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Abstract: An extended-reality (XR) platform for real-time monitoring of patients” health during
surgical procedures is proposed. The proposed system provides real-time access to a comprehensive
set of patients’ information, which are made promptly available to the surgical team in the operating
room (OR). In particular, the XR platform supports the medical staff by automatically acquiring the
patient’s vitals from the operating room instrumentation and displaying them in real-time directly on
an XR headset. Furthermore, information regarding the patient clinical record is also shown upon
request. Finally, the XR-based monitoring platform also allows displaying in XR the video stream
coming directly from the endoscope. The innovative aspect of the proposed XR-based monitoring
platform lies in the comprehensiveness of the available information, in its modularity and flexibility
(in terms of adaption to different sources of data), ease of use, and most importantly, in a reliable
communication, which are critical requirements for the healthcare field. To validate the proposed
system, experimental tests were conducted using instrumentation typically available in the operating
room (i.e., a respiratory ventilator, a patient monitor for intensive care, and an endoscope). The
overall results showed (i) an accuracy of the data communication greater than 99 %, along with (ii) an
average time response below ms, and (iii) satisfying feedback from the SUS questionnaires filled out
by the physicians after intensive use.

Keywords: augmented reality; extended reality; healthcare; hololens 2; surgery; real-time monitoring;
Health 4.0; medical equipment; remote monitoring; uncertainty; XR

1. Introduction

The Fourth Industrial Revolution has brought several benefits to different application
fields, including healthcare [1]. In fact, 4.0 technologies are pervading the medical sector, such
as the Internet of Things (IoT) [2—4], artificial intelligence [5], machine and deep learning [6-8],
cloud computing [9], additive manufacturing [10-12], wearable sensors [13-16], and aug-
mented and virtual realities (AR and VR) [17-19].

With regard to AR and VR, these two technologies are often referred to with an umbrella
term, namely extended reality (XR) [20], which encompasses the entire reality-virtuality
continuum and, therefore, all possible variations and compositions of real and virtual
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objects. In particular, relevant uses of XR in healthcare can be found in medical train-
ing [21] and surgical procedures [22-27]. An important application of XR in surgery is the
overlay of digital medical images on the patients while the surgical procedure is being
carried out [28]. Instead, in [29], a patient-specific hybrid simulator for orthopaedic open
surgery was presented, focusing on the details for the implementation of wearable XR func-
tionalities using Microsoft HoloLens, which has become the most successful commercial
OST-HMD thanks to its advantages in contrast perception and computational effort [30].
More recently, its upgraded version (Microsoft HoloLens 2) was used to assist surgeons
in completing distal interlocking [30]. Several benefits, including no radiation exposure,
stereoscopic in situ visualisations, and less time consumption, were achieved with respect
to conventional approaches.

Another important application of XR is the real-time monitoring of patient’s health
in the operating room (OR). Patient’s vitals, along with additional information on the
electronic clinical medical records, may be displayed directly on a wearable XR headset
worn by the operators. The key idea is to use XR technology to allow the surgical team
to effectively monitor the patient’s health status in real-time, even at a distance from the
electromedical equipment. This aims to improve the efficiency of procedures by easing the
burden of constantly looking at OR equipment; in this way, the surgical team can focus
its attention on the patient and the task at hand, being ready to promptly act in case of
aggravating conditions [31-35]. In [31], for example, the number of times the anaesthetist
had to shift attention from the patient to the equipment was investigated. As a result, a
significant decrease of more than a third through an XR head-mounted display (HMD)
was observed.

Nevertheless, in the state-of-the-art, only the usability of such systems has been
explored, without an assessment of their performance. The need for a usability assessment
was claimed in [36], where a systematic review of 10 years of AR usability studies was
provided. With regard to healthcare, it emerged that most of the medical-related AR papers
were published in medical journals, and scarce qualitative data were captured from users
regarding how they felt after using the system. More recently, in [37], the usability and
ergonomics of the Microsoft Hololens and Meta 2 AR devices for applications in visceral
surgery were investigated by using the System Usability Scale (SUS) questionnaire [38],
a method successfully used for AR-based applications in education [39] and Industry
4.0 [40]. The aforementioned works, however, are strictly limited to the usability assessment.
On the other hand, also the need for a performance assessment of the real-time monitoring
system of patient’s undergoing surgical procedures is evident, since it is of the utmost
importance to guarantee that the information is transmitted correctly and displayed in a
timely manner in XR. For example, in [41,42], the key requirements regarding real-time
wireless data transmission were explored, such as the transmission bandwidth, the number
of interruptions per time unit, the mean duration of the stops, the monitoring delay, the
energy efficiency, and the reliability. In particular, it appears that any video/audio delay
greater than 300 ms should be avoided, to ensure proper interaction between the user and
the system. Furthermore, fault tolerance techniques are generally included in the network
to avoid network failures (which can range from small outages to large life-threatening
scenarios).

