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Objective: To develop consensus definitions of image-guided surgery, computer-assisted surgery, hybrid operating room, and 
surgical navigation systems.
Summary Background Data: The use of minimally invasive procedures has increased tremendously over the past 2 decades, but ter-
minology related to image-guided minimally invasive procedures has not been standardized, which is a barrier to clear communication.
Methods: Experts in image-guided techniques and specialized engineers were invited to engage in a systematic process to develop 
consensus definitions of the key terms listed above. The process was designed following review of common consensus-development 
methodologies and included participation in 4 online surveys and a post-surveys face-to-face panel meeting held in Strasbourg, France.
Results: The experts settled on the terms computer-assisted surgery and intervention, image-guided surgery and intervention, 
hybrid operating room, and guidance systems and agreed-upon definitions of these terms, with rates of consensus of more than 
80% for each term. The methodology used proved to be a compelling strategy to overcome the current difficulties related to data 
growth rates and technological convergence in this field.
Conclusions: Our multidisciplinary collaborative approach resulted in consensus definitions that may improve communication, 
knowledge transfer, collaboration, and research in the rapidly changing field of image-guided minimally invasive techniques.
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INTRODUCTION
The use of minimally invasive procedures has increased tremen-
dously over the past 2 decades. Increasing numbers of profes-
sionals have adopted minimally invasive procedures in their 
clinical practices, including radiologists, surgeons, and endosco-
pists. Multiple factors have contributed to the development of 
minimally invasive procedures, including advances in medical 
imaging, which made it possible for pioneers to begin conduct-
ing procedures under “image guidance.”

Image-guided minimally invasive procedures for complex dis-
eases often involve cooperation among specialists from multiple 
disciplines, for example, surgery, gastrointestinal endoscopy, 
and interventional radiology.1–7 Two of the most common multi-
disciplinary minimally invasive procedures for complex diseases 
are lithotripsy (Fig. 1) and endoscopic retrograde cholangiopan-
creatography and cholecystectomy (Fig. 2). The incorporation 
of image guidance into these and similar procedures improves 
understanding of anatomy, facilitates appropriate selection of 
instruments, and leads to high-quality outcomes with reduced 
risk of complications.

The visual information obtained during image-guided min-
imally invasive procedures is 2-dimensional, and as a conse-
quence, better visual data manipulation capacity is required 
than is necessary with open and laparoscopic surgery. This has 
opened the door to a great number of technologies implement-
ing input-process-output models to transform huge amounts 
of data into valuable information. This adoption of “computer 
assistance” or ”computer-integrated systems” has resulted in 
exponential growth of human-computer interfaces, with more 
players (physicians, other caregivers, developers, engineers, etc.) 
jumping into the field to develop such interfaces and transfer 
them to the clinic. Specialists are now working with images 
coming from a number of different fields (eg, gastroenterology, 
digestive surgery, and interventional radiology).

The increasing interest in image guidance, the heterogeneous 
backgrounds of the teams working in this area, the enormous 
amounts of data associated with image guidance, and the grow-
ing implementation of image-guidance-related technologies 
make the field of image-guided minimally invasive procedures 

extremely dynamic. Consequently, clear communication in this 
field is exceptionally important. However, the terminology in 
this field has not been standardized, which is a barrier to clear 
communication.

Therefore, we undertook a consensus process involving 
experts in interventional radiology, therapeutic endoscopy, min-
imally invasive surgery, and information technology to reach 
agreement about key terms related to image-guided minimally 
invasive procedures.

METHODS

Genesis of the Project and First Steps

We noted that during formal presentations at clinical congresses 
and less formal discussions between specialists with different 
backgrounds, terms used to describe minimally invasive proce-
dures were assigned different meanings by different speakers. 
Recognizing that establishing consistent terminology would 
facilitate communication, collaboration, and research in this 
field, we aimed to use a collaborative and co-creative approach 
to develop consensus definitions for key terms. Two main ques-
tions needed to be answered at the outset of the project: in what 
content areas did terms need to be defined, and what was the 
best methodology by which to arrive at consensus definitions. 
The core authors of the consensus document (J.M., M.G., E.S., 
A.G.V., and J.M.V.) individually identified areas of interest, and 
then they met for a face-to-face discussion. They agreed upon 5 
main content areas: computer-integrated systems, surgical and/
or interventional facilities, navigation/guidance systems, artificial 
intelligence and deep learning, and immersive technologies. The 
core authors then individually conducted bibliographic research 
in these 5 areas, without constraints, to determine the state-
of-the-art. They tabulated and synthesized their findings and 
shared them with the other core authors. During this process, the 
authors confirmed numerous inconsistencies in the definitions of 
key terms in the 5 main content areas, as well as lack of a com-
mon lexicon; they also found that little relevant information was 
available, and much of it appeared in low-quality publications.

