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Abstract: Cryosurgery is a technique of growing popularity involving tissue ablation under controlled
freezing. Technological advancement of devices along with surgical technique improvements have
turned cryosurgery from an experimental to an established option for treating several diseases.
However, cryosurgery is still limited by inaccurate planning based primarily on 2D visualization
of the patient’s preoperative images. Several works have been aimed at modelling cryoablation
through heat transfer simulations; however, most software applications do not meet some key
requirements for clinical routine use, such as high computational speed and user-friendliness. This
work aims to develop an intuitive platform for anatomical understanding and pre-operative planning
by integrating the information content of radiological images and cryoprobe specifications either in a
3D virtual environment (desktop application) or in a hybrid simulator, which exploits the potential of
the 3D printing and augmented reality functionalities of Microsoft HoloLens. The proposed platform
was preliminarily validated for the retrospective planning/simulation of two surgical cases. Results
suggest that the platform is easy and quick to learn and could be used in clinical practice to improve
anatomical understanding, to make surgical planning easier than the traditional method, and to
strengthen the memorization of surgical planning.

Keywords: mixed reality; surgical planning; surgical simulation; hybrid simulation; cryotherapy;
Microsoft HoloLens

1. Introduction

Cryoablation, also known as cryosurgery or cryotherapy, is a technique for ablating a
target tissue and an appropriate surrounding margin through controlled freezing to lethal
temperatures, without inducing damage to nearby vital organs [1].

Preceded by a near half-decade of investigations, modern cryosurgery dates back
to 1961, when Cooper and Lee invented an automated cryosurgical system cooled by liquid
nitrogen for treating Parkinsonism and other neural diseases [2]. Nowadays, preferred
cryotherapy systems use the Joule-Thomson effect, taking advantage of the cooling of non-
ideal gases when rapidly expanded. In these devices, a highly pressurized gas (e.g., argon)
is expanded through a nozzle inside a small cylindrical steel sheath, and the Joule-Thomson
expansion cools the sheath to cryogenic temperatures very quickly [3]. In clinical practice,
single or multiple cryoprobes, that is, needle-shaped instruments, are inserted into the
target structure and several freeze-thaw cycles are applied sequentially. As the argon flows
through the needle, an ice ball forms around the tip of the cryoprobe, inducing tissue
necrosis by direct mechanisms in the surrounding tissues. Moreover, in regions farther
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from the probe, cells are damaged as a result of several processes such as crystallization of
water, cell dehydration, metabolic derangement and vascular stasis [4,5].

Nowadays, cryosurgery can be performed percutaneously or with an open surgery
approach to treat a wide range of benign and malignant diseases including lung, breast,
oesophagus, liver, kidney, prostate and bone cancers [6]. In orthopaedic oncology, cryoabla-
tion is well established for the palliative care of metastatic bone tumours, or as an adjuvant
treatment. Indeed, bone tumours that are benign or have low metastatic potential can be
treated by tissue-conserving techniques, commonly with intralesional excision by curet-
tage followed by cryosurgery [7]. Applied after curettage, cryosurgery devitalizes an
additional margin of tissue around the lesion, improving the effectiveness of the treat-
ment, as suggested by cumulative data showing more than 90% recurrence-free outcomes
with a 5-year average follow up [6]. Recently, our group published a retrospective study
involving 143 patients in which cryotherapy proved its efficacy in further increasing the
local control of disease compared to standard treatment without cryotherapy [8].

As with any surgical procedure, cryotherapy is expected to be most effective, in terms
of accuracy and precision, when preceded by preoperative planning. Cryotherapy planning,
however, is mostly performed qualitatively, based on the surgeon’s experience, and mostly
after two-dimensional visualisation of radiological data sets. This can take several hours
and the result can often be different from that expected [9]. Sub-optimal positioning of the
cryoprobe leads to the following issues that jeopardize the quality of the surgical treatment
and increase the intervention cost: incomplete freezing of the target lesion, inadvertent
damage to surrounding healthy tissue, use of an unnecessarily large number of cryoprobes,
increased duration of the surgical procedure, and increased likelihood of post-surgical
complications [10]. The ideal planning tool, therefore, should allow the surgeon a clear
understanding of the surgical anatomy and a simulation of cryoprobe insertion to ensure
adequate coverage of the target volume while maximizing freezing damage to the target
region and minimizing damage to the surrounding tissue [11]. More specifically, according
to [1], surgeons need to be able to assess four critical variables for frozen mass formation,
namely the type of the cryoprobe, the number of the cryoprobes, the configuration of the
cryoprobes, and the duty cycle rate.

The importance of optimizing cryotherapy planning is widely described in the lit-
erature, and for several years computerized means have been proposed for modelling
cryoablation through numerical heat transfer simulations [10,12-16]. For example, Baissa-
lov et al. [14] describe a simulation algorithm, based on solving the transient heat con-
duction equation using finite element methods, to generate temperature distributions
from cryoprobes, visualize isotherms in the anatomical region of interest, and provide
tools for estimating damage to the target and surrounding structures. Lung et al. [10]
present a computerized planning tool, which is more efficient than traditional numerical
optimization techniques because it requires significantly fewer biological heat transfer
simulations for each planning iteration. For demonstration purposes, 2D examples of
typical cross-sections in prostate cryosurgery are provided. Keelan et al. [15] instead de-
scribe an efficient numerical technique for simulations on a graphics processing unit (GPU),
to facilitate rapid decision making associated with cryosurgery training. A GPU-based
simulation approach is also developed in [9,16] to achieve a high performance; indeed,
for employing such planning tools in the daily clinical routine, patient-specific simulation
of cryoablation needs to be not only sufficiently accurate but also fast. Moreover, the
planning tool developed in [9], which uses a physics-based simulation, allows the user
to interact with the application through gestures to be compatible with use in a sterile
environment. Another example of GPU-based 3D ice ball modelling for cryoablation sim-
ulation and planning is the work presented in [17], the accuracy of which was validated
on an ex-vivo warm gel setup and simulation on five retrospective patient cases of kidney
tumour cryoablation. In [18], the authors developed a fast explicit dynamics finite element
algorithm (FED-FEM) for the fast simulation and analysis of bio-heat transfer in soft tissue
and studied a parallel implementation for real-time bio-heat computation. The system
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could be used for different thermal treatments but has not yet been tested for cryoablation
procedures. Finally, in [19], a web-based planning tool for percutaneous cryoablation of
renal tumours, based on a modified Pennes bioheat equation with an added perfusion
term, is presented. However, validation results showed a tendency of the simulation model
to overestimate the ablation effect, thus adjustments are necessary to make the tool suitable
for clinical use. In conclusion, most software platforms are either still not accurate enough
or do not meet some key requirements for routine clinical use, such as high computational
speed and ease of use, or have not yet been tested in the specific area of cryotherapy.