Based on these considerations, in this work, an integrated monitoring platform that
employs XR to assist the medical staff during surgical procedures is presented. The pro-
posed system offers different functionalities to support the surgeon, the assistant surgeons,
nurses, and anaesthetists by displaying in real-time a comprehensive set of information
regarding the patient’s health status. The information to be displayed in XR can be selected
by the user, based on his/her role in the procedure. The chosen XR headset (Microsoft
Hololens 2) receives the data from the electromedical instruments available in the OR
(e.g., respiratory ventilator, patient monitor, laparoscopic camera) and displays them in
real-time [43]. Additionally, the information regarding the patient electronic clinical records
is also made available upon the operator’s request. Finally, also the video streaming from
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the laparoscopic camera can be rendered through the platform. It should be mentioned
that, in spite of the high cost of the Microsoft Hololens 2 (approximately USD 3500), its
unique specifications currently makes it the most suitable device to be used to satisfy the
healthcare requirements. The innovative aspect of the proposed monitoring platform lies
in the comprehensiveness of the available information, in its modularity and flexibility (in
terms of adaption to different sources of data), ease of use, and most importantly, a reliable
communication, which are critical requirements for the healthcare field; to this aim, an
evaluation of the system performance in terms of data transmission, and overall usability
(by means of a SUS questionnaire), is addressed. While the obtained results in terms of
data transmission outcomes and performance are crucial for medical applications, they can
be readily applied also to other contexts such as for industrial or civil applications.

The paper is organised as follows. In Section 2, the concept design of the platform is
presented, along with the general architecture and the communication with the adopted
hardware. Section 3 describes the operation of the monitoring platform. Section 4 sum-
marises the experimental tests carried out at the University Hospital Federico II (Naples,
Italy). Finally, in Section 5, the conclusions are drawn.

2. Materials and Methods

This section addresses the design and implementation of the proposed XR-based
monitoring platform. Particular attention is dedicated to the conceptual design of the
integrated system in order to ensure modularity and flexibility (i.e., capability of connecting
different medical equipment and of receiving data from different sources).

2.1. Design of the Monitoring Platform

The designed platform is conceived to help nurses, anaesthetists, and/or surgeons
monitor the patients” health status by simply wearing an XR headset. In this way, they
do not have to turn to the monitoring equipment, thus being ready to promptly act in
case of aggravating conditions for the patients. Figure 1 shows the different blocks of the
integrated XR monitoring platform.

Medical = Medical o Medical
Instrument 1 Instrument 2 Instrument N
Real-time data \P

Instrument Control Unit

Real-timedata : Alert
~

Medical History Clinical
XR Headset ke mmemrerrriennns
Record

Figure 1. Conceptual architecture of the proposed XR-based monitoring platform.

Basically, a set of medical instruments are connected via cable to an instrument control
unit (ICU), which sends in real-time the data to the XR headset worn by the user, providing,
at the same time, an alert if the acquired parameters (e.g., patient’s vitals) exceed the
standard values. Additionally, the XR headset receives also information about the clinical
record of the selected patient, in order to obtain a comprehensive set of information about
his/her health upon request. The design choices were made to adhere to the stringent
requirements of the healthcare sector, especially in terms of communication latency between
the generation and visualisation of the patient’s data.

2.2. Hardware

Figure 2 shows the block diagram of the hardware and communication modalities used
to implement the proposed monitoring platform. As a case study, the considered medical
equipment includes instrumentation typically available in the operating room, such as: (i) a
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pulmonary ventilator; (ii) a patient monitor; and (iii) an endoscope for laparoscopic surgery.
A laptop acts as an ICU and acquires in real-time the data from the instrumentation. Finally,
it sends them to the XR headset, which, in turn, receives information on the patient from
the electronic clinical record. A detailed description is provided in the following.

Pulm.unarv Pat'ént Endoscope
Ventilator Monitor

RS-232 to USB S-Video to USB

Laptop
MQTT é HTTP
: Web
Socke ini
HoloLens 2 b-eeer Clinical
Record

Figure 2. Implementation of the proposed XR-based monitoring platform.

2.2.1. Operating Room Equipment

The OR equipment used in this work includes: (i) a pulmonary ventilator; (ii) a patient
monitor; and (iii) an endoscope, as shown in Figure 3:

*  Pulmonary ventilator: The adopted ventilator is the Driger Infinity V500. It is used
for intensive care and to help the lungs by administering an adequate amount of O,
to the patient, to eliminate the produced CO,, and to reduce the respiratory effort
of a patient due to the excessive work of the lungs. The Infinity V500 ventilator is
equipped with a local area network (LAN) interface and with three RS-232 interfaces
the possibility to choose between the MEDIBUS or MEDIBUSX protocol. The baud
rate, parity bits, stop bits, and terminator character can be set by the user.

*  Patient monitor: The Philips IntelliVue MP90 patient monitor was adopted. It allows
monitoring more than 50 different vitals, such as the oxygen saturation, compound ECG,
respiration rate, and heart rate, after connecting separate “plug-and-play” modules.