At that point, the core authors decided to start from scratch, 
abandoning the literature-review approach and instead seeking 
consensus from a collaboration among experts. The design of the 
best methodology for this effort was a challenge and required an 
extensive review of methodologies previous used for consensus 
development. The methods reviewed included Delphi, modified 
Delphi, RAND, nominal group process, consensus development 
panel, and consensus development guided by use of proprietary 
software.8–12 The core authors concluded that no method on its 
own would be sufficient and that there is no consensus on con-
sensus methodologies.13 The Nominal group process does not 
contemplate a remote phase, the Delphi technique face-to-face 
interactions, and both consensus development panel and soft-
ware any kind of private decisions. RAND approach and mod-
ified Delphi were limited for the number of participants, and 
they also require preexistent and consistent definitions.

Next, the core authors meticulously analyzed the most com-
monly used consensus models and developed a hybrid approach 
relying on the strengths of different models. The most com-
monly employed consensus methodologies, nominal group pro-
cess, consensus development panel, and Delphi technique, were 
used as templates.8–12

Recruitment of International Experts

The core authors decided to identify experts in the 5 main con-
tent areas and invite them to help develop consensus definitions 
of key terms. Not only clinical providers but also engineers were 
invited to participate. An expert was defined as any professional 
actively involved in image-guided minimally invasive proce-
dures on a daily basis. Experts were identified through online 

FIGURE 1. Collaboration between a biliopancreatic endoscopist and an 
interventional radiologist in the case of a patient with a previous total gas-
trectomy and large common bile duct stones. A SpyGlass direct visualization 
system (Boston Scientific, Marlborough, USA) was introduced percutane-
ously, and electrohydraulic lithotripsy was performed until complete stone 
clearance. High-definition medical imaging systems (computed tomography, 
cone beam computed tomography, and magnetic resonance imaging) com-
bined in the same suite allowed the use of real-time and 3-dimensional imag-
ing to show the absence of residual stones (ARTIS Pheno, SOMATOM, and 
MAGNETOM systems; Siemens Healthineers, Forchheim, Germany).
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searches, existing relationships, recommendations from col-
leagues, and contacts with companies developing related prod-
ucts (eg, Siemens). To promote creativity and reproducibility, the 
core authors decided that 3 or more continents and 10 or more 
countries should be represented. The identified experts were for-
mally invited to participate by email or phone.

Design of Consensus Development Process

The core authors designed a 2-phase consensus development 
process. Phase 1 was a series of online questionnaires, and phase 
2 was a 1-day face-to-face panel meeting.

Because a researcher’s bias could be increased if the researcher 
also acted as an expert contributor, and because the core authors 
anticipated that the consensus development process would be 
time-consuming and demanding, 2 of the 5 core authors (A.G. 
and J.M.V.) were designated, with their agreement, to act as the 
researchers overseeing the study. These 2 authors did not partic-
ipate as experts in the study. Their complete independence and 
the anonymity and privacy of the online phase were intended to 
decrease internal and external influences.