This work does not focus on heat transfer modelling, but employs information about
ice ball size and isotherms provided by the cryoprobe manufacturer (isotherms are derived
after a 10-min cooling cycle in agar gel phantoms) as an input for the implementation of a
platform for patient-specific planning and simulation of the optimal cryoprobe configu-
ration (type, number, pose) to ensure complete ablation of a target lesion while avoiding
damage to surrounding anatomical structures. More specifically, we aim to develop an
intuitive platform that provides surgeons with a simple tool for anatomical understand-
ing and pre-operative planning by integrating the information content of 3D radiological
images and cryoprobe specifications either in a 3D virtual environment or in a hybrid
scenario, which exploits the potential of 3D printing and augmented reality (AR). The main
hypothesis of this work is that such a simulation platform, which allows both visual and
tactile inspection of 3D anatomical models, can facilitate the understanding of the clinical
case and ease/improve surgical planning. This hypothesis is based on the results of several
studies that have demonstrated the value of 3D printing and AR for surgical planning
and/or simulation.

For example, the value of 3D printing for understanding patient anatomy has been
validated in [20] in the field of general surgery. According to this study, 3D printed models
help transfer complex anatomical information to clinicians, proving useful for pre-operative
planning, intra-operative navigation and surgical training purposes. Similar results were
obtained in [21], which demonstrated that the use of 3D printing in orthopaedic surgical
planning provides the surgeon with extra information that leads to a better surgery strategy,
improves accuracy, and reduces procedure time, bleeding and the amount of anaesthesia.

As for AR technology, wearable systems based on head-mounted displays have the
potential to shift the paradigm of how processed radiological datasets are commonly de-
ployed in surgery, reducing the cognitive burden and improving information management
in image-guided surgery. AR represents a particularly useful asset for improving the
surgeon’s spatial perception of the surgical field, because it allows for the merging of the
patient specific 3D models generated from preoperative images either contextually to the
real patient’s anatomy, that is, as a tool for surgical navigation, or on a physical replica of
the anatomy under treatment, that is, as a tool for surgical simulation/planning [22-24].

For these reasons, in [25,26], we proposed hybrid simulation platforms for training
in orthopaedic procedures (i.e., pedicle screws fixation and hip arthroplasty, respectively)
combining 3D printed patient-specific bone models with AR functionalities. More specif-
ically, in [25], we performed qualitative tests to evaluate the workload and usability of
the Microsoft HoloLens for our orthopaedic simulator, considering both visual and audio
perception and interaction/ergonomics issues, and the results obtained encourage the use
of the proposed hybrid approach for orthopaedic open surgery.

Based on these previous experiences, in this paper, we propose and test a simulation
and planning platform for cryosurgery that consists of a standalone desktop application for
the Microsoft Windows platform coupled with a hybrid simulation environment relying
on 3D printed anatomical replicas enriched with HoloLens (version 1.0) mixed reality
capabilities. To the best of the authors” knowledge, this is the first work in the literature
evaluating the use of AR and hybrid simulation for cryotherapy planning.
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2. Materials and Methods

The following paragraphs describe the architecture of the desktop application and
the hybrid simulation environment, and the protocol implemented for the preclinical
qualitative tests.

2.1. Desktop Application

The software application, designed for a desktop computer (with Microsoft Win-
dows 10 Operating System, 64-bit), integrates multiple modules/scripts to: visualize,
explore, and measure the patient-specific 3D anatomical structures; and to simulate cry-
oprobe insertions to optimally plan their ideal number and proper placement according
to the tumour location/extension. The application was developed on the cross-platform
game engine Unity3D (Unity Technologies Inc., San Francisco, CA 94103, USA) (version
2019.3.151).

The software architecture, summarized in Figure 1, includes the following modules:
User Interface, Patient Anatomy, Cryoprobe Manager, and Cryoprobe.

As for the Cryoprobe Module, a set of prefabs was developed according to the Cry-
oprobe producer specifications (Endocare inc., Irvine, CA, USA) for the simulation of the
different available tools which differ in terms of the shape and size of the ice ball gener-
ated, and in the needle length and diameter. The ice ball sizes were derived from in-vitro
studies using gelatin-based phantom, and, according to the producer, they approximate a
performance (5 mm) in soft tissue at 100% gas for 10 min; however, the actual isotherm
may vary depending on patient-specific parameters [27].

USER INTERFACE CRYOPROBE MANAGER

- Ul Label and Text - Instantiate/ Destroy

- Cryoprabe Specification/User Guide — - Activate/Disable Contral
- Ul Buttons - Save Plan

- Menu to Add/Remave Cryoprobes - Load Plan

- Check box for Iceball selection |

- Measurment Tool Activation ]

- Importing/Exporting .txt files CRYOPROBE
- Keyboard controls - Capsule Collider

- Cryoprabes Movement Control - CryoProbe Script
- Mouse controls - Initialize

- Main camera control - Is control active: true/false

- Selection/Deselection of Cryoprobes - Move (translation and rotation)

- Selection of Paints on Anatomy — - Highlight cryoprobe

- Show/Hide IceBalls
PATIENT ANATOMY - Childs

- NavMesh - Insertion Point: NavMesh Agent
- Mesh Collider - Shaft
- Hide/Show Anatomical Model - 3 IceBalls: 0°,-20°-40°
- Measurement Tool - ID Text: name of the cryoprobe

Figure 1. Diagram of the virtual simulator software architecture illustrating the main software
modules and the data transfers between modules.

Prefabs included the model of the Cryprobe needle, the three different isotherms
(0°, —20°, —40°), a label for the Cryoprobe name, and a model of the insertion point to
manage the control of instrument placement (Figure 2a).
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Figure 2. Modelling of the Cryoprobe and the anatomy. (a) A cryoprobe prefab comprising the model
of the needle, three isotherm ice balls, the insertion point, and a label for the model’s name; (b) Unity
components added to the cryoprobe prefabs: capsule collider to allow the cryoprobe selection via
mouse click; (¢) Example of the anatomical model imported; (d) The navigation mesh (in blue) baked
on the torso of the patient and used to implement the interactive navigation of the insertion point on
the skin).

To control the cryoprobe positioning to allow for accurate planning, the following
degrees of freedom (DOF) are modelled (Figure 3): two translational DOF to manage the
positioning of the cryoprobe insertion point along the patient’s body (the insertion point is
constrained to move on the patient’s body and therefore two degrees of freedom entirely
define its position on the body surface); two rotational DOF to manage the rotations of the
needle around the insertion point and thus define the optimal orientation of the cryoprobe
(given the axial symmetry of the needle and the ice ball, 2 DOF define the orientation); one
additional translational DOF to move the cryprobe along its main axis and thus assess the
optimal insertion depth.

ON THE

Figure 3. Simulation of the cryoprobe placement. (a) 5 DOF modelled for defining the best insertion
point (2 DOF translations for displacement on the skin model), insertion axis (2 pivot rotations), and
insertion depth (1 DOF translation). (b—d) Example of sequences of simulator scenes after pivot
rotation (c) and translation (d) along the cryoprobe longitudinal axis.

The movement of the cryoprobe insertion point is implemented by exploiting a Unity
NavMesh; this latter is a 3D navigation mesh approximating the “walkable” surface for a
specific NavMesh Agent type. A NavMesh is generated on the skin model (Patient Anatomy
Module) (Figure 2d) and properly configured to allow the movements of the cryoprobe
insertion point, which is equipped with a NavMesh Agent component (Figure 2b).