*  Endoscope: The endoscope used was the Olympus Visera Elite II. It is an imaging
platform for general surgery, urology, gynaecology, and more. It is equipped with an
S-video interface, which provides access to the camera.

(b)

Figure 3. Electromedical devices used: (a) pulmonary ventilator; (b) patient monitor; (c) endoscope.

2.2.2. XR Headset

As mentioned in Section 1, the Microsoft HoloLens 2 was used as the XR headset. This is
an OST device running Windows 10 Holographic and equipped with four light cameras, two
infrared cameras, a depth sensor, an inertial measurement unit (IMU), and an 8 MP camera.
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The user can interact with this device in different ways: hand gestures, eye tracking, head
tracking, and voice commands. One of the most important additional features with respect
to the previous version (Hololens 1) is that the diagonal field of view (FOV) is increased up
to 52°. Finally, the display resolution is 2048 x 1080 pixels. In spite of the relatively high
cost of this headset, its hardware and interaction modes make it the optimal solution to meet
the stringent healthcare requirements, in terms of communication latency and usability.

2.2.3. Laptop

The employed operating room equipment did not have any stringent requirements to
handle the communication protocols with the instrument control unit; hence, a laptop
equipped with an Intel i7-10750H processor, 16 GB RAM, Windows 10, and 3 USB 3.1 ports
was chosen. It was connected to the pulmonary ventilator by means of an RS-232 to USB
adapter. Instead, the connection with the patient monitor was established through (i) a
Medicollector adapter, which is a particular LAN to RS-232 adapter, and (ii) a second RS-232
to USB adapter. Finally, the interfacing with the endoscope was realised by means of an
S-video to USB adapter.

2.3. Software

The XR software was developed in Unity 3D by using the Windows Mixed Reality Toolkit
(MRTK). A navigation menu was implemented to let the user have access in real-time to (i)
the electronic clinical record and (ii) a comprehensive set of data coming from the medical
equipment. Three modalities of interaction were foreseen to select the data of interest: (i)
hand gestures, (ii) vocal commands, and (iii) gaze pointer. At the start of the application,
the OR operator was asked to select the patient among those available. The list of patients
is updated by a WebSocket server, which sends it to the HoloLens upon request. The XR
content is provided by means of the navigation menu.

2.3.1. Navigation Menu

The navigation menu was developed to guarantee that each window was at the same
distance from the user (approximately 1 m), as shown in Figure 4. This also allows avoiding
sickness effects during the use of the XR application. It consists of two main sections:

*  Electronic medical record, placed originally on the left side of the menu (90° rotation
of the head to the left).

*  Data and video streaming from the medical equipment, placed originally on the right
side of the menu (90° rotation of the head to the right).

Therefore, the view in front of the user is originally clear. However, the user can move
and rotate the XR content through vocal commands, in order to show it frontally.

User
(from behind)

qronic
tled cord

med‘ca\ vef

Figure 4. Concept of the implemented navigation menu.

2.3.2. Display of Clinical Record

The section dedicated to the display of data coming from the electronic clinical record
of the selected patient is divided into four categories: (i) anamnesis, (ii) diagnostic tests,
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(iii) blood tests, and (iv) clinical diary. These data are sent to the HoloLens by means of the
WebSocket protocol. In particular, the WebSocket Server provides a database of web pages
for each patient. It is possible to access these web pages by means of HTTP links and a web
browser. By default, Unity 3D does not foresee a browser service to display web pages in
an XR environment. To this aim, the PowerUi asset was installed. The user can select which
category to monitor by means of hand gestures or the gaze pointer.

2.3.3. Interfacing with Medical Equipment: For Vital Signs and Video Streaming

With regard to the real-time interfacing with the medical equipment, HoloLens receives
via WiFi the data coming from the laptop, which, in turn, is in charge of collecting the
data from the instruments connected via cable. In particular, the laptop receives via UART
(i) the data coming from the pulmonary ventilator, adopting the MEDIBUS protocol, and
(ii) the video stream coming from the endoscope. Instead, the communication between the
laptop and the patient monitor was implemented by means of the TCP/IP protocol via
the Medicollector adapter. Finally, these data are sent to the HoloLens via MQTT (vitals)
and HTTP (video streaming), which displays it in real-time. In this way, the OR operator
can evaluate in real-time if the surgical procedure in progress is being correctly performed.
Further details about the interface are provided below:

*  Acquisition from the ventilator: A code running in the MATLAB environment implements
the MEDIBUS protocol. This software protocol is intended to be used for exchanging
data between a Driger medical device and external devices via the RS-232 interface.
After the initialisation of the protocol, the code asks for and decodes the vitals to be
acquired. Finally, it sends them to the HoloLens via the MQTT protocol.

*  Acquisition from the patient monitor: The code related to the data acquisition from
the patient monitor was integrated with the MATLAB script implemented for the
communication with the ventilator. This code is in charge of retrieving the waveforms
from the monitor via TCP/IP through the Medicollector adapter. After acquiring the
waveforms, the code sends them to the HoloLens via the MQTT protocol. The user
can select the waveform to display by hand gestures or gaze pointer.

