for app deployment, go to File > Build Settings in
Unity, and select the plugged phone from the list. Select Deploy and Run. Save the file with
extension .apk on the computer and allow the process to finish. Once deployment is done, the
app should be on the phone and ready to run.

NOTE: This protocol has been tested on Android v.8.0 Oreo or above. Correct functionality is
not guaranteed for older versions.

5.3.11. If the app will be deployed in an iOS device, go to File > Build Settings in Unity and
select Run. Select the path to save the app files. Allow the process to finish. Go to the saved

folder and open the file with the extension “.projectxcode”.

5.3.11.1. In Xcode, follow the instructions from step 5.2.2 to complete deployment.
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NOTE: For more information about Vuforia in Unity, go to the link found at
<https://Library.vuforia.com/articles/Training/getting-started-with-vuforia-in-unity.html>.

6. App visualization

6.1. Open the installed app, which will use the smartphone’s camera. When running the app,
look at the marker with the camera from a short distance away (40 cm minimum). Once the app
detects the marker, the 3D models created in previous steps should appear exactly at the
location defined during the procedure on the smartphone screen.

NOTE: lllumination can alter the precision of marker detection. It is recommended to use the
app in environments with good lighting conditions.

REPRESENTATIVE RESULTS:

The protocol was applied to data from a patient suffering from distal leg sarcoma in order to
visualize the affected anatomical region from a 3D perspective. Using the method described in
section 2, the portion of the affected bone (here, the tibia and fibula) and tumor were
segmented from the patient’s CT scan. Then, using the segmentation tools from 3D Slicer, two
biomodels were created: the bone (section of the tibia and fibula) (Figure 1A) and tumor
(Figure 1B).

Next, the two 3D models were positioned virtually with respect to the marker for optimal
visualization. Both modes described in section 3 were followed for this example. For
visualization mode, the models were centered in the upper face of the marker (Figure 2). For
registration mode, the marker adaptor was positioned in the bone (specifically, the tibia [Figure
3]). Then, a small section of the tibia was selected to be 3D-printed with a 3D marker adaptor
(Figure 4). An Ultimaker 3 extended 3D printer with PLA material was used to create the 3D-
printed markers (Figure 5A,B), marker holder base (Figure 5C) for the “visualization” mode, and
section of the tibia for “registration” mode (Figure 5D). Figure 5E shows how the marker was
attached to the “visualization” mode 3D-printed base. Figure 5F shows the attachment with the
“registration” mode 3D-printed biomodel. Finally, Unity was used to create the app and deploy
it in the smartphone.

Figure 6 shows how the app worked for “visualization” mode. The hologram was accurately
located in the upper part of the cube as previously defined. Figure 7 shows the application for
“registration” mode, in which the app positioned the complete bone model on top of the 3D-
printed section. The final visualization of the holograms was clear and realistic, maintained the
real sizes of the biomodels, and positioned accurately. When using the smartphone application,
the AR marker needs to be visible by the camera for the app to correctly display the holograms.
In addition, the light conditions in the scene must be of good quality and constant for proper
marker detection. Bad light conditions or reflections on the marker surface hinder the tracking
of the AR marker and cause malfunctioning of the app.


https://library.vuforia.com/articles/Training/getting-started-with-vuforia-in-unity.html
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The time required to create the app depends on several factors. The duration of section 1 is
limited by the download speed. Regarding anatomy segmentation (section 2), factors affecting
segmentation time include complexity of the region and medical imaging modality (i.e., CT is
easily segmented, while MRI is more difficult). For the representative example of the tibia,
approximately 10 min was required to generate both 3D models from the CT scan. Biomodel
positioning (section 3) is simple and straightforward. Here, it took approximately 5 min to
define the biomodel position with respect to the AR marker. For the 3D printing step, the
duration is highly dependent on the selected mode. The “dual color marker” was manufactured
at high quality in a period of 5 h and 20 min. The “sticker marker” was manufactured in a period
of 1 h and 30 min, plus the time required to paste the stickers. The final step for app
development can be time-consuming for those with no previous experience in Unity, but it can
be easily completed following the protocol steps. Once the AR markers have been 3D-printed,
the development of an entirely new AR app can be performed in less than 1 h. This duration can
be further reduced with additional experience.

FIGURE AND TABLE LEGENDS:

Figure 1: Representation of 3D models created from CT image of a patient suffering from
distal leg sarcoma. (A) Bone tissue represented in white (tibia and fibula). (B) Tumor
represented in red.