The Cryoprobe Manager Module, based on user input, performs the following basic ac-
tions: it creates new instances of the cryoprobe prefab, destroys prefabs, activates/deactivates
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the control of each cryoprobe in the scene, saves the surgeon’s planning in a .txt file, and
loads the result of previous planning. This latter includes, for each planned cryoprobe,
the following information: model name, selected operating temperature, insertion point
position in the local coordinate system of the anatomy (which coincides with the global
reference system of the scene), and cryoprobe pose in the insertion point’s coordinate
system (depicted in Figure 3a). At each time, only one of the instanced cryoprobe prefabs
in the scene is “active” (i.e., the user can control its placement and select the different ice
balls): the active probe is by default the last one inserted; however, the user can decide to
switch to the control of another probe by selecting it with a simple click of the mouse (for
the detection of this event each prefab is equipped with a collider as depicted in Figure 2b).

The User Interface enables the surgeon to add/remove cryoprobe models in the scene,
and to rehearse the cryoprobe placement (Figure 4) using the mouse and a minimal set
of keyboard keys. The translational degrees of freedom of the cryoprobe are managed by
pressing the “WAS” and “I/” keys, which enable the movement of the cryoprobe insertion
point on the patient’s skin and the translation of the cryoprobe needle along its longitudinal
axis, respectively. The pivot rotations around the cryoprobe insertion point are managed via
the arrow keys to determine the best insertion direction. A virtual trackball (implemented
via a C# script component attached to the main camera) allows the user to zoom and rotate
the main view using mouse buttons to explore the patient’s anatomy.

52,6 mm

Figure 4. GUI during a planning. (a) Planning the positioning of two Cryoprobe. The “active”
Cryoprobe is highlighted in yellow; (b) Example of measurement performed to evaluate the size of
a tumour.

The Patient Anatomy Module includes all the anatomical models relevant for the
surgical planning/simulation. The 3D virtual models are extracted from the available pre-
operative radiological dataset (CT or MRI) of the patient: the DICOM dataset is processed
with a semi-automatic tool, the EndoCAS Segmentation Pipeline [28] is integrated into the
open source software ITK-SNAP 1.5 [29], then the mesh reconstruction and optimisation
steps are performed to generate the 3D models of the patient’s anatomy. The optimisa-
tion steps, including artefact removal, hole filling, mesh decimation and smoothing, are
performed using the open-source software MeshLab [30] and Blender [31]. The latter is
also used to set the anatomy local reference system at a convenient position for the next
simulation phase with the HoloLens, as detailed in the next section.

Three-dimensional (3D) anatomical models are imported in the project, aligning their
coordinate system with the scene global reference system; then, a NavMesh component
is generated on top of the skin, and a mesh collider is added to the models so that the
user can click points on the mesh surface for measurement purposes. Indeed, the Patient
Anatomy Module includes a C# script to detect clicks on the anatomy and calculate the
Euclidean distance between two clicked points (Figure 4b), obtaining the 3D coordinates of
the impact points where rays, emitted by a Raycast, hit the collider.

2.2. Hybrid Simulator

The hybrid simulation environment, which was developed with an approach similar
to that described in [25], includes physical and virtual components (Figure 5).
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Figure 5. Hybrid Simulator. (a) Physical component of a simulator of arteriovenous malformation of
the thigh (Surgical Case 1); (b) Physical component of a simulator of metastasis of the body of the
D11 vertebra (Surgical Case 2); (c) AR view of Surgical Case 1; (d) AR view of Surgical Case 1 with
loaded plan; (e) AR view of Surgical Case 2.

The physical components include 3D printed anatomical replicas and a marker, rigidly
anchored to the anatomical components, allowing the registration of the virtual content to
the real scene. For this purpose, a support for the registration marker is designed according
to the morphology of the anatomical replica and ergonomic evaluations concerning the
user’s viewing direction. A 3D printer (Dimension Elite 3D Printer, with a building volume
of 203 x 203 x 305 mm, and a maximum resolution of 0.178 mm) is used to turn the 3D
CAD models into tangible 3D synthetic replicas made of acrylonitrile butadiene styrene
(ABS). This plastic is commonly used for the manufacturing of bone replicas for orthopaedic
surgery simulation, since it quite realistically replicates the mechanical behaviour of the
natural tissue [32]. The anatomical parts to be printed are selected each time according
to the specific surgical case: the design of the simulator requires the selection of the
anatomical parts to be manipulated (those that can provide haptic feedback useful for
the comprehensive understanding of the surgical case) and the parts that can be simply
visualised in AR.

The virtual components, shown in AR thanks to the Microsoft HoloLens headset (ver-
sion 1.0), include not only anatomical parts but also models of the cryoprobes, positioned
according to the surgical planning performed with the virtual application, and loaded at
runtime. Display-eye calibration and virtual-to-real registration should be performed to
guarantee the spatial coherence of the virtual components and the 3D printed parts. As for
the Display-eye calibration, the Microsoft HoloLens 1 official “Calibration” app is used,
even if it does not offer a complete user-based calibration procedure (it is designed to solely
adapt the two displays’ rendering engine to the user’s interpupillary distance [33]).

Virtual-to-real registration is achieved by exploiting:
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e  The HoloLens spatial localization, relying on the on-board optical and inertial sensors
and on the proprietary Simultaneous Localization and Mapping (SLAM) self-tracking
algorithm [34];

* Inside-out optical tracking of a target object, achieved using the functionalities of-
fered by Vuforia SDK [35], and using a planar marker rigidly anchored to the 3D
printed replica.

More specifically, a custom image target, which provides sufficient detail to be detected
by the Vuforia Engine, is created with the Vuforia Target Manager using a .JPG image. The
features extracted from the image are stored in a database, which can then be integrated
into the software application and used by the Vuforia Engine for runtime image processing,
allowing detection of a physical marker and the estimation of its pose in the HoloLens
spatial mapping coordinate space. Once the Image Target is detected, the Vuforia Engine
tracks whether it is at least partially visible from the HoloLens world-facing camera,
otherwise the HoloLens’ spatial mapping and positional tracking systems are used to keep
the virtual-to-real registration as stable as possible from any perspective [36].

From the software standpoint, Unity3D is used to develop the HoloLens application
by exploiting the functionalities of the MixedRealityToolkit (MRTK), which is a collection of
C# scripts and Unity components to develop mixed-reality applications targeting Windows
Mixed Reality. The MRTK allows the user to interact with the virtual content through head
movements, gestures and voice. A virtual cursor, the position of which is controlled by
head movements (HoloLens v.1 does not include any eye-tracking sensor), is added to the
application to interact with the user interface.

Figure 6 illustrates the architecture of the Mixed Reality Simulation Environment,
highlighting the data transfers between software and hardware modules (e.g., 3D printed
Anatomy and Vuforia Image Target), and the possible user interactions. The software
modules comprise an I/O Manager, the User interface, VR Models and the VR Model
Manager. The I/O Manager is based on the use of MRTK to handle the HoloLens mixed
reality functionalities, allowing the user an intuitive interaction with the virtual content,
and the importing of the preoperative plan via the Windows Device Portal (WDP). WDP
is a web server that enables communication with the HoloLens Headset via the network
connection, the management of the HoloLens apps, and the navigation/loading of files.
The surgeon can load /reload the preoperative plan at any time, and can visualize in AR the
last planned configuration/positioning of the cryoprobe models by clicking a UI button.