Regarding phase 1 (the online phase), the core authors 
decided that they would:

 (1) develop at least 2 surveys (with an expected overall and 
individual response rate of over 70%) to allow sufficient 
opportunity to refine the definitions, but limit the total 
number of surveys to 4 to minimize incomplete responses 
due to survey fatigue;

 (2) begin with a double-blind survey to decrease local bias 
(same-institution bias) and research bias (external influ-
ences), and allow sufficient time for thorough analysis 
and comprehensive interpretation of the data;

 (3) write clear surveys with open-ended answers;
 (4) pay special attention to any sign of confusion in the 

answers and immediately discard any confusing questions;
 (5) preserve privacy in subsequent surveys to avoid any kind 

of expert-expert interaction and thereby decrease expert 
bias and the “jump on the bandwagon” effect;

 (6) move from a qualitative survey at the outset to semi-quan-
titative surveys later to permit an intermediate consensus 
agreement to be reached and a good understanding of the 
results to be achieved before the planned panel meeting; and

 (7) set greater than 80% agreement as the threshold used 
to judge that partial or intermediate consensus had been 
reached.13

Regarding phase 2, the core authors decided to hold a 1-day 
meeting in Strasbourg, with the morning devoted to presenting 
and discussing the survey findings and arriving at a consensus 
among the experts and the afternoon devoted to developing a 
roadmap for future projects.

Survey Structure and Plans for Data Analysis

The first survey comprised 17 open-ended questions (text fields 
without restrictions) about respondents’ definitions of and 
views regarding elements of computer-aided surgery, image-
guided surgery, guidance systems, hybrid operating room, and 
immersive technologies and artificial intelligence.

The data from the surveys were analyzed using qualitative 
word cloud techniques (Python WordCloud library and Python 
Language Reference, version 2.714).

RESULTS AND DISCUSSION
The design of the consensus started on February 1, 2019 (day 1), 
the online phase started on March 1, 2019 (day 29) and ended 
on May 24, 2019 (day 113), and the meeting in Strasbourg took 
place on June 13, 2019 (day 133).

Participating Experts

Thirty-five experts were invited to participate, and 27 agreed, for 
an acceptance rate of 77%. The participating experts included 
6 interventional radiologists, 3 therapeutic endoscopists, 16 
surgeons with expertise in percutaneous/minimally invasive sur-
gery, and 2 nonphysician experts (an engineer and a technical 
physician). The experts were from 10 different countries from 
4 continents.

Online Surveys: Content, Timing, and Participation Rates

During the online phase, 4 surveys were administered using 
Google Forms (Google 2019 15). With 4 surveys and 27 participat-
ing experts, a total of 108 surveys could have been completed; 89 
were actually completed, for an overall response rate of 82%. The 
response rates for the individual surveys ranged from 75% to 93%.

The first survey (anonymous, double-blind) not only was the 
most difficult to develop, because of the effort required to write 
clear and precisely focused questions, but also the most difficult 
to analyze because of the heterogeneous and comprehensive 

FIGURE 2. Collaboration in a hybrid operating room between a surgeon and biliopancreatic endoscopists in the case of a patient with gallbladder and common 
bile duct stones and a Roux-en-Y gastric bypass. A 12-mm trocar was placed in the gastric fundus, and conventional endoscopic retrograde cholangiopancrea-
tography (ERCP) was done, followed by cholecystectomy. In the case of difficult cannulation, a wire could be passed through the cystic duct or percutaneously 
through the liver into the bile duct to facilitate ERCP.
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responses. The word cloud analysis was also a useful tool to trig-
ger the brainstorming sessions of the researchers and to report the 
data during the panel meeting. The total time elapsed for the first 
survey was 53 days. This included 11 days for survey creation 
and testing (before the online phase officially began), 15 days 
when the survey was open for expert contributions (the first of 
these 15 days marked the beginning of the online phase), and 27 
days for analysis of responses (Fig. 3). Following analysis of the 
survey responses, 1 question that asked the experts to “propose 
an organization chart” for concepts related to minimally invasive 
surgery was discarded because inconsistencies in the respondents’ 
answers indicated that the question was hard to understand.

The researchers decided to narrow the scope of the second 
survey to 4 areas: computer-assisted surgery, image-guided sur-
gery, hybrid operating room, and navigation systems. For each 
area, the second survey (single-blind, experts) included a pro-
posed definition, 4 to 6 terms that experts were asked to rate as 
being essential or not to the definition, and a text field allowing 
the experts to comment on the proposed definition and propose 
changes. The survey also included a final question about which 
of 19 listed actions should be included in a standard workflow 
for image-guided procedures. Participants could check 1 box, 
several boxes, or none, and they could write in their own choice. 
Nine of the 19 attached statements were each checked by more 
than 50% of respondents. The total time elapsed for the second 
survey was 44 days. This included 27 days for survey develop-
ment, 8 days when the survey was open for expert contribu-
tions, and 9 days for analysis of responses.