Figure 2: Results showing how “visualization” mode in 3D Slicer positions the virtual 3D
models of the bone and tumor with respect to 3D-printed marker reference. The patient 3D
models (A) are positioned above the upper face of the marker cube (B).

Figure 3: Results showing how “registration” mode in 3D Slicer positions the virtual 3D
models of the bone and tumor (A) with respect to 3D-printed marker reference (B). The
marker adaptor is attached to the bone tissue model.

Figure 4: Small section of the bone tissue and 3D marker adaptor. The two components are
combined then 3D-printed.

Figure 5: 3D printed tools required for the final application. (A) “Two color cube marker” 3D-
printed with two colors of materials. (B) “Sticker cube marker” 3D-printed, with stickers pasted.
(C) Marker base cube adaptor. (D) Section of the patient’s bone tissue 3D model and marker
cube adaptor. (E) “Sticker cube marker” placed in the marker base cube adaptor. (F) “Two color
cube marker” placed in the marker adaptor attached to the patient’s anatomy.

Figure 6: App display when using “visualization” mode. The patient’s affected anatomy 3D
models are positioned above the upper face of the 3D-printed cube.

Figure 7: AR visualization when using “registration” mode. The 3D-printed marker enables
registration of the 3D-printed biomodel with the virtual 3D models.
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DISCUSSION:

AR holds great potential in education, training, and surgical guidance in the medical field. Its
combination with 3D printing opens may new possibilities in clinical applications. This protocol
describes methodology that enables inexperienced users to create a smartphone app
combining AR and 3DP for the visualization of anatomical 3D models of patients with 3D-
printed reference markers.

In general, one of the most interesting clinical applications of AR and 3DP is to improve patient-
to-physician communication by giving the patient a different perspective of the case, improving
explanations of specific medical conditions or treatments. Another possible application includes
surgical guidance for target localization, in which 3D-printed patient-specific tools (with a
reference AR marker attached) can be placed on rigid structures (i.e., bone) and used as a
reference for navigation. This application is especially useful for orthopedic and maxillofacial
surgical procedures, in which bone tissue surface is easily accessed during surgery.

The protocol starts with section 1, describing the workstation set-up and software tools
necessary. Section 2 describes how to use 3D Slicer software to easily segment target
anatomies of the patient from any medical imaging modality to obtain 3D models. This step is
crucial, as the virtual 3D models created are those displayed in the final AR application.

In section 3, 3D Slicer is used to register the 3D models created in the previous section with an
AR marker. During this registration procedure, patient 3D models are efficiently and simply
positioned with respect to the AR marker. The position defined in this section will determine
the hologram relative position in the final app. It is believed that this solution reduces
complexity and multiplies the possible applications. Section 3 describes two different options to
define the spatial relationships between the models and AR markers: “visualization” and
“registration” mode. The first option, “visualization” mode, allows the 3D models to be
positioned anywhere with respect to the marker and displayed as the whole biomodel. This
mode provides a realistic, 3D perspective of the patient’s anatomy and allows moving and
rotating of the biomodels by moving the tracked AR marker. The second option, “registration”
mode, allows attachment and combining of a marker adaptor to any part of the biomodel,
offering an automatic registration process. With this option, a small section of the 3D model,
including the marker adaptor, can be 3D-printed, and the app can display the rest of the model
as a hologram.

Section 4 provides guidelines for the 3D printing process. First, the user can choose between
two different markers: the “dual color marker” and “sticker marker”. The whole “dual color
marker” can be 3D-printed but requires a dual extruder 3D printer. In case this printer is not
available, the “sticker marker” is proposed. This is a simpler marker that can be obtained by 3D-
printing the cubic structure, then pasting the images of the cube with sticker paper or sticker
glue. Furthermore, both markers were designed with extensible sections to perfectly fit in a
specific adaptor. Thus, the marker can be reused in several cases.



528 Section 5 describes the process to create a Unity project for AR using the Vuforia software
529 development kit. This step may be the hardest portion for users with no programming

530 experience, but with these guidelines, it should be easier to obtain the final application that is
531 presented in section 6. The app displays the patient’s virtual models over the smartphone
532  screen when the camera recognizes the 3D-printed marker. In order for the app to detect the
533 3D marker, a minimum distance of approximately 40 cm or less from the phone to marker as
534  well as good lighting conditions are required.