The VR model manager handles the control of the VR Models Module, which includes
the 3D models of the anatomy, the cryoprobe prefabs and the Vuforia Image Target prefab,
whose pose is updated in real-time according to the Vuforia Tracking and Registration
Functionalities. The anatomy, as well as each cryoprobe prefab, are instantiated as a child
of the Vuforia Image Target so that their Transform component is expressed in the Vuforia
Image Target’s local reference system. For simplicity, the anatomy model is exported into
the reference system of the Image Target, and the cryoprobe poses in the .txt plan file are
expressed in the same system: thus, once the Vuforia marker pose has been determined,
the virtual content can be easily aligned to the printed anatomical parts, without any
further transformation.

Figure 7 summarizes the main steps for implementing the simulation, with an indi-
cation of the professional profiles (surgical staff and technical staff) involved in each step
and the estimated time required. The time for implementing the simulation may vary
depending on the quality of the diagnostic images and the number of anatomical structures
to be included in the simulation. The duration of planning and simulation may vary
depending on the surgeon’s level of experience and the complexity of the surgical case.
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Figure 6. Architecture of the Mixed Reality Simulation Environment developed for Microsoft
HoloLens. The diagram illustrates the main software (IO/Manager, User Interface, VR Models,
VR Manager) and hardware (Physical Models) modules, the data transfers between modules, and the
possible user (surgeon) interactions.
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Figure 7. Diagram illustrating the operational steps for implementing the entire simulation and
planning platform. The preparation of the simulation requires qualified technical personnel; the
segmentation phase can be performed by medical personnel (by a radiologist or the surgeon him-
self/herself) or by technical personnel. In the latter case, the final approval of a radiologist is required.

2.3. Experimental Evaluation

A qualitative study was carried out to preliminarily evaluate the proposed platform
through the retrospective planning/simulation of the cryotherapy treatment of two sur-
gical cases selected among patients operated on in the last year at the Cisanello Hospital
(Pisa, Italy).

The first case was a 20-year-old woman with arteriovenous malformation (AVM) of the
thigh, previously treated with multiple surgeries and embolizations (see Figures 3b—d, 4,
and 5a,c,d). The cryotherapy procedure was performed under CT guidance and, given
the proximity of the sciatic nerve to the lesion, evoked potentials were acquired initially
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and after each cryo-cycle for intraoperative monitoring. This case was selected to evaluate
whether the proposed platform can help with the planning of cryoprobe insertion to
completely ablate the target lesion while maintaining a safe margin from the nerve.

The second case was a 45-year-old male affected by metastatic renal cell carcinoma
with metastasis of the body of the D11 vertebra (see Figures 2 and 5b,e). The surgery
involved a wide laminectomy, exposure of the tumoral mass, cryotherapy to cut down
the bleeding of the tumour (indeed renal cell metastases are well known for their high
and extended vascularity), and finally the debulking of the tumoral mass. This case was
selected to test whether the proposed platform helps with planning the insertion of the
probes into a lesion and to simulate their ideal pose while avoiding unintentional damage
to the dural sac, and also to the aorta and vena cava.

Seven subjects, including orthopaedic surgeons and orthopaedic residents recruited
from Cisanello Hospital, were enrolled as voluntary participants after giving written
informed consent. Table 1 shows participants” demographic information, including the
level of experience in cryotherapy treatment, AR, Microsoft HoloLens and 3D printing.

A questionnaire collecting quantitative and qualitative (free text) data was adminis-
tered to participants.The questionnaire comprised five closed yes/no questions, six open
questions, and 29 Likert items, structured in six sub-questionnaires (named Traditional Plan,
Virtual Plan, Feedback on Virtual Plan, Hybrid Plan, Feedback on Hybrid Plan, and Feedback on
the Entire Platform) to be administered in successive phases. The sub-questionnaires were
designed to progressively test the desktop application and the hybrid simulator, based on
their planned sequence of use (desktop application followed by the hybrid simulation).

The study protocol and a description of the sub-questionnaires are presented below.

The protocol of the study included the following 13 steps:

1.  Administration of the informed consent and demographic form (step 1);

2. Surgical planning based on the CT report, 2D visualisation and study of radiological

images using a dicom viewer and cryoprobe specifications (including information on

needle length and diameter, size of ice balls) (step 2);

Administration of the Traditional Plan sub-questionnaire (step 3);

4. Five minute explanation of desktop application functionality and GUI buttons, key-

board and mouse controls, followed by 5 min practice on a demo surgical case (step 4);

Surgical simulation and planning of a selected surgical case using the Desktop Appli-

cation (step 5);

Administration of the Virtual Plan sub-questionnaire (step 6);

Administration of the Feedback on Virtual Plan sub-questionnaire (step 7);

Visualisation and manipulation of the 3D printed anatomical replica (step 8);

AR visualisation of the virtual plane (output of step 5) contextually blended with the

3D printed replica via Microsoft HoloLens (step 9);

10. Iterative repetition of steps 5 and 9 until the surgeon was satisfied with the surgical
plan (step 10);

11.  Administration of the Hybrid Plan sub-questionnaire (step 11);

12.  Administration of the Feedback on Hybrid Plan sub-questionnaire (step 12);

13.  Administration of the Feedback on the Entire Platform sub-questionnaire (step 13).

o1 «®

0PN

Participants were divided into two groups; each of the two groups was assigned one
of the two surgical cases, and the other was used as a demo case for the training described
in step 4. More specifically, the first group, which included two experts (18 and 12 years of
experience in orthopaedic surgery) and two residents (2nd and 4th year of residency), was
assigned case 1; whereas the second group, which included two experts (17 and 9 years
of experience in orthopaedic surgery) and 1 resident (3rd year of residency) was assigned
case 2.

The first sub-questionnaire, Traditional Plan (see Table 2), included two closed yes/no
questions and two open questions aimed at assessing the ability of surgeons and residents
to plan the number, type, and positioning of cryoprobes, based on: the CT report, 2D visual-
ization and study of radiological images via a Dicom viewer, and cryoprobe specifications.
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Table 1. Demographics of participants in the user study.

General Info Value
Profession/Position Held (orthop. residents; orthop. surgeons) (3;4)
Gender (male; female; non-binary) (7;0;0)
Age (min; max; mean; STD) (28; 43; 35; 6)

Experience (in years) in Orthopaedic Surgery (min, max, mean, STD) (2;18;9;7)
Experience (in years) in Cryotherapy (min, max, mean, STD) (1,10; 4; 3)
Experience with Augmented Reality (none, limited, familiar, experienced) * (3,310
Experience with Microsoft HoloLens (none, limited, familiar, experienced) * (5;1,1;,0)
Experience with 3D printing (none, limited, familiar, experienced) * (1;2;4;,0)

* none = technology never used; limited = technology used less than once a month; familiar = technology used about once a month;
experienced = technology used several times a month. STD = Standard Deviation; AR = Augmented Reality.

Table 2. Traditional / Virtual Plan Questionarrie.

Question Answer
Based on * are you able to: Plan the type of probes? Yes/No
If yes, indicate the type of probes. E—
Based on * are you able to: plan the probe number and positioning? Yes/No

If yes, indicate the number and describe the plan. —_—

* Traditional Plan Questionnaire Option—Based on the information traditionally available for planning (CT, CT
report, cryoprobe specifications); Virtual Plan Questionnaire Option—Based on the Desktop application.