*  Acquisition from the endoscope: A script running in Python 2.7 was developed to acquire
the video streaming from the endoscope using the Imutils.video library. Successively,
the data are sent in real-time to the HoloLens via the HTTP protocol.

It was chosen to adopt the HTTP protocol for the transmission of the video streaming
from the endoscope to the HoloLens because the HoloLens offers native video support via
the Media Foundation engine, which made it easy to use HTTP as a protocol for adaptive
multimedia content streaming. Therefore, the UnityWebRequest class was used on the Unity
3D side for composing and handling HTTP requests. Instead, MQTT was adopted for the
patients’ vitals’ transmission since it is a commonly used TCP-based messaging protocol
for device-to-device communication, because it is lightweight (polling-free compared to
RESTful over HTTP), scalable, and efficient with low-performance devices (such as low-
power HMDs). The data exchanged was formatted in JavaScript Object Notation (JSON),
a text-based format for exchanging data. On the Unity side, the M2Mgtt library from the
M2MgttUnity asset was used to implement an MQTT client on the Hololens.

3. Operation of the XR Monitoring Platform

Figure 5 shows the block diagram of the user’s operation while employing the XR platform.

After the user puts on the HoloLens 2 and starts the application, first, he/she has
to select which patient to monitor. This selection can be performed by means of the gaze
pointer or the hand gestures, alternatively. Therefore, the XR content appears as mentioned
in Section 2.3.1. In particular, three windows are available:

1. Clinical record of the selected patient, placed originally at the left side of the navigation
menu (90° rotation of the head to the left).

2. Vital signs.

3. Video stream, placed at the right side (90° rotation of the head to the right).
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When the application is started, the frontal view is clear. The user can turn his/her
head sideways to see the desired XR holographic content; hence, the user can select the
information of interest by using the gaze pointer or the hand gestures. Alternatively, the
user can also decide which window to show frontally by means of vocal commands. Finally,
if he/she decides to stop the monitoring, it is possible to go back to the selection of the next
patient by vocal commands.

Select front

SETE—
* @ Clinical window (((‘”@H))

Record

Select
Start . ‘i
Patient Vital signs

— Back (((m)

Video
streaming

e ———

Figure 5. Block diagram of the user’s operation during the use of the XR platform.

As an example, Figure 6 shows a snapshot of what the user sees on the Clinical Record
menu.

On the other hand, Figure 7 shows a snapshot of the user view when he/she selects
the Vital Signs category to monitor the patient’s vitals. In this case, the set of waveforms
coming from the monitor are: heart rate, respiration rate, ECG, and O, saturation. On the
other hand, the monitored parameters from the ventilator are: minimum, mean, and peak
airway pressure, minute volume, and compliance.

Last Name: Rossi First Name: Mario

Sex: M Age: 62 Status: Standard

DIAGNOSTIC
TESTS

ANAMNESIS

CLINICAL
DIARY

Figure 6. Snapshot of the electronic clinical record window.
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Cdyn: 19 I/bar MV: 49 |/min
Pmean: 29 mbar Pmin: 59 mbar
VTespon: 39 m| PIP: 69 mbar

Figure 7. Snapshot of the vitals monitored in real-time.

4. Experimental Results

After the validation of the correct functioning of the XR platform, experiments were
carried out to address: (i) the real-time communication with the medical equipment; and
(ii) the usability of the application running on the XR headset. To this aim, two experimental
sessions were carried out, each consisting of N = 5 measurement runs. A non-self-inflating
bag was plugged into the pulmonary ventilator to emulate the patient’s lungs. As for the
patient monitor, it was used to monitor the vitals of a healthy volunteer.

4.1. Performance of the Real-Time Communication

With regard to the assessment of the communication with the medical equipment, it
is necessary to evaluate if the proposed integrated platform suits the stringent criteria of
the healthcare field. Two figures of merit were considered: communication accuracy and
time response.

The communication accuracy is defined as the percentage of packets correctly decoded
by the instrument control unit. The measurement of the communication accuracy A was
carried out for each run according to the following equation:

A= L-F -100 1)
L
where L is the number of packets sent within a run and E is the number of errors that
occurred. Then, for each session, the accuracy mean value 4 4 and the standard deviation
o4 were assessed. Hence, the three-sigma type A uncertainty 14 was evaluated considering
the total number of runs N, according to the following equation:

k'U’A
up = \/N

with k = 3, corresponding to a 99.7% confidence under the assumption of a normal distribution.

Time response T is defined as the time interval needed by the instrument control unit
to send the data to the XR headset. For each run, the mean value y7i and the standard
deviation o7i among all the packets sent were evaluated. At the end of the session, the
assessment of the weighted mean 7i; was carried out, taking into account the different
number of packets L; sent for each of the N runs, as expressed in (3).