The third and fourth surveys (single-blind, experts) contained 
different definitions of concepts and asked experts to rate each 
definition on a Likert scale with 5 options ranging from strongly 
agree to strongly disagree. The time elapsed for the third and 
fourth surveys together was 26 days. On the third survey, the 
mean rate of agreement on the proposed definitions was 85%, 
and rates of agreement for the individual sections ranged from 
88% to 96%. The difference between these 2 surveys was that 
survey 4 included an addendum to the definitions.

Panel Meeting in Strasbourg

The Strasbourg International Conference took place on June 13, 
2019. A total of 17 experts (63%) attended.

In the morning, the researchers (A.G. and J.M.V.) presented 
the data and the final version of each definition. This presentation 
was followed by a question-and-answer session and a panel dis-
cussion. A final vote was taken using an in-place polling system 
to determine the overall degree of consensus achieved. After 1.5 
hours of discussion, the proportion of experts agreeing with all 4 
definitions was 82.3% with the following minimal modifications 
in the definition titles: computer-assisted surgery was changed to 
computer-assisted surgery and intervention, and image-guided 
surgery was changed to image-guided surgery and intervention.

In the afternoon, the experts were divided into 3 teams to 
discuss 3 topics. The goal of the first team was to determine 

whether or not task forces or working groups were needed to 
keep track of emerging important concerns in the field of image-
guided minimally invasive procedures. To kick off the activity, 
the researchers gave the team 5 possible task forces: industrial 
liaisons, potential partnerships, education endeavors, research 
and development, and writing activities. The goal of the sec-
ond team was to develop the first draft of a common workflow 
for image-guided minimally invasive procedures that would be 
comprehensive, reproducible, and scalable. The goal of the third 
team was to address ethical matters related to new disruptive 
technologies and new procedures or therapies in image-guided 
minimally invasive surgery and intervention, trying to detect 
current and/or potential dilemmas and how to deal with them.

At the end of the afternoon, after the teams had worked for 
3 hours, a plenary session took place during which the teams 
shared their results and gathered feedback. At the end of the ple-
nary session, a poll was conducted, and the results demonstrated 
full agreement among the expert participants with the proposals 
made by the 3 teams.

Final Definitions

For a summary of the definitions see Table 1.

Image-Guided Surgery and Intervention

As expected, the first survey produced the largest amount of infor-
mation by far. Analysis of the results showed that procedure, use, 
specific, technology, and planning were the words most often men-
tioned. After analyzing the results of the first survey, the researchers 
attempted to conceive of the field of image guidance as a discipline, 
a specialty, or maybe a new set of skills (radiology, surgery, endos-
copy) or to view this field in terms of imaging methods (radiogra-
phy, CT, MR, etc.); however, these attempts were not successful. 
The researchers ultimately decided to understand image guidance 
as the incorporation of imaging as an integral element of the mini-
mally invasive procedure. The survey responses also indicated that 
collaboration between different disciplines and simultaneous con-
vergence of technologies can disrupt this field. Consequently, the 
researchers proposed the following definition of image-guided sur-
gery reflecting collaboration between professionals, convergence 
of disruptive technologies, and their integration at the center of 
image-guided minimally invasive techniques (Fig. 4):

The synergy between interdisciplinary collaboration and conver-
gence of multiple technologies (eg, guidance systems, immersive 
technologies), providing extensive visual information layers (eg, 
spectrum, resolution, transparency) and making them intuitive, 
upgrading existing surgical skills and forging new ones. Due to 
its comprehensive mindset (planning, guidance, control), a break-
through transformation emerges to enforce state-of-the-art pro-
cedures and develop others, thereby achieving precision.

Between the third and fourth surveys, the researchers changed 
the title of this item from “image-guided surgery” to “image-
guided surgery and intervention,” and as a result, the proportion 

FIGURE 3. Timing of work in the online-survey phase.
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of experts agreeing with the definition changed from 69% in the 
third round to 88% in the fourth round.