The second sub-questionnaire—the Virtual Plan—which included the same questions
as the first part (see Table 2), was administered to assess the ability of the surgeons and
residents to plan the surgery based on the desktop application.

The third sub-questionnaire—the Feedback on Virtual Plan—aimed to collect the subjects
opinions regarding the ergonomics, functionality, and usefulness of the desktop application
via 11 Likert items (in the Results Section) and included an optional open question to collect
their suggestions for additional functionalities to be added (i.e., Describe the functionalities
to be added to the Desktop application—optional to be completed only if a value lower
than three has been assigned to item 5.).

The fourth sub-questionnaire—the Hybrid Plan—consisted of a single closed yes/no
question to assess whether the hybrid simulation leads to a re-evaluation/optimization of
the surgical plan made with the desktop application (i.e., After using the hybrid simulator
do you think the previous desktop planning should be modified? yes/no).

The fifth sub-questionnaire—the Feedback on Hybrid Plan—aimed to collect the subjects
opinions about the ergonomics, functionality, and usefulness of the desktop application
through 15 Likert items (in the Results Section), and an optional open question to collect
their suggestions for potential features to be added (i.e., Describe the functionalities to be
added to the Hybrid application—optional to be completed only if a value lower than three
has been assigned to item 6).

Finally, the sixth sub-questionnaire, named Feedback on the Entire Platform, consisted of
three Likert items (in the Results Section) to collect the subjects” opinions about the poten-
tialities of the complete platform (simulation/planning through the desktop application
followed by the hybrid simulation) to increase the safety of surgery, facilitate the placement
of cryoprobes, and reduce the time of surgery.

7

7

3. Results

All participants, regardless of their level of experience in cryotherapy, claimed to be
able to plan the intervention (probes type, number and positioning) with the traditional
approach (Traditional Plan questionnaire).

Table 3 summarizes the plan modifications after desktop and hybrid planning. Three
out of seven participants preferred to modify their original plan after using the desktop
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application (Virtual Plan questionnaire): more specifically, three out of four participants,
that is, two residents and one expert from the first group (surgical case 1) modified their
plan, whereas no participants from the second group (surgical case 2) modified their
original plan. Finally, three out of seven participants refined their plan after the hybrid
simulation (Hybrid Plan questionnaire): one resident from the first group further modified
his virtual plan, and two participants, that is, one expert and one resident from the second
group, modified their original plan for the first time.

Table 3. Plan modifications after desktop and hybrid planning.

Surgical Case Position Held After Desktop Application After Hybrid Simulation

1 Resident Probe pose Probe pose
1 Resident Probe type No changes
1 Surgeon Addition of one probe No changes
1 Surgeon No changes No changes
2 Resident No changes Probe type
2 Surgeon No changes Probe orientation
3 Surgeon No changes No changes

Table 4 summarizes participants’ feedback on the Desktop Application, collected by
the administration of the Feedback on Virtual Plan questionnaire. The results collected are
positive for both ergonomics and usability aspects as well as perceived utility: overall,
participants agreed or strongly agreed with each statement, except for item 5 “I would not
add more functionality to the desktop application”, and item 8 “The desktop application is
useful for a clear understanding of the spatial relationship between the lesion and adjacent
anatomical structures,” for which a neutral opinion was expressed. Regarding this last
item, two subjects expressed a neutral opinion and two subjects a negative one (disagree).
It should be noted that three of these four participants expressed a positive opinion con-
cerning the statement “The hybrid application is useful for a clear understanding of the
spatial relationship between the lesion and adjacent anatomical structures” (item 9 of the
Feedback on Hybrid Plan questionnaire). One participant, on the other hand, also expressed
a neutral opinion regarding the hybrid application and, in both cases, suggested enriching
the simulation with the visualization of more anatomical structures (e.g., muscles and
vessels). Regarding item 5, four participants suggested adding the following features:

1.  Replacement of the probe without changing the plane (insertion point, insertion

depth, and direction) (suggested by one resident);

Visualization of the probe insertion axis (suggested by one resident);

Selection of anatomical elements to make transparent (suggested by one trainee);

Calculation of anatomical structures volume (suggested by one resident);

Visualization of more anatomical structures (suggested by one trainee and one

senior surgeon);

6. Two-dimensional (2D) visualization of the surgical plan superimposed on CT images
(suggested by one expert).

Ol
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Table 4. Five point Likert questionnaire results for the Feedback on the Virtual Plan (from 1 = strongly
disagree, to 5 = strongly agree). The central tendency of responses is presented by the median, with
the dispersion presented by the interquartile range (iqr).

Item Median iqr
1 The desktop application is intuitive to operate 4 (4-5)
>
= 2 Learning to use the desktop application takes little time 5 (4.5-5)
)
g 3 Ibelieve the desktop application can be used in clinical practice 5 (5-5)
& I believe the desktop application provides all the essential information
o 4 £ . . 4 (2.5-4.5)
9 or preoperative planning
§ 5 Twould not add more functionalities to the desktop application 3 (2-3.5)
gb (if you disagree with this statement, please suggest which functionality should be added) ’
Hoo6 I would use this app even on its own (without 3D printing) 4 (2.5-4.5)
The desktop application is useful for clearly assessing
7 . . 5 (4.5-5)
the margins of the lesion
8 The desktop application is useful for a clear understanding 3 (25-45)
of the spatial relationship between the lesion and adjacent anatomical structures o
E 9 The desktop application is useful for clearly assessing 4 (3.5-4)
5 the distances between the lesion and adjacent anatomical structures ’
10 The desktop application makes it easier to plan the type 5 (4-5)
of probes than traditional planning
1 The desktop application makes it easier to plan the positioning 4 (4-4.5)

and number of probes than traditional planning

Table 5 summarizes participants’ feedback on the Hybrid Simulator, collected by
the administration of the Feedback on Hybrid Plan questionnaire. In this case, the results
collected were also positive for both ergonomics and usability aspects as well as perceived
utility: overall, participants agreed or strongly agreed with each statement, except for
item 4, “I believe the hybrid application provides all the essential information for pre-
operative planning”, item 5 “The hybrid application offers a more ergonomic view of
the anatomy and surgical plan than the desktop application” and item 7 “I would like
to do the whole simulation and planning with the hybrid application (without using the
desktop application)” for which a neutral opinion was expressed; furthermore participants
disagreed with item 6 “I would not add other functionalities to the hybrid application”. As
for perceived usefulness, participants agreed that the hybrid application is useful for the
clear assessment of lesion margins (item 8), the spatial relationship between the lesion and
adjacent anatomical structures (item 9), and the distances between the lesion and adjacent
anatomical structures (item 10). Furthermore, according to the participants, the hybrid
simulator allows for a better memorization of the surgical plan compared to classical plan-
ning (item 11), and a better memorization and understanding of the anatomy compared to
desktop planning (item 12 and item 13); and the tactile interaction with the printed models
helps with the understanding and memorization of the anatomy (item 14). Moreover, all
participants expressed strongly positive feedback about the use of the hybrid simulator
as a didactic tool, based on a library of real surgical cases, for the training of novices in
cryotherapy (item 15).