@

—_XpnL
fip =1 = (3)
iy L
With regard to the uncertainty, the three-sigma uncertainty u was carried out accord-
ing to the law of the propagation of uncertainties, expressed in (4).
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N — 2
uT—k~JZ(a”T-uﬂ) @)
i=1

opT

where ur; is the standard uncertainty of the time response evaluated for each run. Again,
k = 3 corresponds to a 99.7% confidence under the assumption of the normal distribution
of the data. Table 1 summarises the details of the two experimental sessions. As is visible,
the measured time response was below ms, while the communication accuracy assessed
was greater than 99%. These obtained values are compatible with the specifications of the
healthcare field.

Table 1. Details of the two experimental sessions.

First Experimental Session Second Experimental Session
L ur (s) or (s) A (%) L ur (s) or (s) A (%)
117 9x107* 3x107* 99.2 111 9x107* 4x107* 994
122 9x107% 2x107%* 99.7 102 8x107% 2x107* 100.0
118 8x107* 2x10~%* 989 113 17x107% 6x107%* 987
118  9x10~* 3x10°* 989 35 7x107%  2x107%* 99.1
41 8x107% 3x10~* 99.0 117 9x107* 3x107* 99.2
Total iy ur Uatup Total i ur UaTua

514 9x107% 3x107° 99.1+04 478 11x107% 6x107° 993 +06

4.2. System Usability

Another important aspect that was considered is the usability of the XR platform.
To this aim, all the OR operators were asked to provide feedback after an intensive use of
the application during the experimental trials. A modified version of the SUS questionnaire
was employed, as shown in Table 2. Overall, the employed XR platform showed satisfying
ergonomics (even with users with glasses and/or long hair), no motion sickness effects
during the use of the application, and most importantly, ease of use. Furthermore, the mul-
tiple choice for data selection (vocal commands, gestures, gaze pointers) was particularly
appreciated, thus also confirming the suitability of the Microsoft HoloLens 2 headset for
the considered platform.

Table 2. Adopted SUS questionnaire.

N. Question Score

1 Ithink that I would like to use this system frequently 1 2 3 4 5
2 Ifound the system unnecessarily complex 1 2 3 4 5
3 Ithought the system was easy to use 1 2 3 4 5
4 Ithink that I would need the support of a technical person to be able to use thissystem 1 2 3 4 5
5  TIthink the various functions in this system were well-integrated 1 2 3 4 5
6  Ithought there was too much inconsistency in this system 1 2 3 4 5
7 I'would imagine that most people would learn to use this system very quickly 1 2 3 4 5
8  Ifound the system very cumbersome to the user 1 2 3 4 5
9  Ifeltvery confident using the system 1 2 3 4 5
10 Ineeded to learn a lot of things before I could get going with this system 1 2 3 4 5
11  Ifound the multiple choice of data selection easy to use 1 2 3 4 5
12 I felt motion sickness effects after an intensive use of the system 1 2 3 4 5

5. Conclusions

An integrated platform based on XR was proposed for the real-time monitoring of the
patient’s health during surgical procedures. This platform focused on a practical use-case
for members of the surgical team in the OR. Nurses, anaesthetists, or surgeons can wear an
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XR headset, which displays in real-time a comprehensive set of information, such as: (i) the
patient electronic clinical record; (ii) the vitals acquired from a pulmonary ventilator and a
monitor for intensive care; and (iii) the video stream coming from a laparoscopic camera.
This monitoring platform makes the use of the data easier and available in a timely manner
for the user. The proposed XR platform was developed to meet the stringent healthcare
requirements, especially in terms of communication accuracy and time response. In fact,
the obtained experimental results showed that the measured communication accuracy was
higher than 97%, with a corresponding time response in the order of milliseconds. These
values fully satisfy the aforementioned requirements of the healthcare sector. Furthermore,
the usability tests through SUS questionnaires confirmed the suitability of the proposed
XR monitoring platform for prolonged use. In conclusion, the proposed XR-integrated
platform was demonstrated to be a suitable support for OR operators in monitoring the
patients” health during delicate surgical procedures.

Author Contributions: Conceptualisation, P.A.; funding acquisition, P.A.; resources, P.A.; method-
ology, E.D.B., L.D.P. and N.D.; software, G.D. and L.D.; validation, L.D.; formal analysis, E.D.B.,
N.D. and L.D.; investigation, E.D.B. and L.D.; data curation G.D. and L.D.; writing—original draft
preparation, L.D.; writing—review and editing, E.D.B.; visualisation, L.D.; supervision, E.D.B. and
N.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was carried out as part of the “ICT for Health” project, which was financially
supported by the Italian Ministry of Education, University and Research (MIUR), under the initiative
“Departments of Excellence” (Italian Budget Law No. 232/2016), through an excellence grant awarded
to the Department of Information Technology and Electrical Engineering of the University of Naples
Federico II, Naples, Italy.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Qiu, H; Qiu, M,; Liu, M.; Memmi, G. Secure health data sharing for medical cyber-physical systems for the Healthcare 4.0. IEEE
J. Biomed. Health Inform. 2020, 24, 2499-2505. [CrossRef] [PubMed]