535

536 The final application of this protocol allows the user to choose the specific biomodels to

537 visualize and in which positions. Addtionally, the app can perform automatic patient-hologram
538 registration using a 3D-printed marker and adaptor attached to the biomodel. This solves the
539 challenge of registering virtual models with the environment in a direct and convenient

540 manner. Moreover, this methodology does not require broad knowledge of medical imaging or
541  software development, does not depend on complex hardware and expensive software, and
542  can be implemented over a short time period. It is expected that this method will help

543  accelerate the adoption of AR and 3DP technologies by medical professionals.
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3D Printing material: Acrylonitrile
Butadiene Styrene (ABS)

3D Printing material: Polylactic

Acid (PLA)

3D Slicer

Android Alphabet, Inc.
Autodesk Meshmixer Autodesk, Inc.
iPhone OS Apple, Inc.
Ultimaker 3 Extended Ultimaker BV
Unity Unity Technologies

Xcode Apple, Inc.


https://www.editorialmanager.com/jove/download.aspx?id=1115698&guid=7a5af133-013f-46e8-a4eb-4558a0e5d757&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1115698&guid=7a5af133-013f-46e8-a4eb-4558a0e5d757&scheme=1

Comments/Description

Thermoplastic polymer material usually used in domestic
3D printers.

Bioplastic material usually used in domestic 3D printers.

Open-source software platform for medical image
informatics, image processing, and three-dimensional

visualization
Android is a mobile operating system developed by Google.

It is based on a modified version of the Linux kernel and
other open source software, and is designed primarily
for touchscreen mobile devices such

Meshmixer is state-of-the-art software for working with
triangle meshes. Free software.

iPhone OS is a mobile operating system created and
developed by Apple Inc. exclusively for its hardware.

Fused deposition modeling 3D printer.

Unity is a real-time development platform to create 3D, 2D
VR & AR visualizations for Games, Auto, Transportation,
Film, Animation, Architecture, Engineering & more. Free
software.

Xcode is a complete developer toolset for creating apps for
Mac, iPhone, iPad, Apple Watch, and Apple TV. Free
software.
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Combining Augmented Reality and 3D Printing to Display Patient Models on Your Smartphone

Author(s):

Rafael Mareta-Martinez _David Garcia-Mato_Madnica Garcia-Sevilla_ Rubén Pérez-Mafianes

sé A. Calvo-Haro, Javier Pascau

J
ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

|;| Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
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Rebuttal Document

Manuscript JoVE60618

Title: Combining Augmented Reality and 3D Printing to Display Patient Models on Your
Smartphone

We would like to thank the reviewers and the editorial for their insightful comments and their interest in
our work.
First, we would like to summarize the major changes made for the paper revision:

- In the protocol section, the levels of subtitles have been modified to have a more appropriate format
following the editorial instructions. Now sublevels 4 are sparingly used.

- Segmentation procedure in 2.2.2 is now more deeply explained.

- A new paragraph has been added in the introduction section to give a clearer vision of the proposed
method in the context of the state-of-the-art.

- The introductory paragraph of step 3 of the protocol section has been modified to improve the
explanation of “Visualization” and “Registration” modes.

- Possible applications of our method are discussed in a new paragraph in the discussion section.

- Software improvements in the repository provided for the 3D Slicer Module “AR Health: Model Position”.
A new button has been added for restarting the process without having to restart 3D Slicer.

- Figures 2 and 3 have been updated, highlighting different elements in the image.

In the following pages of the document, you will find a separate answer to each reviewer’s comments.

L]


https://www.editorialmanager.com/jove/download.aspx?id=1111550&guid=836a1ffc-3aef-4e43-96b0-74912a0f6aca&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1111550&guid=836a1ffc-3aef-4e43-96b0-74912a0f6aca&scheme=1

Editorial comments:

We would like to thank the Editorial for their insightful review of the manuscript and for their
comments.

General:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues.

2. Please limit the use of personal pronouns (you, your

3. Please include email addresses for all authors in the manuscript.

Answer:
1. We apologize for any spelling or grammar issues. The paper has been reviewed again and
corrected.

2. The use of personal pronouns has been reduced or avoided. Examples can be found in steps
2.2.1,3.1.4,3.2.3,3.2.5,4.2,5.1.2,5.2,5.2.9.2,5.3.10, 5.3.12.1.1., 6. All these steps are
referenced to the first version of the manuscript.