Regarding item 6, four participants suggested:

1.  The addition of physical replica of muscles and skin (suggested by two trainees and
two experts);

2. The addition of interactions with virtual cryoprobes to modify their pose without the

use of the Desktop application (suggested by one expert);

The addition of respiration motion simulation (suggested by one expert);

The improvement of AR registration (suggested by one trainee and one expert);

5. The addition of measurement tool (suggested by one trainee).

S
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Table 5. Five point Likert questionnaire results for the Feedback on the Hybrid Plan (from 1 = strongly
disagree, to 5 = strongly agree). The central tendency of responses is presented by the median, with
the dispersion presented by the interquartile range (iqr).

Item Median iqr
1 The hybrid application is intuitive to operate 5 (4-5)
2 Learning to use the hybrid application takes little time 4 (4-5)
g 3 I believe the hybrid application can be used in clinical practice 4 (4-5)
"% 4 I believe the hybrid application provides all the essential information 3 (2-35)
3 for preoperative planning ’
8 5 The hybrid application offers a more ergonomic view of the anatomy 3 (2-5)
g and surgical plan than the desktop application
S
g 6 I would not add other functionalities to the hybrid application 2 (2-2.5)
L%l) (if you disagree with this statement please suggest the functionalities to be added) ’
v I'would like to do the whole simulation and planning 3 (2-35)
with the hybrid application (without using the desktop application) ’
8 The hybrid application is useful for clear assessment of lesion margins 5 (4-5)
9 The hybrid application is useful for a clear understanding 4 (3.5-4)
of the spatial relationship between the lesion and the adjacent anatomical structures ’
10 The hybrid application is useful for clearly assessing 4 (3-4.5)
the distances between the lesion and adjacent anatomical structures ’
The hybrid application allows a better memorization of the
11 . . . . 5 (4-5)
S surgical planning than the classical planning
E Hybrid application allows better memorization of the
o 12 surgical planning than the desktop application 4 (3-435)
13 3D printing is useful for a better understanding of 4 (4-4)
anatomy than the virtual desktop application
14 Being able to touch the printed model h.elpg me understand 4 (4-4.5)
the anatomy and memorize it
15 The hybrid application can be used for cryotherapy training 5 (5-5)

by novices using a library of already treated surgical cases

Table 6 summarizes participants’ feedback on the entire platform. Participants agreed
or strongly agreed with all three items, supporting that the proposed technologies can
increase the safety of the intervention (item 1), facilitate the positioning of the cryoprobes
(item 2) and also have the potential to shorten intervention times (item 3).

Table 6. Five point Likert questionnaire results for the Feedback on the Entire Platform (from 1
= strongly disagree, to 5 = strongly agree). The central tendency of responses is presented by the
median, with the dispersion presented by the interquartile range (igr).

Item Median  iqr
The proposed new planning and simulation tools make it possible
1 X > 4 (4-5)
to increase the safety of the operation
The new planning and simulation tools facilitate the positioning
2 . . 4 (4-5)
of cryoprobes in the operating theatre
3 The proposed new planning and simulation tools allow for shorter intervention times 5 (4-5)

4. Discussion

The introduction of technologically advanced and affordable cryotherapy devices,
along with the results of medical studies suggesting the efficacy and benefits of cryother-
apy and cryosurgery for the treatment of a wide variety of diseases, have boosted the
popularity of these techniques in recent years. Despite its increasing adoption in several
surgical specialties, cryosurgery today is mostly planned qualitatively, based on the sur-
geon’s experience, and mostly after two-dimensional visualization of radiological data
sets [9]. Since the 1990s, a significant amount of scientific work has focused on modelling
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cryoablation through numerical simulations of heat transfer; however, one of the major
limitations of adopting these simulations in clinical practice is the computational time,
which can be massively high [17]. Today, probe manufacturers make information available
on cryoprobe performance by evaluating ice ball size and temperature penetration in
phantom gel models. Although these models are not complete, for example, they do not
provide information on the impact of heat input from the surrounding tissue or on the
ablative zone created [37], they provide essential information for surgeons for selecting the
type and number of probes necessary to treat the lesion/s.

In this work, we present and preliminarily test a platform aimed at improving anatom-
ical understanding and pre-operative planning through the integration of a 3D model of
the patient’s anatomy, extracted from preoperative radiological images, and cryoprobe
specifications, either in a 3D virtual environment or in a hybrid scenario, which exploits
the potential of 3D printing and AR.

The developed platform has been tested for retrospective simulation of two surgical
cases and the results obtained are very encouraging, although they need to be confirmed
by a study with a larger number of surgeons. The combined use of the desktop application
and the hybrid simulator allowed surgeons to refine their cryotherapy plan in terms of
probe number, type and pose: not only the residents, but also some of the more experi-
enced surgeons, modified their original plan and elaborated upon traditional information
(CT scan visualization, report and cryoprobe specifications) after the use of the desktop
application and/or the hybrid simulator.

All participants confirmed that the use of the desktop application and the hybrid
simulator is easy and quick to learn and that both tools can be used in clinical practice.
Moreover, the feedback on the utility of the two systems is positive: both allowed a clear
evaluation of the lesion margins and its distance from the adjacent anatomical structures,
making the surgical planning easier than with the traditional method. Based on the
results obtained, the efficiency of the simulation was enhanced with the use of the hybrid
application, which is a valid tool for use in conjunction with the desktop application since
it improves the understanding of the spatial relationships of the involved anatomical
structures, and it strengthens the memorization of surgical planning through visualization
and manipulation of full-scale anatomical models.

Finally, according to this preliminary preclinical study, surgeons believe the proposed
platform has the potential to increase surgical safety, reduce operative time, and facilitate
cryoprobe placement in the operating room. To validate these preliminary results, a
prospective, randomized, single-center clinical trial is now being conducted to compare
the short- and long-term outcomes of cryotherapy procedures performed with traditional
planning with those planned and simulated with our platform.

According to suggestions received by the surgeons recruited in the study, the number
of anatomical structures involved in each simulated case will be increased (e.g., including
muscles if the quality of the DICOM dataset allows for their segmentation), and software
refinements will be performed (e.g., to allow volume calculation).

Our platform, to date, is limited by the lack of patient-specific modelling of tempera-
ture evolution and phase changes in the tissue, as we use static ice ball models based on
information provided by the manufacturer, derived from in-vitro studies on gelatin-based
phantoms. In the future, we plan to integrate such modelling within the desktop applica-
tion and allow the simulation of the duty cycle rate. One strategy could be to perform an
initial simulation of the cryoprobe placement based on static models (as today) and then
refine the simulation with heat diffusion modelling, considering the dependence of tissue
parameters on their temperature.

Author Contributions: Conceptualization, 5.C. (Sara Condino), F.C., PD.P,, S.C. (Simone Colan-
geli); methodology, S.C. (Sara Condino), F.C., VF, PD.P, S.C. (Simone Colangeli); software, S.C.
(Sara Condino); validation, S.C. (Sara Condino), EC., N.C.,, R.P, A.D.R; formal analysis, S.C. (Sara
Condino), F.C., N.C,, R.P; investigation, N.C., R.P; resources, V.E, R.C.; data curation, S.C. (Sara
Condino); writing—original draft preparation, S.C. (Sara Condino); writing—review and editing,



Sensors 2021, 21, 4450 16 of 18

F.C,, S.C. (Simone Colangeli), PD.P,, A.D.R., V.E,; visualization, V.F,; supervision, R.C.; project ad-
ministration, S.C. (Sara Condino), V.F, R.C.; funding acquisition, S.C. (Sara Condino), E.C., PD.P,,
S.C. (Simone Colangeli), V.F.,, R.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the CRIO2AR project, Fas Salute 2018—Regione Toscana,
Linea 3.6. This work was also supported by the Italian Ministry of Education and Research (MIUR)
in the framework of the CrossLab project (Departments of Excellence) of the University of Pisa,
Laboratory of Augmented Reality.