2. Ahmed, I; Balestrieri, E.; Lamonaca, F. IoMT-based biomedical measurement systems for healthcare monitoring: A review. Acta
IMEKO 2021, 10, 174-184. [CrossRef]

3. Schiavoni, R.; Monti, G.; Piuzzi, E.; Tarricone, L.; Tedesco, A.; De Benedetto, E.; Cataldo, A. Feasibility of a wearable reflectometric
system for sensing skin hydration. Sensors 2020, 20, 2833. [CrossRef] [PubMed]

4. Corchia, L.; Monti, G.; De Benedetto, E.; Cataldo, A.; Angrisani, L.; Arpaia, P; Tarricone, L. Fully-textile, wearable chipless tags
for identification and tracking applications. Sensors 2020, 20, 429. [CrossRef]

5. Alotaibi, B. Utilizing blockchain to overcome cyber security concerns in the internet of things: A Review. IEEE Sens. ]. 2019,
19, 10953-10971. [CrossRef]

6.  Apicella, A.; Arpaia, P.; De Benedetto, E.; Donato, N.; Duraccio, L.; Giugliano, S.; Prevete, R. Enhancement of SSVEPs classification
in BCI-based wearable instrumentation through machine Learning Techniques. IEEE Sens. J. 2022, 22, 9087-9094. [CrossRef]

7. Alharthi, A.S.; Yunas, S.U.; Ozanyan, K.B. Deep learning for monitoring of human gait: A Review. IEEE Sens. ]. 2019,
19, 9575-9591. [CrossRef]

8.  Zhang, B.; Hong, X,; Liu, Y. Multi-task deep transfer learning method for guided wave-based Integrated Health Monitoring
Using Piezoelectric Transducers. IEEE Sens. ]. 2020, 20, 14391-14400. [CrossRef]

9.  Pace, P; Aloi, G.; Gravina, R.; Caliciuri, G.; Fortino, G.; Liotta, A. An edge-based architecture to support efficient applications for
Healthcare Industry 4.0. IEEE Trans. Ind. Inform. 2019, 15, 481-489. [CrossRef]

10.  Angrisani, L.; Grazioso, S.; Gironimo, G.; Panariello, D.; Tedesco, A. On the use of soft continuum robots for remote measurement
tasks in constrained environments: A brief overview of applications. In Proceedings of the 2019 IEEE International Symposium
on Measurements and Networking, M and N 2019, Catania, Italy, 8-10 July 2019. [CrossRef]

11. Grazioso, S.; Tedesco, A.; Selvaggio, M.; Debei, S.; Chiodini, S.; De Benedetto, E.; Di Gironimo, G.; Lanzotti, A. Design of a soft

growing robot as a practical example of cyber-physical measurement systems. In Proceedings of the 2021 IEEE International
Workshop on Metrology for Industry 4.0 and IoT, MetroInd 4.0 and IoT 2021, Rome, Italy, 7-9 June 2021; pp. 23-26.


http://doi.org/10.1109/JBHI.2020.2973467
http://www.ncbi.nlm.nih.gov/pubmed/32071015
http://dx.doi.org/10.21014/acta_imeko.v10i2.1080
http://dx.doi.org/10.3390/s20102833
http://www.ncbi.nlm.nih.gov/pubmed/32429375
http://dx.doi.org/10.3390/s20020429
http://dx.doi.org/10.1109/JSEN.2019.2935035
http://dx.doi.org/10.1109/JSEN.2022.3161743
http://dx.doi.org/10.1109/JSEN.2019.2928777
http://dx.doi.org/10.1109/JSEN.2020.3009194
http://dx.doi.org/10.1109/TII.2018.2843169
http://dx.doi.org/10.1109/IWMN.2019.8805050

Sensors 2022, 22, 3908 11 of 12

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Grazioso, S.; Tedesco, A.; Selvaggio, M.; Debei, S.; Chiodini, S. Towards the development of a cyber-physical measurement
system (CPMS): Case study of a bioinspired soft growing robot for remote measurement and monitoring applications. Acta
IMEKO 2021, 10, 104-110. [CrossRef]

Teague, C.N.; Heller, J.A.; Nevius, B.N.; Carek, A.M.; Mabrouk, S.; Garcia-Vicente, F,; Inan, O.T.; Etemadi, M. A wearable,
multimodal sensing system to monitor knee joint health. IEEE Sens. J. 2020, 20, 10323-10334. [CrossRef]

Cataldo, A.; De Benedetto, E.; Schiavoni, R.; Monti, G.; Tedesco, A.; Masciullo, A.; Piuzzi, E.; Tarricone, L. Portable microwave
reflectometry system for skin sensing. IEEE Trans. Instrum. Meas. 2022, 71, 1-8. [CrossRef]

Wannenburg, J.; Malekian, R.; Hancke, G.P. Wireless capacitive-based ECG sensing for feature extraction and mobile health
monitoring. IEEE Sens. |. 2018, 18, 6023-6032. [CrossRef]