Both in responses to the online surveys and in face-to-face meet-
ings, participants described image guidance as an evolution of 
other minimally invasive techniques, sharing common roots with 
interventional radiology, therapeutic endoscopy, and minimally 
invasive surgery. Likewise, the surveys showed that imaging meth-
ods relying on coordinate systems are used to guide procedures 
and provide a better understanding of anatomy to prevent damage 
to neighboring structures (by increasing situational awareness) but 
also increase exposure to ionizing radiation. Thus, strict adherence 
to radiation protection guidelines, such as those published by the 
relevant European and American societies,16,17 is crucial.

Computer-Assisted Surgery and Intervention

Because respondents to the first survey seemed to use computer 
assistance as a synonym for or as a part of image guidance, the 

researchers decided to dedicate a separate section on the second 
survey to computer assistance. Surprisingly, none of the responses 
to the second survey reinforced the idea that computer assistance 
is part of image guidance. Word cloud analysis showed that 
images and imaging were not among the top words associated 
with computer assistance and that the words most commonly 
associated with computer assistance were technology, planning, 
and procedures. After a detailed word-by-word discussion of the 
information collected from the first survey, the researchers pro-
posed defining computer-assisted surgery as a way to enforce the 
skills of the physician but also to augment them, providing abili-
ties that cannot be acquired without these tools:

Broad use of information technology frameworks to enhance 
physicians’ skills and augment senses (eg, image-guided surgery), 
cognition (eg, deep learning, machine learning), and execution 
(eg, mechatronic, imaging and surgical robotics) with the aim to 
provide more precise and safer procedures.

This definition of computer assistance was widely agreed upon, 
by 90% of experts in the third survey and 91.5% in the fourth 
survey after minor modifications, the most important of which 
was the addition of and intervention in the title of the definition. 
One important contribution worth mention is the role of image 
post-processing (eg, 3-dimensional modeling) and immersive 
technologies (augmented, mixed, and virtual reality), provid-
ing user-friendly human-machine interfaces and making real-
time information management easier and more intuitive. Even 
though these advanced tools can improve the operator’s skills, a 
minimum required expertise in image reading should be manda-
tory before any procedure is started. Also related, a wide range 
of extra computer-assisted tools (3-dimensional modeling, sim-
ulations, etc.) can be integrated into training activities to help 
providers improve their abilities and learn new surgical skills 
before taking care of the patient.

Guidance Systems

In the first survey, the term navigation systems was used. After 
reviewing the results of that survey and conducting a deep dive 
into the field, and relying on solid concepts and definitions com-
ing from different partners,18 the researchers proposed chang-
ing the broad term to guidance systems and conceptualizing 
navigation as a key feature of guidance systems. Ultimately, a 
definition was settled on in which guidance systems are con-
ceptualized as having 3 core elements: guidance (assessing the 
vector from origin to target), navigation (information about the 
track from origin to target), and control (dynamic modification 
capabilities):

Any technology combining 3 core elements (guidance, naviga-
tion, and control), bringing location data and improving spatial 
orientation at any time during the procedure, making it possible 
to reach targets with increased precision and minimal disruption 
to surrounding tissues.
Among other evolving technologies, these systems need to grow 
associated in conjunction with visual data (eg, medical imaging), 
developing intuitive human-machine interfaces, and facilitating 
the planning strategy and tracking the position of instruments 
throughout the procedure.

This definition was widely accepted, with 85% and 96% accep-
tance rates in the third and fourth surveys, respectively.

Hybrid Operating Room

After the systematic approach previously described, the rough 
idea of an advanced surgical and imaging facility was estab-
lished, and the next step to complete the definition was related 
to imaging techniques and their role in the surgical/interven-
tional setting (Fig. 5). The following definition of a hybrid oper-
ating room was proposed:

FIGURE 4. Image-guided surgery and intervention. During the planning phase, 
a contrast-enhanced computed tomography scan acquisition is post-pro-
cessed and segmented to obtain the 3-dimensional models employed to pro-
vide augmented reality. A and B, Show the use of the visual augmentation 
assisting the initial phase of a laparoscopic approach. C, Shows the same aug-
mentation overlaid in the display used for laparoscopic vision, and (D) the pos-
sible switching from one to the other augmentations throughout the procedure.
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Facility equipped with full surgical capabilities, including med-
ical imaging based on coordinate systems (CT, MR, cone-beam 
CT) associated with other techniques (ultrasound, fluoroscopy) 
and/or guidance systems. Through different types of human-ma-
chine interfaces, the planning, guidance, and control stages can 
be performed intraoperatively in a dynamic fashion.