3. Email addresses for all authors have been included in “Authors and Affiliations” section.

Protocol:

1. Please include an ethics statement before the numbered protocol steps, indicating that the
protocol follows the guidelines of your institution’s human research ethics committee.
2. If possible, please limit substeps to no more than 4 levels (e.g., 1.1.1.1), with a 4th level used
sparingly.

3. For each protocol step, please ensure you answer the “how” question, i.e., how is the step
performed? Alternatively, add references to published material specifying how to perform the
protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per step,
please split into separate steps or substeps.

Answer:

1. The following ethics statement has been included before the numbered protocol steps: “This
study was performed in accordance with the principles of the 1964 Declaration of Helsinki as
revised in 2013. The anonymized patient data and pictures included in this paper are used
after written informed consent was obtained from the participant and/or their legal
representative, where he/she approved the use of this data for dissemination activities
including scientific publications.”

2. Most of the level 4 steps have been removed to higher-level steps.

3. The manuscript steps and substeps have been modified to a more appropriated format
following the instructions given by the Editorial.

- Step 3.1.2 has been split, adding step 3.1.3, to avoid explaining too many actions in
the same substep.

- Step 3.2.5 and its substeps have been modified to level 3 substeps in order to avoid
level 4 steps. “How” question has been answered specifically in some substeps.



- Steps and substeps from 4.1. have been extended to steps 4.1 and 4.2.
- Substeps in steps 5.3 have been adapted to avoid level 4 steps.

Table of Materials:

1. Please ensure the Table of Materials has information on all materials and equipment used,
especially those mentioned in the Protocol.

Answer:

1. The Table of Materials has been modified by adding new materials that were not previously
included.



Reviewers’ comments

Reviewer #1

Manuscript Summary:

The authors describe a method for presenting segmented medical images in an augmented reality
smartphone app with virtual content registered to a 3D printed model. Registration is performed
by manually adjusting a virtual model to a Vuforia marker 3D model.

Major Concerns:

None.

Minor Concerns:

Item 2.2.2 summarizes the segmentation details with a link to the Slicer documentation on
segmentation. Although this is an acceptable description, | would prefer to see 2-4 sentences on
the specific effects the authors used to segment the distal leg sarcoma images. Or even one
summary summarizing the effects used: "To segment the desired patient geometry, we used the
threshold, etc... effects.”

Answer:
We would like to thank Reviewer #1 for his time on reading and commenting on our paper.
Now we will proceed to answer the reviewer’s minor concerns:

Regarding the segmentation step in item 2.2.2, we agree with the reviewer that summarizing the
segmentation procedure with a link to Slicer documentation tutorial may not be enough to show
a user how to segment properly the proposed patient case. Therefore, a new substep 2.2.2.1 has
been added explaining briefly which tools were used from the Slicer Segmentation module to
finally obtain the given 3D models of the patient. The added step is the following: “2.2.2.1 To
segment the bone (tibia and fibula in this case), the “Threshold” tool was used to set up a
minimum and a maximum HU value from the CT image which correspond to bone tissue. By using
this tool, other elements with HU outside these threshold values are removed, such as soft tissue.
Then, “Scissors” tool was used to remove some undesired areas such as the bed or other
anatomical structures from the segmented mask. The sarcoma region was segmented manually
using “Draw” and “Erase” tools since the tumor is difficult to contour with automatic tools”.



Reviewer #2

Manuscript Summary:

This article proposes a method to display AR scene based on markers on a smartphone. A step-
by-step methodology was described to realize this work. 3D slicer was used to segment and
reconstruct the anatomical 3D models of patients from CT or MR images. An AR Health module
was also developed to design the location relationship between marker and visual 3D models
through two modes of Visualization and Registration. Meshmixer was used to modify the
combination of both models. Then, the physical models required were 3D printed for the final AR
application. An AR smartphone app in Unity engine was designed and deployed on Android or iOS
devices. Finally, a real clinical case of a patient suffering from a distal leg sarcoma was to describe
the propose methodology.

This manuscript is well organized.

My major concerns are as follows:

1. The proposed method is not clear. Compared with other work about AR using smartphone, the
differences and similarities among the proposed method and other AR methods should be
described more clearly. Using markers to display AR scene has been proposed in previous articles.