Bloomfield, R.A.; Teeter, M.G.; Mclsaac, K.A. A convolutional neural network approach to classifying activities using knee
instrumented wearable sensors. IEEE Sens. J. 2020, 20, 14975-14983. [CrossRef]

Wehde, M. Healthcare 4.0. IEEE Eng. Manag. Rev. 2019, 47, 24-28. [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]

Meyer, J.; Schlebusch, T.; Fuhl, W.; Kasneci, E. A novel camera-free eye tracking sensor for Augmented Reality based on laser
scanning. IEEE Sens. J. 2020, 20, 15204-15212. [CrossRef]

Chuah, S.SH.W. Why and Who Will Adopt Extended Reality Technology? Literature Review, Synthesis, and Future Research
Agenda. 2018. Available online: https:/ /papers.ssrn.com/sol3/papers.cfm?abstract_id=3300469 (accessed on 25 April 2022).
Alamri, A.; Cha, J.; El1 Saddik, A. AR-REHAB: An Augmented Reality Framework for Poststroke-Patient Rehabilitation. IEEE
Trans. Instrum. Meas. 2010, 59, 2554-2563. [CrossRef]

Fida, B.; Cutolo, F.; di Franco, G.; Ferrari, M.; Ferrari, V. Augmented reality in open surgery. Updat. Surg. 2018, 70, 389-400.
[CrossRef]

Meola, A.; Cutolo, E; Carbone, M.; Cagnazzo, F,; Ferrari, M.; Ferrari, V. Augmented reality in neurosurgery: A systematic review.
Neurosurg. Rev. 2017, 40, 537-548. [CrossRef]

Badiali, G.; Ferrari, V.; Cutolo, F; Freschi, C.; Caramella, D.; Bianchi, A.; Marchetti, C. Augmented reality as an aid in maxillofacial
surgery: Validation of a wearable system allowing maxillary repositioning. J. Cranio-Maxillofac. Surg. 2014, 42, 1970-1976.
[CrossRef] [PubMed]

Condino, S.; Montemurro, N.; Cattari, N.; D’Amato, R.; Thomale, U.; Ferrari, V.; Cutolo, F. Evaluation of a wearable AR platform
for guiding complex craniotomies in neurosurgery. Ann. Biomed. Eng. 2021, 49, 2590-2605. [CrossRef] [PubMed]

Checcucci, E.; Amparore, D.; Pecoraro, A.; Peretti, D.; Aimar, R.; Piramide, F.; Volpi, G.; Piazzolla, P.; Manfrin, D.; Manfredi,
M.; et al. 3D mixed reality holograms for preoperative surgical planning of nephron-sparing surgery: Evaluation of surgeons’
perception. Minerva Urol. Nephrol. 2019, 73, 367-375. [CrossRef] [PubMed]

Roberts, S.; Desai, A.; Checcucci, E.; Puliatti, S.; Taratkin, M.; Kowalewski, K.E,; Rivero, I.; Veneziano, D.; Autorino, R.; Porpiglia,
F; et al. “Augmented reality” applications in urology: A systematic review. Minerva Urol. Nephrol. 2022. [CrossRef]

He, C; Liu, Y.; Wang, Y. Sensor-fusion based augmented-reality surgical navigation system. In Proceedings of the 2016 IEEE
International Instrumentation and Measurement Technology Conference Proceedings, Taipei, Taiwan, 23-26 May 2016; pp. 1-5.
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. ]. Healthc. Eng.
2018, 2018, 5435097. [CrossRef]

Tu, P; Gao, Y;; Lungu, A.J.; Li, D.; Wang, H.; Chen, X. Augmented reality based navigation for distal interlocking of intramedullary
nails utilizing Microsoft HoloLens 2. Comput. Biol. Med. 2021, 133, 104402. [CrossRef]

Ormerod, D.; Ross, B.; Naluai-Cecchini, A. Use of an augmented reality display of patient monitoring data to enhance
anesthesiologists” response to abnormal clinical events. Stud. Health Technol. Inform. 2003, 94, 248-250. [CrossRef]

Sanderson, PM.; Watson, M.O.; Russell, W.J.; Jenkins, S.; Liu, D.; Green, N.; Llewelyn, K.; Cole, P; Shek, V.; Krupenia, S.S.
Advanced auditory displays and head-mounted displays: Advantages and disadvantages for monitoring by the distracted
anesthesiologist. Anesth. Analg. 2008, 106, 1787-1797. [CrossRef]

Cepisca, C.; Adochiei, EC.; Potlog, S.; Banica, C.K.; Seritan, G.C. Platform for bio-monitoring of vital parameters in critical
infrastructures operation. In Proceedings of the 2015 7th International Conference on Electronics, Computers and Artificial
Intelligence (ECAI), Bucharest, Romania, 25-27 June 2015.