Institutional Review Board Statement: All subjects gave their informed consent for inclusion before
they participated in the study. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by “Comitato Etico Regionale per la Sperimentazione
Clinica della Regione Toscana Sezione: AREA VASTA NORD OVEST” (Project identification code:
CRIO2AR).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thanks Sara Barderi for her support during the
preclinical study.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AR Augmented Reality

ABS Acrylonitrile Butadiene Styrene
CAD Computer Aided Design

CT Computed Tomography

DOF Degrees Of Freedom

GPU Graphics Processing Unit

170 Input/Output

MRTK  MixedRealityToolkit

SDK Software Development Kit
SLAM Simultaneous Localization And Mapping
VR Virtual Reality

WDP  Windows Device Portal

References

1.

W

Shah, T.; Arbel, U.; Foss, S.; Zachman, A.; Rodney, S.; Ahmed, H.U.; Arya, M. Modeling Cryotherapy Ice-Ball Dimensions and
Isotherms in a Novel Gel Based Model to Determine Optimal Cryo-Needle Configurations and Settings for Potential Use in
Clinical Practice. Urology 2016, 91. [CrossRef]

Yakkala, C.; Chiang, C.; Kandalaft, L.; Denys, A.; Duran, R. Cryoablation and Immunotherapy: An Enthralling Synergy to
Confront the Tumors. Front. Immunol. 2019, 10, 2283. [CrossRef]

Mikus, PW.; Eum, ].J. Cryoprobe System. U.S. Patent 6,251,105, 26 June 2001.

Maccini, M.; Sehrt, D.; Pompeo, A.; Chicoli, F; Molina, W.; Kim, F. Biophysiologic Considerations in Cryoablation: A Practical
Mechanistic Molecular Review. Int. Braz Urol Off. ]. Braz. Soc. Urol. 2011, 37, 693-696. [CrossRef] [PubMed]

Rieder, C.; Schwenke, M.; Pitz, T.; Georgii, J.; Ballhausen, H.; Schwen, L.O.; Haase, S.; Preusser, T. Evaluation of a numerical
simulation for cryoablation-comparison with bench data, clinical kidney and lung cases. Int. |. Hyperth. 2020, 37, 1268-1278.
[CrossRef]

Baust, J.; Gage, A.; Johansen, T.; Baust, ]. Mechanisms of Cryoablation: Clinical Consequences on Malignant Tumors. Cryobiology
2013, 68. [CrossRef]

Gage, A.; Baust, ].; Baust, J. Bone tumors-adjunctive cryosurgery. Low Temp. Med. 2011, 37, 92-99.

Colangeli, S.; Parchi, P.; Andreani, L.; Beltrami, G.; Scoccianti, G.; Sacchetti, F.; Ceccoli, M.; Totti, F.; Campanacci, D.; Capanna, R.
Cryotherapy efficacy and safety as local therapy in surgical treatment of musculoskeletal tumours. A retrospective case series
of 143 patients. J. Biol. Requl. Homeost. Agents 2018, 36, 65-70.


http://doi.org/10.1016/j.urology.2016.02.012
http://dx.doi.org/10.3389/fimmu.2019.02283
http://dx.doi.org/10.1590/S1677-55382011000600002
http://www.ncbi.nlm.nih.gov/pubmed/22233999
http://dx.doi.org/10.1080/02656736.2020.1845402
http://dx.doi.org/10.1016/j.cryobiol.2013.11.001

Sensors 2021, 21, 4450 17 of 18

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

Talbot, H.; Lekkal, M.; Bessard-Duparc, R.; Cotin, S. Interactive Planning of Cryotherapy Using Physically-Based Simulation.
Stud. Health Technol. Inform. 2014, 196, 423-429. [CrossRef]

Lung, D.; Stahovich, T.; Rabin, Y. Computerized Planning for Multiprobe Cryosurgery using a Force-field Analogy.
Comput. Methods Biomech. Biomed. Eng. 2004, 7, 101-110. [CrossRef]

Joshi, P.; Sehrawat, A.; Rabin, Y. Computerized Planning of Prostate Cryosurgery and Shape Considerations. Technol. Cancer Res.
Treat. 2017, 16, 1272-1283. [CrossRef]

Keanini, R.; Rubinsky, B. Optimization of Multiprobe Cryosurgery. |. Heat Transf. Trans. Asme 1992, 114. [CrossRef]

Rabin, Y.; Shitzer, A. Numerical Solution of the Multidimensional Freezing Problem During Cryosurgery. ]. Biomech. Eng.
1998, 120, 32-37. [CrossRef]

Bassalow, R.; Sandison, G.; Donnelly, B.; Saliken, J.; McKinnon, J.; Muldrew, K.; Rewcastle, J. A semi-empirical treatment planning
model for optimization of multiprobe cryosurgery. Phys. Med. Biol. 2000, 45, 1085-1098. [CrossRef]

Keelan, R.; Zhang, H.; Shimada, K.; Rabin, Y. Graphics Processing Unit-Based Bioheat Simulation to Facilitate Rapid Decision
Making Associated with Cryosurgery Training. Technol. Cancer Res. Treat. 2015, 15. [CrossRef]

Georgii, J.; Pétz, T.; Rieder, C.; Ballhausen, H.; Schwenke, M.; Schwen, L.O.; Haase, S.; Preusser, T. Computational Biomechanics for
Medicine; Springer Nature: Berlin, Germany, 2020; pp. 171-193; [CrossRef]

Golkar, E.; Rao, P; Joskowicz, L.; Gangi, A.; Essert, C. GPU-based 3D iceball modeling for fast cryoablation simulation and
planning. Int. |. Comput. Assist. Radiol. Surg. 2019, 14. [CrossRef]

Zhang, ].; Chauhan, S. Real-time computation of bio-heat transfer in the fast explicit dynamics finite element algorithm (FED-FEM)
framework. Numer. Heat Transf. Fundam. 2019, 75, 217-238. [CrossRef]

van Oostenbrugge, T.; Heidkamp, J.; Moche, M.; Weir, P.; Mariappan, P.; Flanagan, R.; Pollari, M.; Payne, S.; Kolesnik,
M.; Jenniskens, S.; et al. ~ Validation of a Web-Based Planning Tool for Percutaneous Cryoablation of Renal Tumors.
Cardiovasc. Interv. Radiol. 2020, 43. [CrossRef]

Marconi, S.; Pugliese, L.; Botti, M.; Peri, A.; Cavazzi, E.; Latteri, S.; Auricchio, F.; Pietrabissa, A. Value of 3D printing for the
comprehension of surgical anatomy. Surg. Endosc. 2017, 31. [CrossRef]