2. The accuracy of AR in the proposed method is not described. The author could show an in-situ
superposition of 3D images on patients. Actually, it is very different to install the marker on bones
and on deformed tissues. Tissue deformation affects registration accuracy. So, please give
examples of some suitable clinical applications.

3. In AR Health module, both Visualization and Registration modes obtain the location of the
marker and the 3D models by translating and rotating them. It is hoped that the differences
between the two operations can be further explained.

4. The proposed method seems to be a combination of several software and the existing methods.
For some diseases, medical image segmentation is difficult, especially for inexperienced doctors.
Also, the process described in this manuscript is complicated. Authors may describe each process
simply and express them in pictures.

5. I have tried the AR Health module, which can only be executed once and needs further
optimization. For examples, it cannot return to remove or add models after “Finish and Center”,
and the registration process cannot be performed after the visualization process.

Answer:
We would like to thank Reviewer #2 for his time on reading and commenting insightfully our
paper. In the following paragraphs we answer all reviewer’s major concerns:

1. The purpose of this paper is not to present a new method for showing AR scenes with data
coming from medical images but to offer inexperienced users a complete protocol on how to
use AR technology for that purpose. We include several references showing how this
technology has been used previously in the biomedical field, providing context to the reader
about the interest of these solutions. We have considered that a JOVE video and a full step-



by-step protocol will help novel users to try AR since our method is based on inexpensive
tools. Markers-based AR has been proposed before and has shown its potential, particularly
in one of our previous papers. With this protocol, we want to encourage more users to try
this technology thanks to its simplicity. The novelty of our work is that we facilitate image-to-
world registration, which has been previously considered a limiting factor. We have added a
paragraph in the introduction section of the paper to better answer the reviewer’s concerns.

We have previously evaluated the accuracy of the proposed protocol on a phantom in
reference?®, where we used HoloLens as the AR device. The protocol described in the paper
is not intended to introduce any accuracy measure, but the reader can check our reference
to better understand the limitations of the protocol. The limitations regarding the use of a
marker attached to the bone were also identified in our previous paper. The referee is correct
when pointing out that a marker attached to soft tissue would limit the utility of the protocol.
We have added a paragraph in the discussion section with more clinical examples of the use
of the proposed methodology: “In general, one of the most interesting clinical applications of
AR and 3DP is to improve patient to physician communication by giving the patient a different
perspective of her case, improving the explanation of a specific medical condition or
treatment. Other possible application includes surgical guidance for target localization,
where 3D printed patient-specific tools (with a reference AR marker attached) can be placed
on rigid structures, such as bone, and used as a reference for the navigation. This application
can be especially useful for orthopedic and maxillofacial surgical procedures in which bone
tissue surface is easily accessed in the surgical field.”

In order to describe the differences between Visualization and Registration methods, we have
improved the description of the 3D Slicer module. In addition, the differences between both
methods have been further explained in protocol sections.

Segmentation might be a difficult task for some diseases, even more, if the region of interest
includes other tissue than bone. To answer the reviewer’s concerns, we have added an
explanation in section 2.2.2.1 of how to perform the segmentation step. We think that the
whole protocol is now easier to follow and, although it may seem complex at some points,
the document will be a good step-by-step guide for the reader when combined with the final
video.

We apologize for the problems experienced when testing the version of the code available
during the review. The 3D Slicer module has been updated and new functionalities have been
added. One of the main improvements is the addition of a new button which allows the user
to restart the process without the need of restarting 3D slicer when the button is pressed.



Minor Concerns:

1. Previous research proposed an AR method using a mobile device. You can refer to this article.
Z. Fan, et al.: 3D Interactive Surgical Visualization System using Mobile Spatial Information
Acquisition and Autostereoscopic Display, Journal of Biomedical Informatics, Vol.71, pp.154-164,
2017.

2. You can mark some important components in figures for better understanding. For example,
you can mark "3D CT model" and "3D printed marker reference".

3. A flowchart of the proposed method can be added for better understanding.

Answer:
The following paragraphs include our responses to the reviewer’s minor concerns:

1. We would like to thank the reviewer for identifying that reference, that has been included in
the introduction section of our paper (reference number 10).

2. Considering the reviewer comment, Figures 2 and 3 have been modified by remarking the
different elements in the image.

3. Aflowchart could help in understanding the method. However, we believe that the final video
will serve as a flowchart and adding and extra figure illustrating the steps of the protocol will
extend the paper length, so we did not include a flowchart.
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