McDuff, D.; Hurter, C.; Gonzalez-Franco, M. Pulse and vital sign measurement in mixed reality using a HoloLens. In Proceedings
of the 23rd ACM Symposium on Virtual Reality Software and Technology, Gothenburg, Sweden, 8-10 November 2017; pp. 1-9.
Chang, J.Y.C,; Tsui, L.Y; Yeung, K.S.K,; Yip, SW.Y.; Leung, G.K.K. Surgical vision: Google Glass and surgery. Surg. Innov. 2016,
23, 422-426. [CrossRef]

Dey, A,; Billinghurst, M.; Lindeman, RW.; Swan, J.E. A systematic review of 10 years of augmented reality usability studies: 2005
to 2014. Front. Robot. Al 2018, 5, 37. [CrossRef]

Moosburner, S.; Remde, C.; Tang, P.; Queisner, M.; Haep, N.; Pratschke, J.; Sauer, LM. Real world usability analysis of two
augmented reality headsets in visceral surgery. Artif. Organs 2019, 43, 694-698. [CrossRef] [PubMed]

Brooke, J. Sus: A “quick and dirty” usability. Usability Eval. Ind. 1996, 189, 189-194.


http://dx.doi.org/10.21014/acta_imeko.v10i2.1123
http://dx.doi.org/10.1109/JSEN.2020.2994552
http://dx.doi.org/10.1109/TIM.2022.3154804
http://dx.doi.org/10.1109/JSEN.2018.2844122
http://dx.doi.org/10.1109/JSEN.2020.3011417
http://dx.doi.org/10.1109/EMR.2019.2930702
http://dx.doi.org/10.1109/ACCESS.2019.2962122
http://dx.doi.org/10.1109/JSEN.2020.3011985
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3300469
http://dx.doi.org/10.1109/TIM.2010.2057750
http://dx.doi.org/10.1007/s13304-018-0567-8
http://dx.doi.org/10.1007/s10143-016-0732-9
http://dx.doi.org/10.1016/j.jcms.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25441867
http://dx.doi.org/10.1007/s10439-021-02834-8
http://www.ncbi.nlm.nih.gov/pubmed/34297263
http://dx.doi.org/10.23736/S2724-6051.19.03610-5
http://www.ncbi.nlm.nih.gov/pubmed/31486325
http://dx.doi.org/10.23736/S2724-6051.22.04726-7
http://dx.doi.org/10.1155/2018/5435097
http://dx.doi.org/10.1016/j.compbiomed.2021.104402
http://dx.doi.org/10.3233/978-1-60750-938-7-248
http://dx.doi.org/10.1213/ane.0b013e31817325cb
http://dx.doi.org/10.1177/1553350616646477
http://dx.doi.org/10.3389/frobt.2018.00037
http://dx.doi.org/10.1111/aor.13396
http://www.ncbi.nlm.nih.gov/pubmed/30485464

Sensors 2022, 22, 3908 12 of 12

39.

40.

41.

42.

43.

Herbert, B.; Ens, B.; Weerasinghe, A.; Billinghurst, M.; Wigley, G. Design considerations for combining augmented reality with
intelligent tutors. Comput. Graph. 2018, 77, 166-182. [CrossRef]

Marino, E.; Barbieri, L.; Colacino, B.; Fleri, A.K.; Bruno, F. An Augmented Reality inspection tool to support workers in Industry
4.0 environments. Comput. Ind. 2021, 127, 103412. [CrossRef]

Alesanco, A.; Garcia, J. Clinical assessment of wireless ECG transmission in real-time cardiac telemonitoring. IEEE Trans. Inf.
Technol. Biomed. 2010, 14, 1144-1152. [CrossRef]

Muhammed, T.; Mehmood, R.; Albeshri, A.; Katib, I. UbeHealth: A personalized ubiquitous cloud and edge-enabled networked
healthcare system for smart cities. IEEE Access 2018, 6, 32258-32285. [CrossRef]

Arpaia, P; Cicatiello, M.; De Benedetto, E.; Anna Dodaro, C.; Duraccio, L.; Servillo, G.; Vargas, M. A Health 4.0 integrated
system for monitoring and predicting patient’s health during surgical procedures. In Proceedings of the 2020 IEEE International
Instrumentation and Measurement Technology Conference (I2MTC), Dubrovnik, Croatia, 25-28 May 2020; pp. 1-6.


http://dx.doi.org/10.1016/j.cag.2018.09.017
http://dx.doi.org/10.1016/j.compind.2021.103412
http://dx.doi.org/10.1109/TITB.2010.2047650
http://dx.doi.org/10.1109/ACCESS.2018.2846609

	Introduction
	Materials and Methods
	Design of the Monitoring Platform
	Hardware
	Operating Room Equipment
	XR Headset
	Laptop

	Software
	Navigation Menu
	Display of Clinical Record
	Interfacing with Medical Equipment: For Vital Signs and Video Streaming


	Operation of the XR Monitoring Platform
	Experimental Results
	Performance of the Real-Time Communication
	System Usability

	Conclusions
	References