Galvez, M.; Asahi, T.; Baar, A.; Carcuro, G.; Cuchacovich, N.; Fuentes, J.; Mardones, R.; Montoya Moya, C.; Negrin, R.; Otayza, F;
et al. Use of Three-dimensional Printing in Orthopaedic Surgical Planning. J. Am. Acad. Orthop. Surg. Glob. Res. Rev. 2018, 2.
[CrossRef]

Cutolo, F; Fida, B.; Cattari, N.; Ferrari, V. Software Framework for Customized Augmented Reality Headsets in Medicine.
IEEE Access 2020, 8, 706-720. [CrossRef]

Viglialoro, R.M.; Esposito, N.; Condino, S.; Cutolo, F.; Guadagni, S.; Gesi, M.; Ferrari, M.; Ferrari, V. Augmented Reality to
Improve Surgical Simulation: Lessons Learned Towards the Design of a Hybrid Laparoscopic Simulator for Cholecystectomy.
IEEE Trans. Biomed. Eng. 2019, 66, 2091-2104. [CrossRef] [PubMed]

Condino, S.; Viglialoro, R.M.; Fani, S.; Bianchi, M.; Morelli, L.; Ferrari, M.; Bicchi, A.; Ferrari, V. Tactile Augmented Reality for
Arteries Palpation in Open Surgery Training. In Medical Imaging and Augmented Reality; Zheng, G., Liao, H., Jannin, P, Cattin, P,
Lee, S.L., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 186-197.

Condino, S.; Turini, G.; Parchi, P.D.; Viglialoro, R.M.; Piolanti, N.; Gesi, M.; Ferrari, M.; Ferrari, V. How to Build a Patient-
Specific Hybrid Simulator for Orthopaedic Open Surgery: Benefits and Limits of Mixed-Reality Using the Microsoft HoloLens.
J. Healthc. Eng. 2018, 2018, 5435097. [CrossRef]

Condino, S.; Turini, G.; Mamone, V.; Parchi, P.D.; Ferrari, V. Hybrid Spine Simulator Prototype for X-ray Free Pedicle Screws
Fixation Training. Appl. Sci. 2021, 11, 1038. [CrossRef]

Endocare, I. Endocare™ Precision Cryoprobes. Available online: https:/ /www.aamed.eco.br/imagens/pdf/Catalogo-Probes-en.
pdf (accessed on 21 June 2021).

Ferrari, V.; Cappelli, C.; Megali, G.; Pietrabissa, A. An anatomy driven approach for generation of 3D models from multi-phase
CT images. Proc. Int. Congr. Exhib. I[CARS 2008, 3 (Suppl. 1), 271-273.

Yushkevich, P.A.; Piven, J.; Hazlett, H.C.; Smith, R.G.; Ho, S.; Gee, ].C.; Gerig, G. User-guided 3D active contour segmentation of
anatomical structures: Significantly improved efficiency and reliability. Neurolmage 2006, 31, 1116-1128. [CrossRef]

Cignoni, P,; Callieri, M.; Corsini, M.; Dellepiane, M.; Ganovelli, F.; Ranzuglia, G. MeshLab: An Open-Source Mesh Processing
Tool. In Proceedings of the Eurographics Italian Chapter Conference, Salerno, Italy, 2—4 July 2008.

Blender. Blender Open Source 3D Creation Suite. Available online: https:/ /www.blender.org/ (accessed on 22 April 2021).
Turini, G.; Condino, S.; Sinceri, S.; Tamadon, I.; Celi, S.; Quaglia, C.; Murzi, M.; Soldani, G.; Menciassi, A.; Ferrari, V.; et al. Patient
Specific Virtual and Physical Simulation Platform for Surgical Robot Movability Evaluation in Single-Access Robot-Assisted
Minimally-Invasive Cardiothoracic Surgery. In Augmented Reality, Virtual Reality, and Computer Graphics; De Paolis, L.T., Bourdot,
P., Mongelli, A., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 211-220.

Grubert, J.; Itoh, Y.; Moser, K.; Swan, J.E. A Survey of Calibration Methods for Optical See-Through Head-Mounted Displays.
IEEE Trans. Vis. Comput. Graph. 2018, 24, 2649-2662. [CrossRef] [PubMed]

Hiibner, P; Clintworth, K.; Liu, Q.; Weinmann, M.; Wursthorn, S. Evaluation of HoloLens Tracking and Depth Sensing for Indoor
Mapping Applications. Sensors 2020, 20, 1021. [CrossRef] [PubMed]

Vuforia. Vuforia Developer Portal. Available online: https://developer.vuforia.com/ (accessed on 23 April 2021).


http://dx.doi.org/10.3233/978-1-61499-375-9-423
http://dx.doi.org/10.1080/10255840410001689376
http://dx.doi.org/10.1177/1533034617716041
http://dx.doi.org/10.1115/1.2911885
http://dx.doi.org/10.1115/1.2834304
http://dx.doi.org/10.1088/0031-9155/45/5/301
http://dx.doi.org/10.1177/1533034615580694
http://dx.doi.org/10.1007/978-3-030-42428-2_11
http://dx.doi.org/10.1007/s11548-019-02051-8
http://dx.doi.org/10.1080/10407790.2019.1627812
http://dx.doi.org/10.1007/s00270-020-02634-y
http://dx.doi.org/10.1007/s00464-017-5457-5
http://dx.doi.org/10.5435/JAAOSGlobal-D-17-00071
http://dx.doi.org/10.1109/ACCESS.2019.2962122
http://dx.doi.org/10.1109/TBME.2018.2883816
http://www.ncbi.nlm.nih.gov/pubmed/30507490
http://dx.doi.org/10.1155/2018/5435097
http://dx.doi.org/10.3390/app11031038
https://www.aamed.eco.br/imagens/pdf/Catalogo-Probes-en.pdf
https://www.aamed.eco.br/imagens/pdf/Catalogo-Probes-en.pdf
http://dx.doi.org/10.1016/j.neuroimage.2006.01.015
https://www.blender.org/
http://dx.doi.org/10.1109/TVCG.2017.2754257
http://www.ncbi.nlm.nih.gov/pubmed/28961115
http://dx.doi.org/10.3390/s20041021
http://www.ncbi.nlm.nih.gov/pubmed/32074980
https://developer.vuforia.com/

Sensors 2021, 21, 4450 18 of 18

36. Vuforia. Developing Vuforia Engine Apps for HoloLens. Available online: https://library.vuforia.com/articles/Training/
Developing-Vuforia- Apps-for-HoloLens.html (accessed on 23 April 2021).

37. Baust, J.; Robilotto, A.; Snyder, K.; Santucci, K.; Stewart, J.; Buskirk, R.; Baust, ]. Assessment of Cryosurgical Device Performance
Using a 3D Tissue-Engineered Cancer Model. Technol. Cancer Res. Treat. 2017, 16, 900-909. [CrossRef]


https://library.vuforia.com/articles/Training/Developing-Vuforia-Apps-for-HoloLens.html
https://library.vuforia.com/articles/Training/Developing-Vuforia-Apps-for-HoloLens.html
http://dx.doi.org/10.1177/1533034617708960

	Introduction
	Materials and Methods
	Desktop Application
	Hybrid Simulator
	Experimental Evaluation

	Results
	Discussion
	References