After the third and fourth online surveys, on which 95% and 
96% of the respondents, respectively, agreed with the above 
definition, most of the experts expressed the need for a hybrid 
operating room classification. After the first 2 rounds, and after 
an initial attempt to classify hybrid operating rooms accord-
ing to the number of imaging technologies was rejected, the 
classification detailed in Table 2 was agreed upon. These suites 
were conceived of as the field where multiple types of infor-
mation need to be put together in a comprehensive way, and 
an input-process-output approach was used to determine and 
separate different types of set-ups. This classification considers 
the facility input, its interfaces (processes), and usage essential 
levels (output) and stratifies their levels from 1 to 4 depending 
on task complexities.

LIMITATIONS

The present study has 2 main limitations. The first is related 
to the design of the consensus, which combines features of 
different validated methods, and this was done because no 
method on its own would be sufficient, contemplating remote 
and face-to-face stages, a numerous group of participants, 
and the lack of preexistent definitions. The second limitation 
is the fact that the experts participating were from a variety 
of specialties including physicians, engineers and technicians 
coming from healthcare facilities, researchers and industry, 
because the authors felt that the discussion around intro-
duction of new technologies in the operating room should 
include multiple profiles and backgrounds. This led to a 
rather heterogeneous group for the 2 phases of the consensus 
which might have affected the outcomes of the voting. This 
was done because of the technical and investigational subject 
matter being looked at and it was felt that a broad repre-
sentation of the stakeholders involved would yield a more 
balanced end result.

FIGURE 5. Photograph of a hybrid operating room. In this case, computed tomography, magnetic resonance imaging, and cone-beam computed tomography 
systems (Siemens Healthineers, Forchheim, Germany) are combined in the same suite.

TABLE 1.

Summary of the Definitions

Image-guided surgery and intervention
  The synergy between interdisciplinary collaboration and convergence of multiple technologies (eg, guidance systems, immersive technologies), providing extensive visual 

information layers (eg, spectrum, resolution, transparency) and making them intuitive, upgrading existing surgical skills and forging new ones. Due to its comprehensive 
mindset (planning, guidance, control), a breakthrough transformation emerges to enforce state-of-the-art procedures and develop others, thereby achieving precision

Computer-assisted surgery and intervention
  Broad use of information technology frameworks to enhance physicians’ skills and augment senses (eg, image-guided surgery), cognition (eg, deep learning, machine 

learning), and execution (eg, mechatronic, imaging and surgical robotics) with the aim to provide more precise and safer procedures
Guidance systems
  Any technology combining 3 core elements (guidance, navigation, and control), bringing location data and improving spatial orientation at any time during the procedure, 

making it possible to reach targets with increased precision and minimal disruption to surrounding tissues.
  Among other evolving technologies, these systems need to grow associated in conjunction with visual data (eg, medical imaging), developing intuitive human-machine 

interfaces, and facilitating the planning strategy and tracking the position of instruments throughout the procedure
Hybrid operating room

  Facility equipped with full surgical capabilities, including medical imaging based on coordinate systems (CT, MR, cone-beam CT) associated with other techniques 
(ultrasound, fluoroscopy) and/or guidance systems. Through different types of human-machine interfaces, the planning, guidance, and control stages can be performed 
intraoperatively in a dynamic fashion
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CONCLUSION AND FUTURE DIRECTIONS

In this project, a panel of experts worked collaboratively to create 
high-quality definitions of computer-assisted surgery and inter-
vention, image-guided surgery and intervention, hybrid operating 
room, and guidance systems and also a road map for future proj-
ects. These results might be considered an important milestone in 
the short history of image-guided minimally invasive surgery and 
intervention and also the basis of future collective efforts. There 
is a lot of work ahead, but collaborative efforts seeking collective 
intelligence seem to be an excellent approach with the potential to 
transform data into valuable information, significantly facilitat-
ing communication and the spread of knowledge (Fig. 6).
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